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‘Absfract.

A review of the development of ion selective electrodes
(ISE), with particular emphasis on calcium ISE, is presented.
The utility, in terms of an iﬁcreased eiectrode operational
lifetime and opportunities for the enhancement of selectivity
and sensitivity,vof a calcium ISE membrane with a covalently-
bound ion-exchange sensor group is indicated. The production
of such a covalently-bound sensor (CBS) membrane by the
crosslinking of styrene-b - butadiene - b - styrene triblock
elastomer with triallyl phosphate (TAP) using a Frgé radical
initia%ed copalymerisafion is described. Various methods of
forming such.ionéexchange membranes were investigated. The
resulting,membranes were hyarolysed in methanolic KOH to
yield covalently-bound dialkylphosphéte exchange sites. These
membraneé were then used to Fabricate;a robust calcium ISE.
The response range, éelectivity and‘general analytical utility
of éuch electrodes are evéluated and the electrodes used in
the determination of water hardness and of calcium in coking
hlant effluent. The modification of .the ion¥exchange site
by using either trioleyl phosphate, tri(10-undecenyl) phosphate
or diallyl phenylphosphonate as cross-~linking agent is
desdribed and the subsequent effects on electrode performance
are discussed. A method enabling the elimination of the
hydrolysis step during membrané production resulting in a

second pathway to the production of a covalently-bound




dialkylphosphate sensor is also described. The use of
covaléntly—bound mediator materials in the electrode
membrane is investigated and their effect on membrane
‘performance discussed..The.inCOrpofation of an entangled
solvent-mediator in conjunction with a dialkylphosphate
sensor, which yielded a'calpiuh ISE. with good selectivity

2+ + . . .
and Na ions, is described.

for Ca2+ in the presence of Mg
Results from various mechanistic studies including radiotracer
and electron microprobe techniques are presented. Possible

mechanisms for the response and selectivity of CBS electrodes

are discussed on the basis of these studies.
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CHAPTER 1

THE DEVELOPMENT OF CALCIUM
10N SELECTIVE ELECTRODES




1.1 The Development of Ion Selective Electrodes.

The late 1960's and early 1970's saw a great upsurge of
interest and rapid development in the field of ion selective
electrodes (ISE). The subsequent consolidation of their position
in analytical chemistry as reliable and versatile analytical
tecls which occurred during the last decade has méde it possible

to put forward various criteria which might be applied to an

- ideal ISE..

1.1.1 Electrode response.

When an ion-selective electrode in conjunction with a
suitable reference electrode is placed in a solution containing
an ion, i, to which the ISE responds, it is desirable that the
potential developed is related to the activity of ion i in the

bathing solution by the Nernst equation: -~

- o ! -
E = &7 % 2.303RT_ log.ga,.
z.F
i
In particular, the slope of the E Vs,lag10ai plot should
be e.g. for a divalent cation; + 29.6 mY per decade change in
ion activity at 25°C.

1.1.2 Electrode selectivity.

Few, if any, ion selective electrodes are perfectly
selective for a single ion in the presence of any other ion.

Consequently, in mixed ionic sclution, the response of an ISE

to the primary ion, i, is modified in the presence of an interfering

ion, j. Thus, the Nernst relationship must be expanded to



incorporate the contribution of this response to the interferent
ion in addition to the response to the primary ion. This results

in the general equation:

E = E + 2.303RT_ log ca, + k.. e@ .. J
- E;?“ 10 i ij J.

ot
J
" evaluation of the degree.of selectivity of the electrode for the

in which the potentiometric selectivity coefficient, kg is an
‘primery ion, i over the interfering ion, j. In general, values
of kp0t<:1 indicate selectivity for the primary ion and values >1
indicate a greater response to the interferent ion than to the-
primary ion.

1.1.3 Analytical Performance.

Ion selective electrodes should be simple to set up,
calibrate and use and should be capable of giving reéponse times
in the order of seconds or,failing thaf?a few minutes rather than
hours. In use, the precision and day to day drift should be
conducive to meaningful analyses and might be expected to be of
the order of 1 mV in each case. The activity'range over which
an ISE responds in a.Nernstian manner should be several orders

4 to ?0-1 Molar. The lower limit

of magnitude and is typically 10~
of detection, where the deviaﬁion from Nérnstian behaviour is
great, depends upon the type of electrode, but will usually lie
in the sub-ppm range i.e. around 10—5M.

1.1.4 Physical Characteristics.

Primarily, a useful ion-selective electrode should be
sufficiently robust to allow field usage and should be able to

function in physically or chemically hostile environments such



as might be found in chemical plant monitoring. The l1lifetime of
an ISE, both in use and 'on the shelf', should be long, preferebly
~lasting for a period dF,months rather than days.
Additionally, it would be useful for the electrode to be
commercially available and usable without modification to
existing equipment or to be simply constructed in the laboratory.
On the basis of these criteria it is possible to trace
the development of one particular ion selective‘electrode -
that for calcium ion. From its rudimentary beginnings, the caicium
ISE has become a reliable and widely applied analytical sensor
which, at present, meets many, but not all, of the akove'lideal'
criteria, |

1.2 The Development of Calcium Ion Selective Electrodes.

1.2.1 Introduction.

The development of calcium ion selective electrodes (1SE)
- has been closely paralleied throughout‘its history by the
development of interest in the determination of ionised calcium
~in biological fluidé. Initially, at the turn of the century,
was the discovery of the glass electrode1’2 éelective for hydrocgen
ion and duringvthe same era results3 indicating the presence of
two different forms of calcium (diffusible and non-diffusible) in
serum. However, the.lack of analytical methods for the determination
- of the state of calcium iﬁ biological fluids made interpretation
of theée diffusible and non-diffusible forms of calcium very
difficult and'somewhat speculative.

In the 1930's reViewersa’s‘generally supported the view

that 'the diffusible calcium in the body fluids is partly ionised



and partly bound to some citrate-like substance as yet unidentified'.
McLean described a method6 for the determinztion of ijonised

calcium using 'the amp;itude of contraction of the ventricle of

the isclated heart of the frog! which was then used to investigate

calcium complexation7 and the amount and state of. calcium in the

blood8’9? the results of which are summarised in Table.1~1.
‘Table 1-1
The amount and state of calcium in the blood
Total Calcium . | 10 mg./1QUcc.
- Non diffusible calcium (Ca-Prot) : » 5

Calcium bound to protein

Ionised calcium (Ca2+)_ . 4,5

Diffusible, but nct

— . r
ionised calcium (Ca-X) | 0.5

Data taken from Ref.9.

From these results it was suggested that (Caz+) could be
calculated from (Total Ca) - (Prot) and that it was the ionised
calcium concentration in the blood which was the physioclogically
significant factor. Despite these .important findings, the. frog
heart téchnique had obvious and very severe limitations and was
only adopted for this single study. In the meantime methods for the
potentiometric determination of calcium ion had followed on from

the interest generated by the glass pH electrode.



1.2.2 Early electrode methodslfor calcium.

The first type of electrode to be used for calcium deter-
mination was an amalgan electrode10 which was an electrode of
the third kind. This system consisted of calcium oxalate and
either lead or silver coxalate amalgam. The calcium salt being
slightly the more soluble and so the limit cof detection (LOD)
was limited to 10™% M calcium. Using this type of electrode,

. Corten and Estermann11 obtained a Nernstian response ovér the

1 -3

range 107" to 107~ M Ca and achieved the possible range for the

- determination of calcium in serum and blood.

" and Hg/Hy,0%

‘FCaDX-Caz+ electrodesjz the calibratiocn was extended to 70~? M

2+

In later studies with Hg/HoWO, - Cak0,-Ca
Ca but interference from Na® showed an increase in the LOD,
in contrast to later work13 using a PbOx-Calx electrode, which
reported no Significant'interfcrence»%rom Na” . K+‘or M92+.
Except for indicating the possibility of using potentiometric
methods for calcium determination, fhe findings of these studies
were limited\but the techniques adopted wefe seen to be much more

convenient than the frog's heart method,

1.2.3 Crystal membrane calcium electrodes.

The use of thin crystals of naturally occurring fluarite
(CaFZ) as membranes for the.potentiometric determination of calcium
in pure agueous solutions and in milk was first described by

. /
TendelOO14

. These results indicated a sub-Nernstian response for

this electrode down to an LOD of 'IO"4 M which was governed by the
solubility of Can. However, it was suggested15 that these electrcdes
were merely 'crack' electrodes and'although further wo;k16’17

refﬁted these claims, the lack of selectivity and poor LOD shown



by these electrodes were major drawbacks.

Crystalline materials other than fluOrite have been
“used. such as the zeoiite apophyllite18, which yielded a cationic
electrode with little or no selectivity and with a sub-Nernstian
slope. The latter UbserQation was explained in terms of anion or
water transport withih the membrane. Much more recentlng, a
europium-doped flourite membrane elegtrode has been prepared
which, by judicious choice of internal filling solution, has been
found tc give a Nenstian response to Ca2+ with selectivity over many
cations and the use of CaF2 powder in a polystyrene matrixzo has
been reported to give a good Ca ISE. -

1.2.4 Calcium electrodes with paraffin matrix or other solid
ion exchange membranes.

During the 1950's Tendeloo carried out a series of studies
using membranes produced from pure paraffin conteining calcium

. 2 : - .
oxalate and a neon-ionic detergent. L The selectivity of electirodes

incorporating these membranes was studied22’23, and found to be

erratic but such electrodes were used in tHe study of the effect
of gelatin on calcium concentration29 and calcium in human serumzs.

However, the response of these elezctrndesd6 was generally poor;

2+

sometimes anionic and always sub-Nernstian for Ca“  and further

27,28 showed this type of membrane to be permesble to both

studies
'anions and cations, to have only a very small number of charged
ion-exchange sités and to be non selective. It was suggested that
.any selectivity observed éerhaps was due to readings being taken
before a true equilibrium potential had been attained. It has

28

also been shown that paraffin membranes act as insulators unless



they are cracked whereupon they give a non-selective response.

29,30

Various ion-exhange materials both natural and

31,32,33

synthetic have been used in membrane electrodes, either

alone or incorporated into a polymer binder (matrix). Much of

34,32 and it has been concluded36 that

this wcrk has been reviewed
this type of membrane is only permselective for ion type, showing
ilittle or no selectivity for any individual ion, hence an electrode
. produced using calcium oXalate in a polystyrene matrix has been
used for end point determination in the titration of (Ca+Mg) mifh
eoTAY

Other membranes have besn prepared such as a multilayer membragg
for Ca2+ employing a calcium stearate monolayer formed between
the edges of é precisely cracked glass slide. Althdugh used to
determine calcium activities in mixed electrolyte solutioh539
successfuliy, this type of electrode hasg hot been widely used due
to the difficulty of preﬁaration and the complex design.

1.2.5 Glass electrodes for calcium.40

An early attempt41 to prodUcela glass electrode -for a
Ca ISE met wifh little success, but as glass eglectrcdes for
mgnovalent cations other than H" became available, furtherlattempté
to produce glass electrodes for divalent cations were made.

42 and of a phosphate

Investigations of a number of natural glaéses
glass made from radioactive waste materials43 yielded electrodes
with divalent over monovalent selectivity, but with little
selectivity among diﬁalent cations. Despite the observation44

of a transient, near-Nernstian response of a glass electrode to

2+

45
Ca little further development has occurred, It has been suggested4



TABLE 1-2. The Develepment of liguid ion

exchange membrane

electrodes for caicium.

X

Workers(date) Refs. Sensor Solvent mediator - i mpovaﬁa<.unm|a . Seiectivity, xmow Remarks
. ‘ Range(M) y 2
. y4d + +
. . Narnstian Ca > Na > NH Poor range. 'fFlow
Bonner & Lunnay 46 nmAmzzmvm nitrobenzene (1:1) ! R 4 through' membrane
(1966) o-dichlorobenzens 3x10 7 ~3%x10
Ross (1966/67) 41 ca(o0P), DoPPp , +29 192*=0.014,82%*=0.01 Orion 92-20.H* and zn2*
107%.307" na* =k*=nn,t=1074 interfera
Shatkay (1967} 49 Ca(oxalate) Non ionic detergent -15 tu =20 Porous, non-perm- Tendeloo type Paraffin
+ paraffin 3 -1 * salective. support. Long equili-
1077 - 10 Not selective bration.
mwwm:\m Shatkay 49 TTA 8P +27/28 Comparable to Orion PVC membrane, response
967) wo 10~%-10~" axcept Ba2* ihterferses -time slows with
‘ 1 H - strongly interferent.
Corning 57 nmﬁawmxnvm bopp +28 | Good selectivity Use of polymer support.
(1968, passed) : over Mg2*, Na* Show (Mediator)>
n-decanol M +25 Poorer selectivity (sensor)
than DOPP . - .
: +29 Mg=0.34, Ba=0.94 Poor selectivity - no
Schultz (1968) 58 HDOR nons : 10~4 xosa. zu+|o owm k*=0 mm» mediator.
, -1 a =t.us7, =4 Collodion matrix.
_ . ’ +17.8 Much less mmwmnnw<m“ Millipore support. hmsw
Harrell (1969) 60 nmﬁozmmvn Nujol 10-3210° than Orion. response time.
- Sub-Nernstian slope due
to xmo transport.
. -2 .
; - : +29 Mg 0.036, Ba=10 PVC Matrix.
Mcody & Thomas 72 Ca({DDP) DoPP o - - - i i
(1970) 2 5x10™°-10"" As Orion.na®, Kt=10~2  Extended lifetime.
* ' . . .
DNNS ~ dinonylnaphthalene sulphonate . TBP - Tributylphosphate .
oDP - mwnmnwwn:omnzonwn acid d2EHP - di{2-~ethylhexyl)phusphoric acid
Dopp - dioctylphenylphosphonate . . . 1nop - .awoow<+nzomurﬁnwm acid .
TTA - Thenoyltriflcuroacetone pvc - poly(vinyl chloride). ’



that'the major restriction when designing ISE for ions other
than Group Ia and Ib cations using solid ion exchangers, is the
tendency for decreases in mobility to_oFFseﬁ any increases in
ion exchange affinity for multivalent (or large) cations in
‘solids'.It may have been for this reason that atﬁentibn turned
away from sclids to the liquid ion exchanger electrodes which
not only offered good multivalent cation affinity but allowed
"mobility of the exchanger sites within the membrane, in the hope
‘of producing a viable Ca ISE.

1.2.6 Liguid ion exchange membrane electrodes.

This type of electrode utilizes a membrane formed from an
organic solution of a water-insocluble ionogen. Many such’systems
are known(Table 1-2) and the use of calcium dinonynaphthalenesulphonate
Ca(DNSS)2 in 1:1, nitrobenzene:ortho-dichlorcbenzene was first
suggested46 for use in a calcium ISE. Despite showing selectivity
over monovalent cations,-this system e%hibited low slopes

? M ca®)and the

(<29mVpCa-1) with a narrow range(3x10- ;,3x10-
: ﬁroduction of a continually-replenished membrane reduired rather
complex apparatus. _

It wés in 1966 with the publication of results for Caz+
determination in sea watera7 using a new and highly selective
Ca ISE, that a major advance was made. This electrode was described

48 and was based upon. a liquid ion-exchanger retained by a

by Ross
dialysis membrane. The exchanger was a solution of calcium
didecylphosphate, Ca(DDP)2 in dioctylphenylphosphonate, (DOPP)

(Fig.1-1), and the resulting electrode gave a theoretical response

pe
¢



Figure 1-1

Ross liquid lon-exchanger for calcium

-

C
10 21\ /

/\

10 21

Ca®

42

~ Calcium didecyl phosphate

Solvent-mediator

.
ll/
\oc H,,

0GH;,
CGHS |

- Dioctylphenylphosphonate



-1 2+

over the range ’RD"4 - 10 M Ca with selectivity over monovalent,

pot

Cafg = 0.014) cations.

(kPSF = 107%) and divelent, (k

1} 1. 4 9
Around the same time, Shatkay and co-workers repeated

21-26

the work of Tendeloo using paraffin membranes containing

calcium oxalate and found these electrodes to be non-permselective’
and unselective for calcium suggesting that any selectivity may
have been due to mobility differences within the membrane phase
‘and to the long equilibrium time. However, using a membrane

composed of poly(vinyl chloride), (PVC); tributylphosphaté and

oy Lio 189,50 : .
tihenoyltrifluorcacetone (TTA) 7? an electrode in many ways

= 4

comparable with Ross's electrode was produced l, with good

- 24 + . ' e
selectivity over Mg and Na , but with poorer selecltivity over

)+ . .
Ba2 and a longer response time . Although further studies have
53,54,55 . .

12% using a fabric coated

with the TTA exchanger or with the exchanger in carbon pasteBG,

-
been reportesz and patents granted

interest in this type of electrode seemé to have waned in favour
of systems employing an organobhosphorus iqn exchanger.
Using an exchanger similar to that of Ross,ICorning obtained
a patent57 in 1968 in which was described an electrcde system for
calcium incorporating calcium bis (di-2-ethylhexyl phosphate)
gither in n-decanol or DOPP. This patent indicated many facets
of this type of electrode, in particular:
a) selectivity méy be influenced by altering the
solvent mediator;
b) the mediator: sensor ratio should exceed 4:1 and be
preferably 8:1 or 10:1.

c) the exchanger may be supported in a polymeric film.



Similarly, the importance of the solvent mediator and the
possibility of using collodion as a matrix/support was demonstratedse,
using calcium dioctylphocsphate sensor with no solvent mediator,
where selectivities were much poorer (Table 1-2) than for other
membranes incorporating both a dialkylphosphate sensor and a solvent
mediator (e.g. DOPP). Despite the lack of selectivity'this

59

electrode was applied successfully and had the advantages of &

much simpler 'solid' exchanger design and a fast respohse time.

A further attempt60

to devise a Ca ISE using Ca(DNNS)2

in Nujol was largely unsuccessful, resulting in an electrode with

a low slope (+ 17.8 mU.pCa_q), poor selectivity and a 1ong.response
time. The sub-Nernstian slope was attributéd to transport of water
molecules within the liquid membrane and the DNNS system has been
abandoned as a calcium sensor in favour of the much more selective
dialkylphosphate/DOPP systems.

1.2.7. The Ross electrodqu.

This electrode represented a landmark in the development
of calcium ISE as it enabled, for the first time, the direct
determination of calcium ion activity in biological and other

47.-Although marketed commercially as the Orion 92-20,

complex media
this electrode suffered from drawbacks - many of which arose from
the rather complex designlof the electrode (Figure 1-2). The
complexity of this design arose from the need to maintain three
solutions, the internal reference solution, the ion exchanger

~and the test solution, in‘electrochemical contact whilst preventing

- their mutual mixing. Thus, the internal reference element (a),

and the liquid ion exchanger (b), are contained in concentric



FIGURE 1-2.

The Design of the Ross calcium electrode.
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reservoirs in the flourccarbon barrel (c), whence the exchanger
liquid may wick into a micfoporous filter disc (d), so placing

a thin film of the exchanger between the intarnal reference (&)

and the test (f) soiutions. In practice the electrode was difficult
to handle, bulky and often retained a bubble of air next to the
membrane. Chemically, the iimit of detection (LOD) and the electrode
lifetime were limited by the migration of ion exchanger (a calcium
salt) from the membrane into the test solution. The elecirode also
suffered from severe Zn2+ and H* interference, showing characteristic
dip861(e.g. see Fig.1-3) in the potential-pH curves and from lesé
common interferences, such as cyclohexylammonium ion62 and certain
surfactants63. Despite these limitations, this electrode has been

. . . : . s . . 64,65,66.
used for many applications, in potentiometric titrations™ ™’ B9

67,68

bicmedical research and for studies of calcium ion activity

in concentrated sclution.®”?/0s71
A legical, but very important development in calcium ISE
72

came in 1970 with the attempted combination of the best features

from the Orion system (selectivity, commercial acceptability) with

49,57,58 (robustness, speed

those from the 'solid' membrane electrodes
of response and simplicity). This was achieved by the incorpofation
of either the Orion liquid ion exchanger cor purified components

of this (calcium bis (didecylphosphate}+ DOPP) into a poly(vinyl
chloride), (PVC), matrix membrane. Electrodes made from such a
membrane showsd response characteristics very similar to Ross's
’electrodeqa with added advantages in terms of increased robustness,
simplicity and particular}y in having a significantly increased

lifetime.
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To produce such an eleoérode7), PVC was mixed with an
ion exchanger solution in tetrahydrofuran (THF); poured into a
Qlass ring resting on a glass plaﬁe and the solvent sllowed to
evaporate slowly as depicted in Fig.1-4.

The resulting membrane was removed from the glass plate,
cut into discs (6-10mm.dia.), stuck to the end DF'PUC tubing and
with tae insertion of a éuitable internél reference half-cell
. (Ag.AgCl1/0.1 M CaClz) an inexpensive and simple calcium.ion

‘selective electrode was produced. It is this simplicity of

' fabrication which has meant that not only is the rather complex
Orion $2-20 body now largely obsolete, but this approach has
also simplified further. improvements in the mechanical design.of
calcium ISE in addition to enabling great improvements in electrode
performance to be brought about much.more conveniently.

1;2.8 Mechanical design advances.

With the advent of PVC matrix ion exchanger membrane it
became'possible to design electrode formats which either suited a
particular application.or which removed other cdrawbacks of the
~liquid membrane type of electrode (e.g. Orion 92-20). In particular,
the exclusion of the microporous filter support not only has benefits
in a simplified electrode design, but it removes the possibility of
the filter exhibiting an electrochemical response such as has been

67

noted'Fof some Filter/solVent systems . Although not generally

75,76

the case, it has been noted that some solvent mediators alone

show some calcium response, but it is believed that this response
was due to trace acidic d;alkylphosphate impurities in the

particular batch of solvent-mediator used.76



In addition to the removal of the filter support, much

effort has been devoted to the removal of the classical

2+

Ag.AgCl/Ag.Ca“” reference +-cell and this has been approached

for a number of reasons and by a variety of methods.

7
1.2.8.1 Coated wire ion selective electrodes7'°

in this modification78 the electroactive material may be
mixed with PVC in a solvent and then dip-coated onto a metallic
wire (Pt, Cu etc.)79. A'léyer of the ion exchange membfane is
~thereby formed on the wire giving a smali, robust electrode with
characteristics similar to a macroelectrode of conventiormal design
using the same exchangér although the selectivity mey, in some
cases, be.changed slighély. Thers is some concern, however,7af the
apparent lack of a thermodynamically definable internal reference

76,80

element which has ledAto a modificationgo'of the membrane

where a chloridizer Ag wire is first coated with a hydrated

reference medium membrane of 10% poly(vinyl aicchol) (PVA) in

3

5x10"°M KC1l and then immediately afterwards with a layer of ion

exchanger/PVC. Alternmatively, the end of the conmecting wire may
be coated with Ag.AgCl.to give a stable internal reference element.

These techniques serve to introduce an internal reference element,

81,82

but is has been suggested that the coated wire configuration

has a fortuitously inbuilt reference element due to the permeation

of H,0 and O, through the PVC enabling an oxygen, water/bt half—

2 2
cell to be set up at the PVC/Pt interface.

134



1.2.8.2 Membranes contactino graphite directly.

This type of solid contact is due mainly to the work

of Rﬁ{iéka76’83 whose 'Selectrode’ employs the internal reference

cell:-

Teflonised graphite/Hg,HgZClzKCl(s),CaSGa,QHZD(s)/PUC membrane
{ 4
Pégte

in which the hydfophobised graphite rocd is impregnated with the

paste and the PVC membrane is then held firmly against the graphite

rode The stability, robustness and simplicity of this design have

resulted in its commercial exploitation (Radiometer A/S,Copenhagen)a&.
Calcium electrodes have alsoc besn described ih»which gither

a PVC exchanger membrane is forced to contact a graphite rod

[ . V
directlysj or in which the liquid ion exchanger (either Orion 92-20~0286

or TTA is mixed to form a paste with graphiﬁe powder, but a lack

of stability or a sub-Nernstian slope seem-to have favoured the
Sélecﬁrode design. Some recent Russian wcrk has been'reported87’88
in which a Teflon disc with ién exchanger is directly contacted by
a go;d wire rather than an ageous internal filling solution. Tha
advantages of this 'spclid state' system would appear to be offset
by the use of the Teflon support which most other workers are
attempting to eliminate.

1.2.6.3 Glass microelectrodes.

This type of miniaturised ISE has resulted directlylfrom a
desire to measure ca??t activity in cellular or extracellular

89’9Uby pulling

Fluids either in vivo or vitro. They may be produced
a glass capillary douwn to a tip diameter of 1-1qu when the tip is
then silanized and an electroactive material e.g. calcium

diélkylphosphate/DDPP in PVC introduced into the glass tip.



The resulting electrodes generally exhibit sub-Nernstian slopes,
but their selectivity for Ca over Mg and Ne is as good and
often better than for the corresponding macroelectradés. They

have enahled calcium activity determination in single cells,

such as muscle cells or ganglion cells from Aplysa californica.’

. o z
1.2.8.4 Chemically sensitive semiconductor devices (CSSD)92’9J‘

This very recent type of sensor brings together icn
selective electrodes and semiconductor physics, but as yet, these
devices have not found wide application due mainly to the |
technological problems accompanying their fabrication. Despite
these very great problems, a calcium ion seleclive field effect
transistor (ISFET) has been described” ™ in which Ca bis—{di(1$1,3,3,
TMBpj/Dopn/puc is cast directly onto the gates of.a FET. Although
exhibiting. a near—Nérnstian slope, problems of drift and short
lifetime have limited the application Qf these sensors. Despite
this, their minituarised form and low instrumentation requirement.
would give ISFETS many advantages if the technclogical preoblems can

be cvercome.

The mechahical design advances which have been made using
PVC‘matrix ISE have been great. More important still though have
been the advances in the chemistry of calcium ISE which the
incorporation of alternative sénsor/mediator systems into PVC
" matrices has enabled. The use of this approach has made it possible
to investigate and optimise many of the parameteré affecting electrode
performance much more.simply and inexpensively. The result of this
is that PVC matrix membrane ISE now form a large group of ISE
(not only for calcium) and the term 'liquid membrane ISE' has almost
completely fallen into disuse in favour of terms such as 'plastic

membrane' or 'PVC matrix' ion selective electrodes.

1



1.3 PVUC Matrix Membrane Eleﬁtrodes

The ever-increasing use of BPVC as a matrix tc ihmobilise
@ liquid ion exchange system is not‘surprising as this method
allows great simplification and economy in the production of ISE.
What is surprising, however, is that PVC remeins almost the only
polymer matrix in use after ten years despite diféiculty of
processing, requirement for internal stébilisers and intractable
_physical nature in absence of plasticisers.The reason Fdr its
importance as é matrix for calcium ISE may lie in its ready
.availability, but more importantly may be the fact that meny cgood
plasticising agenfs for PVC also impart extremely good selectivity
- upon organophosphate sensors. It is this last point which is crucizl
to the use of PVUC matrix membranes for Ca ISE as the sensors
commonly in Qée are celcium salts of organophosphcric acids such
as Ca(DDP)é‘used by RossaB. Since the'initial use of PVCSD’72, much
development work has been performed to improve the sclectivity of
célcium ISE and these improvements have largely revolved round
modifications of the Ross exchanger on the bne hand and the
development of highly selective neutral carrief materials on the
other. During various studies involving alteration of the sensor,
the importance, bﬁt not necessarily the Function,Aof the solvent

mediator has been realised.

1.3.1 Charged ion-exchanger systems. -

This classification covers the negatively charged organo-

phosphate systems analogous to that of Rossae. In general, the

sensors are of the type:

-0 0 |
\p / Ca2+

[5 _ D’// \\\0— or aralkyl group.

R where R may be an alkyl

[R%)



They are Ca salts of organically disubstituted phosphoric
acid and, as such, are capable of acting as ion exchangers when
supported in a suitable diluent. The choice of this diluent
is all-important to the selectivity of this ion exchange site.
The diluent, or solvent-mediator as it has become. knoun when
used in ISE, is often another phosphoryl compound such.as an
alkylphenylphosphonate as used in the calcium ion selective
electrode (Fig.1-1).
| In the absence of a solvent mediator, a dialkylphosphoric

acid will show a preference to form complexes with many polyvalent

cations, particularly Th,q+ U022+ and F93+, and, as such, can be of
no use as calcium ISE. This fact may be of use to the nuclear

. . . 95 .
industry in the manufacture of uranyl ign sensors””, but this

application is seldom required. However, when a dialkylphosphate
exchanger is placed in a strongly coordinating diluent, enhancement
of the extraction of one ion in preference to many others may be

96,97,98 _ .

seen. This synergistic extraction has long been knoun
bthe case of Ca(DDD)2 and DOPP acting synergistically to enhance the
extraction of calcium ions over most other cations was the foundation
stone for the development of calcium ISE,

The choice of a sensor/solvent-mediator system isvnot only
based upon the synergistic extraction of the required ion, but
also upon many other factors when used in an ISE. In part{cular,
the sensor and mediator must be sufficiently hydrophobic to prevent

their migration from the PVC matrix (or Millipore filter) into the

test solution so losing the selectiviiy and increasing the



obtainable limit of detection of the ISE due to the loss of the
calcium sensor salt. Consequently, the alkyl chain of the sensor
should preferably be long in order lo promote the required
hydrophobicity, but the increase of the alkyl chain length

akbocve 612 tends to result in fgelling' within the'membranem’g9
giving rise to a deterioration of electrode performancé. A
didecyl chain length was chesen on the basis of the above factors

"and has resulted in good electrode performance72. Similar criteria
also apply to the solvent mediater, but in this instance there

are further complications in that the solvent-mediator is not

merely a sblvent for the sensor but it also influences many other
factors;

a) In a PVUC matrix, the degree cof plasticisation and,

therefﬁre, the mobility of species within the membrane
is governed by the amount of solvent mediator.

b) The ion-exchanger density‘is determined by the solvent:

sensor ratio. Commonly, a 10;1 excess of selvent is used.

c) The solvent mediator contrels the final relative

permittivity of the membrane phase.

With regard for the above points, the modification of both
sensor and mediator and the subsegquent analysis of thé results not
only permits the production of more selective ISE, but enables a
- greater understanding of the role of the solvent mediator in this
type of membrane electrode.

1.3.1.1 Sensor groups.

One of the drawbacks of the didecyl phosphate sensor was

that electrodes using it tended to exhibit narrow pH ranges (5.5-10)
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and showed 'dips' in the potential-pH diagram (e.g. Figure 1-3).
For this and other reasons, modifications have been made to the
original ion-exchanger (Table 1-3).

The 'dips' in the potential-pH plots have been found to \ol

N . . . . 76,100, 10
coincide with maxima in the extracticn efficiency of the sensors ~ ’

76 that an increase in the eléctrcphilicity

~and it has been éuggested
of the alkyl chain would make the hydrogen atom more labile

" thereby increasing the pH range. Indeed, this was found to be the
‘case both for di-4-octylphenylphosphate (HDOPP) and for di-4-

- (1,1,3,3-tetramethylbutyl)phenylphosphate (HDTMBPP). However,
although the pH range was extended, the major benefit of these

two systems was the great improvement in calcium .selectivity,
particularly cver the transition metal cations (compare kgggu Qalues
in Table 1-3). As can be seen, both these sensors give highly-
selective calcium ISE, but it is preferasble to use HDTMBPP as the
starting material for its synthesis [4;(1,1,3,3-tetramethylbutyl)
phenoﬂ- is more readily available than tﬁe\linear analoque.

Cattrall and Drem81’100’102

have examined the performance
oFlséveral alkyl phosphate sensors for use in coated wire ISE and

a summary of some of their findings may be seen in Table 1-4. These
workers used di—(2-ethylhexyl)2-ethylhexlyphosphonate solvent-
mediator exclusively, rather than)the DDﬁP used by other workers,
but still found that the alkylphenyl sﬁbstituents gave better
selectivity than the alkyl systems and that the pH-independent

region was extended to more acid values.



e e\ 1944 et e 3 e 7 Vg an” Vo A s

En bt e e B AR S o LA i et s L s same e s e et e s

33 \\ 13
TIquQV / \V\S = Joleipal
70L ‘00L. ‘L8 °sJ4aa1 woay ejeq
z°¢ ddonCH s
LLo” 6¢L 89° 200 8L0° - m.—..uﬂum oﬂmogamosaﬁ\,cmxaﬂﬁooxocozo /.'qul . = thx = ._\m
: (ddB8W!lgH I0) YdoI ap 8l
¢-0L L7 Z9° 810" s00° - ¢°| | 9tIoydsoydiAuaydrA350-0ST-T( \
al| ch
A7
: , LY, 8 el
0L 69L LL® 800° 820" | - 971 ddoaH 0 H8y = Tysly
£ : pToe oTaoydscydrAusudTAqoo-u-1g
(0L 012 2Z9° LDO® ZZL° L -2 dogH‘pToe oTaoydsoyd(thgoo-u)-tq LPHBy - u = Gyely
"¢ dHIAH . z .\
€00" 9°69 <6°% 600" 4&0° - 5% pToe oTIoydsoyd(TAxayriyze~z)-1a o//(\%/(\)/\\ 4ty
ey uz n3 eg 6y =3dy Ho 0%
-] ebuey N “YOSN3S
¢qUBTOTJ480] A3TNT308TaS /° ~oy =
0
*J03BTPaW~-1UBATOS se 8jeuoydsoydTAXsyrTAygs-z(TAxayiAyszs-z) Tp yatm
351 BIT[ ps83e0] xTI3el JAd e 40 A3TAT303[8S 8Y]l UD sI0SUBS uBIagjid 40 398143 84l *H-| 318Y.1




JoqeTpaW JU3ATOS B JO 8JUBNTJUT Byl

00l 8sousasjsx wolyl eleg ‘- 81gel 8es8s wmu:uo:uuw\mmemc 04
. ‘e
Z° €8°Z sgL” L80° 961%° 8¢’ 7ew®. 8uUOop
ddonéH
6°L1L 089- mnar LLO® 2cu’ 200" 8Lo" dH3IH3d
b 9L Lg*e gelL” Le0” cLa”’ 9.LZ" 7L* SUON
vdolI
7 ¢l Dmm. LL°0 LoD > LLO® 8L0O°® ¢00° dHIH3d
gLsg” gLZ" 900" L0C" q60” 9¢0° 280" SUON
: d0aH
674G et muowv <00° Lg’ LLo® 900° dH3IH3d
» 69°¢ L1 g0* L0o* 66¢° cow’ Lé6L”® 8LON
Z2°9% Ce* Y (AN e 70 600° Stk dgH3IH3d dH3aH
qd nJ A =3 is eg B
%wa ‘{3 TAT208TES JoqeIpsy mnowcmm
“J51 eaIm—paje0d sUeIqWsW Jjpd JO ssuocdsss syz UO *6~| 378v1L




Since these researches, attempts to use ring-
substituted alkylphenyl phosphates have been made in efforts
to further improve selectivity and remove the pH 'dips'.
Bromination of the phenyl ringsm3 resulted in pcor electrodes
due to the insolubility of the sensor in the mediator (DOPP).
Other work involving nitration of the phenyl rings or the

mediator1aa’105

has resulted in the removal of the pH ‘'dips?
using calcium bis(di-&—(?,1,3,3-tetramethylbutyl)—2—nitro§henyl—
phosphate) sensor in conjunction with di—(n~octyl)—3—nitrophenyl¥

phosphonate solvent mediatornlhe use of this mediator with di-4-

hitrophenylphosphate sensor104 also exhibited nmo pH 7dip', but the

pot
CalNa

soluble due to the lack of a hydrophobic alkyl chain. An

sodium selectivity was poer (k = 0.6) and the sensor was vater

investigation into the utility of calcium bis-4-(1,1,3,3~tetra-
methylbutyl)-2,6~dinitrophenoxide as a senscr for calcium 185105
fesulted in an electrode showing poor selectivity. In general, an
. increase in electrophilicity by nitration ﬁoes not a&ppear to agive
any added selectivity, but does yield further information into
the synergism between sensors and mediators. The sensor of choice
at present, for calcium ISE appears to be HDTMEJDP1O7 as it offers
synthetic availability with good electrode selectivity.

1.3.1.2 Solvent-Mediators.

It has long been realised that.the solvent mediator greatly
influences the selectivify_of'the organophosphate sensors in
calcium ISE. This is shown particularly strongly in Table 1-5
where the influence of thé solvent mediator (DEHEHP) on the

81,100,102

sensors studied by Cattrall and Drew is easily seen.
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In the absence of solvent mediator there is a dramatic'wqrsening
of electrode selectivity for the weakly interfering cations
(Mg,K,Na) but a marked improvement in selectivity over strong
interferents such as the transition metal cations.

The mpst widely used solvent mediator is:DDPP due to its
ready availability, its remarkable enhancement of caléium
selectivity and for its plésticising effect on PVC. Other sclvent-

108,109,110,111'and reéults of

mediators have been investigated
some of these studies may be seen in Table,1-6 which indicate
that the most selective celcium ISE over a whole range of otiher
cations is that made from HDTMBPP with triamylphosphate solvent
mediator. However, DOPP gives almost the same selectivity and
remains widely used, although recent studiesq12 suggest tri-n-
pentylphosphate to be at least as good as DOPP when used with the
newer octylphenylphosphate exchangers.

From the above data and other studies on the role of the
solvent mediator113’114, in conjunction with the pcints raised in
Section 1.3.1 it may be expected that the best mediators for
calcium electrodes containing organophosphate sensors would be
strongly—cocrdinatiﬁg solvents, usually containing a phosphoryl
group and capable of plasticising PVC when used in such é format.
Rdditionally, it is noticeable that the relative permittivities
of the mediators giving the best results for calcium ISE lie in
the range, £ = 5.0 - 8.3.
| From the preceding section it is obvious that even subtle

changes of solvent-mediator influence the selectivity of calcium

ISE. It may be possible, therefore, to pick the sensor/mediator



TABLE 1-7 The effect on selectivity of varying mixtures
of mediators.

3 iti ¥ t
Mediator composition Selectivity coefficient, kb o
Decan-1-0l DOPP
Mg Na
100% w/uw 0% w/w 1.6 ' .070
83 17 0.79 - .030
66 N '333 001 ) » ¢013
-3 -3
50 50 8.6%10 6.1%10
*¥% - -
0 100 " 4.9x10™ " 4.1%907°

* Inter?erent‘level, [M92+] = [Na+] = Sx10_2M.

*¥ A1l membranes but this showed exudation of mediator.

iData from ref. 110



100,102

most suited to a particular analytical purpcse and in the

extreme case, one may use widely differing mediators or mixtures

of mediator3108 110

to invoke large chénges of elecltrode
selectivity. This approaéh has been employed108 in the preparation
of a calcium-magnesium (Water hardnessj electrode where use has |
been made of the fact that decan-1-0l as mediator with.oalcium bis
(di-(2-ethylhexyl)phosphate) as sensor renders an electrode
" selective only for divalent cations over monovalent cations.
If on the other hand, DOPP mediator was used, then a calcium
selective electrode would result. The effect of using varying
amounts of these two mediators is shown in Table 1-7 in the case
of calcium bis-di(a;(n-éctyl)phenyl)phosphate sensor.

Similarly, by selecting a suitable sensor and mediator,
use may be made of fhe large zinc interference‘éeen with many
calcium ISE. In this may?azinc-selective PVC matrix ISE has been

reported115’116

which, obviously, suffers from severe calcium
interference.

1.3.2 Neutral Carrier ion exchangers.

In general, a neufral carrier molecule for use in the
fabricationrof ISE ought to satisfy several criteria117’118:
a) the carrier must be composed of both polar and non-
- 'polar groups;
b) the polar groups (typically containing oxygeﬁ as
Aligating atoms) shouid be capable of coordinating

to a cation such that é ‘cavity' is formed into which

only the ion-of interest will fit;



c) the noﬁ—polar.groups should be arranged in such a
way that.they form a hydrophobic shell around the
ion-cavity enabling the carrier-cation cbmplex to be
solubilised in an organic medium;

d) the carrier must be sufficiently rigid to allow the
.formatioﬁ of a stable 'cavity' around the cation
of interest, but should retain some flexibility to
enable sufficiently rapid cation-exchange.

Several types of neutral carrier molecules meeting many of

the above criteria have been used in the fabrication of calcium ISE.

1e3.2.1 Dioxaalkane diamides.

Many such compounds have been synthesised and tested for

117,119

calcium selectivity by Simon's group. The earrier generally

used for calcium ISE12D is N,N'-di((11-ethoxycarbonyl)undecyl)~N,N*t-

4,5-tetramethyl-3,6-dioxaoctans diamide whose structure is shown

in Figure 1-5.

Early use of this material in calcium ISE showed large
calibration deviations in the presence of e.g. ClOa- due to anion

permeation into the membrane, but the incorporation of lipophyllic

121,122,123

anions was shown to reduce the effect . The selectivity

cf this sensbr, when incorporated with a suitable solvent; into a
. . ' ,pot -5 t . ,
PVC matrix ISE is extremely good (e.g. k%gMg = 3x10 7, kEgNa = 5,710 7

~and the choice of solvent is perhaps not as critical as with charged
alkylphosphate sensors. However, it is generally the case that

Egﬁ+ values decrease with indreasing relative permittivity of the
solvent, 4-nitroethylbenzene (€-24) being particularly FaQoured124.

k



Figure 1-5. Structure of N,N'-di[(1ﬂ—ethoxycarbonyl)undecyf]-
N,N'-4,5-tetramethyl-3.6-dioxaoctane diamide.




The selectivity of such systems is very impressive, but they

show a lack of general acceptance when compared to the

organophosphate systems. This may be due to the much more

difficult synthesis, or to other underlying factors such as
11

. the poor pH performance recently reported1 .

1.3.2.2 Poly (alkylene glycol)-calcium complexes.

Tetraphenylborate salts of calcium poly(propylene glycol)
complexes have been used as sensors for calcium ISE in
conjunction with either phosphonate or phosphate mediatcr8125;12§’127.
When used with DOPD,the selectivity cver magnesium was good
(prt = 0.06), but the electrodes suffered from severe Li and Na
interference (kpot'_ 2230, 1.5 respectively and generall? gave
short lifetimes.

1.3.2.3 Antibiotic A23187.

This carboxylic acid antibiotic has been used in a calcium

89,128 in which the sensor was incorporated in

selective electrode
a cellulose membrane in nitrobenzene. However, the pexzformance of
fhis electrode was very poor generally, Its selectivity order

was 882+ > Srz+ :>Ca2+ > M92+, besides showing poor Na* selectivity,
and'this sensor has bemn abandoned in favour of more selective and
easily available materials.

1.3.2.4 Cyclosiloxanes.

Recent studies129 using tetracosamethyl cyclododecasiloxane
in PVC on a coated Pt plate electrode indicate another type of
complex which might be used in a calcium ISE. The membrane contained
only fhe sensor complex and PVC and showed a Nernstian response

5 2

5%x107° to 10 “M, but selectivity was generally poor. The electrode

exhibited a pH range from 1.5 - 5 and its selectivity for calcium



pot _

over Na* and K* was limited (k 1265,115 respectively at 10~3M

interferent concentration) although selectivity over zinc ion
was good. Dynamic response times were less than 10s and the system

has since been patented.qBD

The preceding secticons indicate the widé range of
materials investigated for use in calcium ISE and‘show'that, at
present, the preference is for the di-iéo«octylphenylphdsphate
. sensor (HDTMBDP) in conjunction with DOPP. Nothwithstanding this,
-ISE based on a diamide neutral carrier may be gaining some
~acceptance, particularly in the all-important clinical arean?.
Contrary to the development and diversification which has taken
place with sensors and mediators, there have been few studies aimed

at replacing PVC as the matrix material or at modifying the PVC

maltrix.

1.4 Alfernative membrane materials to PVC.

The successful use of PVC as a matrix for calcium ISE has
continued over the last decade. Although the use of PVC has
considerably simplified the fabrication oF‘calcium ISE, PVC is not
an ideal matrix material in many respects. |

Firstly? PVC is a glassy polymer and, in order to render
this material suitable for use as an ion-exchange membrane in an
ISE, the material must be plasticised. In the case of calcium ISE,
it is fortunate that good plasticisers for PVC also tend to be good
solvent mediators, although the high levels of plasticiser generally
used (60-70%), result in membranes mﬁich are usually flaccid
and may require additiona} support. Also, PVC requires stabilisers to

maintain its physical properties andthese are usually organometallic



compounds which may exhibit some electrochemical respoﬁse.

The removal of these stabilisers résults in a marked decreases in

the stability of PVC to heat and U.V. light end so the use of other

materials may be advantageous. |
An early calcium ISE58 used collodion as a matrix to

295132 yha

some effect, although the later work of Griffiths
used collodion, some celluloses and'pyrcxylin matrices for
calcium ISE, showed these materials to give poor electrode
‘performance. This was attributed to their lack oé hydrophobicity
which allowed much faster leaching out of the sensor/mediator
resulting in ftruncated lifetimes and poor stability.

A-s’cudy’]33 usinyg synthetic polymers other than PQC
for neutral carrier type ISE found that poly(methylmethacylate),
poly(styrene) and a polyamide gave electrodes with very poor
physical and electrochemical properties when compared to PVC.

[ o
132,136 employed poly(vinylisobutylether) with the

Schéfer
;ntention of investigating selectivity dif?erences produced by
the use of a different matrix for a calcium ISE. However, he used the
components for a divalent ion electrode and, as for the PVC
counterpart, found selectivity for divalent cations rather than
calcium alone but alsoc showed the incompatibility of decan-1-0l
with poly(vinyliscbutylether).

‘No further studies have investigated the mere replacement
of PVUC as a matrix material and the foregoing research merely
reinforces the position of PVUC as a matrix material for calcium

I1SE. However, despite the.obvious advantages of PVC, such a system

suffers from a drawback in that the polymer is merely acting as a



‘trap' in which the ion-exchange scluticon is entangled. The
result of this is that the ion~exhangeris able to migrate from
the membrane and so the useful lifetime is limited. This lifetime

37 with

may be calculated on the basis of several assumptions/i
periods of months usually required for the migratory loss of

the sensor/mediator. In adQerse chemical or thermal conditions,

or in flowing streams, however, the'leaching cf exchanger may
proceed at a much faster rate leading to lifetimes more in the
order of days. It is perhaps for this reason that our attentién
has turmed to the covalent binding of the sensor group with the
intention of giving a non—feachable sensor with the subsequent
increase in lifetime.

Other workers have,to this end, phosphcrylated a poly
(vinyl-chlgride)~poly(vinyl acetate) copolymer. with decyl
dihydrogen phosphate138 to produce a polymer with 'grafted!.alkyl-
phosphate sensor sites, in corder to prdducé a membrane for a
calcium ISE using this material, the calcium form of the phos-
ﬁhorylated polymeb was mixed with PVC and DOPP and the resulting
electrode exhibited electrochemical properties in many ways

72. Although the

similar to one‘using PVC with the Orion exchanger
sensor groups were covalently bouhd, and therefore, non-leachable,
the solvent mediator was merely entangled and the expected increase‘
. in lifetime was not‘observed. , _ .
Additionélly, a surfactant ISE has been produced139 using

functionalised PVC in which the sensor groups were covalently bound.

In this case, also, the mediator (tricresylphosphate) was not



bound in andso the lifetime was‘again limited by the loss of
this material.

The utility and possibility of covalently binding
sensors to polymers have been demonstrated and the use of a
polymer or another covalently-bound mediating Function might be
expected toc improve calcium ISE still further. Itlis this approach -
which has been used in the work to bevdéscribed in this thesis.

1.5 Aims of this work.

The general zims of the work described here were %o
- develop a novél type of ion-selective electrode for calcium and
.to evaluate its applicability to potentiometry, monitoring and
process cpntrol; and to contribute to the knowledge of the
mechanisms which control electrode selectivity. To try and achieve
these aims aAFundamentally new approach has been adopted to the
design and construction of ion—selective polym;ric-membrane
electrodes through the immobilizing,by covalent bonding to
pélymeric matrices, of suitable ion exch@hge groups.

In particular the possibility of cévalently binding phos-
phate groups into a polymeric material to give a calcium ion-

selective electrode has been investigated.



CHAPTER 2

—

PRODUCTION OF MEMBRANES WITH
COVALENTLY BOUND SENSOR GROUPS




2.1 Introduction.

The possible advantages to be gained from covalently-
binding a dielkyl ion exchange group to a polymer for use in
a calcium ISE have been indicated in the previous chapter.

In particular, it might be expected that a longer electrode
lifetime would result using this approach. IH addition, the
limit of detection (LOD) of such an ISE might be found to be
lower than that of é,PUC matrix membrane electrode.'The LOD

of the latter type having been shoum140 to be limited to

4x10—5M by the dissolution and subsequent dissociation of the
sensor (a calcium salt) from the membrane intoc the test
solution. Such dissolution would not occur if the sensor
were covalently bound.

There are many possible appreaches to the incorperation
of a functional group (e.g. a phosphate) inte a polymer¢141

In principle, the active groups may be:

1) ~part of the main chainj
2) linked to a polymer chain as a pendant group;
or, 3) at the end(s) of a low or moderate molecular

weight polymer.
The first approach results in the fFormation of a polymer
with the general form:

142,143

The phosphate resins produced by Kennedy were

of this type except @hat_a linear chain was not being formed as



the matrix was highly cross-linked. This high level of cross
linking was due to the multifunctional monomer wused. The
mponomer used was friallylphosphate which was polymerised

; usihg free-radical initiation. The resultihg glassy polyﬁer
was highly insoluble ancd when crushed and hydrolysed a
functionalised polymeric ion exchange bead was produced. The
active exchanger of the polymer bead was a diallyliphosphate
which was used to exchange ions of interest to the nuclear
program.144’145 Despite a high exchange capacity, poly(triallyl-
phosphatg) cannot be used in membrane form due to its glassy
nature brought about by the high degree of cfoss~linking and
short runs.

In the second approach functional groups are attached
to a polymer whose properties are already well characterised.
In this way, organophosphorus moieties have been grafted onto
polymeric fabrics résulting in Fabfics showing fire-retardant

properties.146 Polymers and copolymers containing styrene main

147,148 149

chains have been grafteduwith phosphatss or phosphonates

whilst phosphate groups have been introduced into a styrene

. L e , . 150 .
‘copolymer to yield a cationic ion exchange resin.' A recent

21 has described thes covalent bonding of a neutral

report1
carrier ion-exchange moiety to a styrene-divinylbenzene copolymer.
The third approach to a functionalised high molecular

weight (M.W.) polymer requires fine control of the polymerisation



reaction. It has been used succesefully to preduce PVUC with
either quatefnary alkylammonium or sulphonic acid end
groups which were used in the production of surfactant
selective electrodes.139

0f the three approaches possible, the second, in which
a well-characterised polymer is used, is the mosﬁlversatile
and was the approach adopted for this study.

The ion exchange group normally used for the calcium
selective elecirnde is the dialkylphosphate unit;

Rd\\p4%70

,Ro/ o~

{ 3 L
142,143 it was known that triallylphosphate.

From the work of Kennedy
(TapR) poiymerised easily - forming short chains and resulting
in a Highly cross-linked network. In order to generate a calcium
selective ion exchaﬁge group it would be necessary to hydrolyse
- any membrane containing TAP.

The polymer réquired was one thch was readily available,
easily processible and was well-characterised. In addition, |
it should show good physical strength, be hydrophobic and
contain reactive groups to enzble the monomer to be covalently
bound to it. It should, however, not be so reactive that
manufacture or subsequent use would cause excessive degradation.
The polymer sélected‘was a triblock elastomer, styrene-b-butadiene-
b-styrene (SBS) which met all of the above requirements to some

extent. The proposed resction for incorporating the



dialkylphosphate sensor into peolymeric SBS was free-radical
initiated solution polvmerisation of SBS with TAP monomer,
followed by alkaline hydrolysis.

2.2 Synthetic approach.

The polymerisation reaction emplecyed - -was a free~radical
initiated addition poclymerisation. The reaction invblued three‘
distinct steps; initiation, propégation and termination,
shown in Figure 2-1. In step (a), the initiator 2,2'-Azchis
. (2-methylpropionitrile)ABIN, dispropcrtionates under the
influence of ultra violet (U.V.) radiation to form free-radicals,
R*. These free radicals are able to propagate the reaction by
attaéking the C=C ADuble*bond in the butadiene chains. In.the
instance shown, (b), reaction is with the 1,2-butadiene pendant
unsaturation forming a2 polymeric free-radical at (c). This
radical may then react with the trifunctional monomer (TAP)
to yield a phosphoryl group covalently-bound to the polymer, (d).
In fact, many alternative propagation steps are possible, but
most of these'will résult in bonding cof the moncmer to the polymer,
In the instance shown, the free-radical (d) may further react
e.g. with another section of the butadiene chain (e).resulting
in chain cross-linking. Termination may occur by radical
combination or by hydrogen abstraction. The terminating
radicals may be from other sections of the polymer, éonomer
or initiator. The final polymer will have a cross-linked three-
dimensiocnal structure as TAP is a trifunctional monomer which
will not give long linear poly (TAP) runs but will promote

cross-1linking.
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Having produced tﬁe membrane containing covalently-
bound phosphoryl groups it was necessary to hydrolyse in order
to produce the active dialkylphosphate exchanger. This process
may be seen in Figure 2-2 where the trialkyl phosphate (a),
in which all the aikyl groups may or may not be attached to the
polymer, was sub&ected to alkaline hydfolysis. Nucleophilic
attack at phosphgrus occurred forming an intermediate (b), which,
through eliminatgon of one alkoxy group, formed a dialkyl
phosphoric'acid (c). In the presence of base this will exist
as the resonance-stabilised dialkylphosphate'anion (d).

Further hydrolysis to the mono-alkylphosphate is very unlikely
under mild alkaline conditicns due to the high stability of the
anion (d). Even though the phosphate may have only been
anchbred by one link in (a), this anchor is likely to remain

in favour of loss of one of the alkyl groups. Thus, a pclymeric

membrane containing a covalently-bound and largely cross-linked

0
P’%; group may be generated.
N
2.3 . Experimental.

2.3.1 Reagents.

"2.3.1.1 Poly(Styrene-b-butadiene-b-styrene)
triblock elastomer (SBS).

The material used throughout this study was SBS 1101
(Cariflex Styrene Butadiene Rubber, Shell Chemicals, London).
Gel permeation chromatography indicated a weight average molar

mass, ﬁw = 14.5x104 g.moie-1 and a number average molar mass,

4 g.mole-1

ﬁn = 9.74x10 . The amount of triblock SBS polymer was



~47 -

70% m/m, that of diblock SB, 26% m/m and the amount of
homopolystyrene S, was determined to be 4% m/m. The total
polystyrene content was determined by 100 MHz proton nuclear
magnetic resognance spectroscopy (*H-nmr) to be 27% m/m. 300
MHz. 'H-nmr indicated 90% 1,4-butadiene and 10% in the
ﬁ,2-configuratioﬁ.

4 In orderfto remove stabilisers, which would retard the
proposed free-radical reaction, the polymer was purified. This
purificaticn involved dissolution of the pelymer in THF
( 224 hrs. at room temperature) and precipitation into rapidly-
stirred methanol cooled in ice. The resulting(whiie fibrous
material was filtered, dried under vacuum at temperaztures
<35°C and stored in the dark.

2.3.1.2 Tetrahydrofuran (THF),

Tetrahydrofuran (BDH, Poole, Dorset) was dried over
sodium wire for 24 Qours and then fefluxed over calcium
hydride énd potassium metal and under nitrogen for a further
12 hours be?oré use to ensure removal of traces of moisture.
Clean, dry THF, free from stabilisers was produced by this
technique and was freshly distilled under N2 for use. It was
found eSsential to minimise air and moisture contact, best
results being given from THF usea guickly after minimal
exposure to air and lighf. PR
| Hazards: The THF produced is fully destabilised and
should not be left in contact with air and in
direct sunlight due to the poussibility of formatic

unstable peroxide. The distillation of THF



from lithium aluminium hydrs ide/should be

avoided in preference to the use oF,CaHZ.

2.3.1.3  Triallyl Phosphate (TAP).

This material Qés obtained commercially (Aldrich
Chemical.Co., Gillingham,Dorset) and distilled under reduced
pressure to give a clear colourless liquid which was stored
at 4°C in the dark.

Hazard: Triallyl phosphate is a cancerAsuspect agent.

2.3.1.4. 2,2'-Azobis(2-methylpropionitrile), (ABIN).

The white, powdery crystals were cbtained commercially
(BDH, Poole, Dorset) and recrystallised twice from hot methancl.
The resultipg'needles‘were stored at 4°C in the dark aﬁd vere
found to be stable for lohg periods.

Of the other initiators used, benzcyl peroxide (BDH) was
recrystalliéed from methanol and any others were used és received
unless a stabiliser was present; |

2.3.2 Solvent casting.

4g of the purified polymer (SBS) were dispersed in
SDcm3 Fre;hly distilled THF and allowed to dissolve over a
minimum periocd of 24 hours. The required quantities of monomer
and initiator.were then dissolved in the minimum quantity of
THF and mixed with the polymer solution. The resulting mixture
was then allowed to stand for at least 30 miﬁuteé before being
poured into the 95 mm i.d. glass ring (d) in the assembly shouwn
in Figure 2-3. A pure cellophane film (c) (W.E. Cannings Ltd.,

Bristol) was stretched using a wooden embroidery ring (b) and
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Figure 2-4 Hydraulically operated hot press.
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acted as a gasket between the glass ring and the plane glass
plate (a). The front-silvered mirror (f) was arranged such
that incident radiation was directed normally onto the

curing polymer sclution. The combined weight and mirror
support (e) was the valve guard from a gas cylinder and
additional weigh# (g) could be added as required. The 2504
ulﬁranviolet sou&ce was an Osram ME/D medium pressure mercury
discharge lamp (bsram/GEC, London) which was éituated 0.75m
from the centre of the glass ring.

2.3.3 Hot pressing.

The press used (see Figure 2-4) had two 30&m~squareb
platec (a,b) which were capable of being electrically heated
to 350°C and hydraulically raised to 30 tens force on the
ram, (f). In order to produce a membrane of the required
thickness, a stainless steel former (d), 10cm square and 0.5mm
thick was used and this was Flankea on either side by sheets of
Melinex polyester film (ICI Plastics, Welwyn Garden City, Herts).
The purpose of this film (c) was to give smooth surfaces to the
membrane and, when coated with a mould release agent (D55 Mould
Release,blnd.Science Ltd., Dover, Kent) it allowed removal of
. the polymer membrane. Several techniQues for the mixing of
reagents prior to processing in the press were investigated.

2.3.3.1 Mechanical blending.

Two very simple examples of this technigque were used.
In the first, the polymer (8g SBS) was shaken in a flask with
the monomer (TAP - a liquid) and the initiator (ABIN - a solid)

for 15 minutes and thén introduced into the mould. In the second,



Plate 2-1 Lvorholvsis arraratfus



the polymer was spread in the mould and the other reactants
poured on top allowing the mutual dispersion of molten
reactants tc cccur thermally in the press.

2.3.3.2 Solvent coating.

A solvent was chosen which was a solvent for the moncmer
and initiator, but which was 8 non-solvent for the polymer.
Thus, 8g of finely-divided, reprecipitated SBS were placed in
a fiask containing the other reactants in ’ISOcm3 methanol.

The solvent was then removed slowly under wvacuum bn a rotary
evaporator resulting in SBS coated with the other reactants
which could then bes pressed.

2.3.3.3 Lyopholysis.

This process produced a wholly-homogeneaus elastic
prepolymer mixture by the use of freeze drying. The reactants
were dissolved together in THF over.a24 hour period allowing
them to beccme complétely intermixéd. The sélvent was then
removed under vacuum at ~5°C and traﬁped on a liquid nitrogen-
cooled cold finger. The apparatus used (Plate 2-1) enabled 4 éamples
to be freeze-dried simultaneously. The clear, elastic prepolymer
which was forméd after cvareful evaporation ocver a 4-6 hour
lperiod could be removed from the resin kettles and placed
directly into the press mould. N.B. The use of vacuum grease
in the apparatus must be strictly avoided.

2.3.3.4 Solvent casting followed by hot pressing.

In this method, a membrane was first formed using the
solvent casting technique described in Section 2.3.2 without

the use of U.V. irradiation. The resulting membrane could be
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simply transferred from the casting apparatus to the press.

2.3.3.5 Hot milling.

A RAPRA Micro-Mill (RAPRA, Shawbury, Shrewsbury, Salop)
was used, the éssential features of which are shown schematically
in Figure 2-5, In practice, the polymer was placed on the heated
bed and the pinch between the roller and the bed aﬁjusted by
means of the two pinch bolts. The roller was rotated one revolution
first one way and then the other and as this was héppening, the
bed moved longitudinally as indicated. The combined effects of
rolling, heating ahd pinch produced a polymer‘paste into which
the other reactants were repeatedly folded to yield a
homogeneous prepolymer.

2.3.4 Determination of Phosphorus.,

The method used to determine P was to acid digest the
samples followed by a molybdenup blue spectrophotometric
technique. A 5mm diameter section of membrane was placed in
a boiling tube (alternatively, a micfdeKjehldahl Fiask may be
used) and 4em® concentrated sulphuric acid (Analar) were
added. After charring for 10 minutes at room temperature, the
tube was gently heated using an electrically-heated rack so that
the acid refluxed well within the tube and the membrane waé seen
to break down. After 1Ukminutes, the.solutionvmas cooled and
20m3 of concentrated nitric acid (Analar) were added carefully
with swirling. The solution was again refluxad until all traces
of the membrane had disappeared (5-10 mins.) and then oxides of

nitrogen were driven off by heating further for 1 to 2 minutes.



The clear, slightly yeilow solution was allowed to cool then
carefully diluted 1+1 with deionised water and reheated to
expel remaining NDX‘ Dufing all the heating stages, the
liquid was refluxed on the lower wslls of the tube only. The
final clear, almost colourless soluition was allowed to cool
then neutralised with 5M NaOH to phenolphthalein.'Sufficient
HZSDQ was then added to discharge the phénolphthalein colour
(this improved solution stability) and the solution wés made
up to 50cm3 with distilled deionised water. Aliquots of this
solution were then analysed using the following method:

An aliquot of solution containing not.greater than
Z%Mg.phosphorus (as'D)'was placed in a S0cm” volumetric flask
and diluted to QDcm3 with deionised distilled water. To this
were added, with mixing, BCmBOF molybdate recucing agent.

The volume was made up to SDcm3 with water and the solution

was thoroughly mixad; After 10 minﬁtes,the'absorbance of the

blue solution was measured at 880nm ﬁsing a spectrophotometer
(sP600 Series 2, Pye Unicam Ltd., Cambridge, UK). A blank
determination with 400m3 deioﬁised water was made and the
absorbance cdrrected for this, if necessary.

Ammonium molybdate solution; 74Dg tetrahydrate in 11 water

Ascorbic acid solution; 0.1 Molar solution in water.
Made fresh daily.

Potassium antimonyl tartrate 2.79 in 11 water.
solution;
5M Sulphuric acidj o 1400m3 conc.HZSU4 to 11
' with water.



ion curve for P Analysis. X
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Molybdate redubing agent; Mix toegether SOcm3 5M stgq’

15cm” ammonium molybdate
solution and BDcm3 ascorbic
acid solution. Add Scm3
potassium antimonyl tartrate
and mix well. This solution
/ must be prepared daily and
stored in a refrigerator when
not in use. The above order of
reagent addition must be
adhered to.
Calibrations were constructed using solutions of potassium
dihydrogen phosphate and the usable range was'D—Bq#g Pe R11
reagents>were of 'Analar' grade and it was found to be essential
to use water of the highest purity (deionised-distilled) %o
minimise blanks. A typical calibraticn curve with the associated
levels of precision is shown in Figure 2-6. Long term
rreproducibility of the calibration was excellent the relative

standard deviation of a series of 1QMQ standards over an eight

week period was around 1%.

2.4 Results and Discussion.

2.4.1 Solution casting.

'Although a similar method to that employed in the
production of PVC membranes was used,73 in the case considered
he:e, a chemical reaction was proceeding during solvent
evaporation. This was found to cause some complications.

Firstly, it was found inconvenient to cast directly onto

a glass plate. This was due to leakage of the polymer solution



under the glass ring and‘to the difficulty of removing the
membrane after casting. The membranes which were Forméd
showed much greater adhesion to glass than did PVUC membranes
and although it was possible to remove the glass after breaking
it, this was both hazardous and costly. The use of a film on
the glass plate was found necessary. This film beihg either a
chemical releasing spray or an inert polymer film. In the
first instaﬁce, few such sprays were availabile and'it was
thought likely that surface contamination of the membrane
would occur through their use. On the other hand, few thin
films are inert to THF although cellophane and Teflon were
found to show adequate resistance. Cellophahe was chdsen due
to its better ability to ferm a gasket seal between the glass
surfaces, but tﬁe film had to be pure and uncoated. This film
haﬁ to be stretched tight using embroidery rings in order to
prevent shrinkage and wrinkling during membrane production.
Membranes could usually be removed eésily from the cellophane,
any difficulty could be cvercome by carefully wetting the
cellophane and peeling it away from the membrane. The use of
solvents other than THF was generzally unsuccessful due to the
occurrence of free radical guenching and transfer reaétions.
Toluene and 4-methylpentan-2-one weré used, but obvious
morphblogigal changes occurred causing brittleness and evaporation

times were very long.



It may be useful to outline the main requirements
found for successful casting. In addition to the need for
pure materials it was found necessary to dissolve the S5BS

> THF for at least 24 hours. Any lower volume

(4g) in 50-60cm
resulted in poﬁr dispersion of the polymer m;th aggregation
and shorter times did not yield true solutions. The exclusion
of oxygen and moisture during casting was not found necessary.
The pre-washinrg of the casting apparatus with THF, the high
solvent volatility and the formation of a surface 'skin‘
all contributed tec exclusion of such radical-quenching impurities.
The formation of a ‘skin' and its preﬁeding gel were
useful Fbr the above purpose, but tended to cause sohe
complications during the later stages of the polymerisation.
In particular, bclymerisation from a gel to form a 'skin' was
very rapid {due to an autoacceleration mechanism) and the top
surface rapidly became solid. This.skin decreased the power of
the incident U.V. and the rate of soivent evaporation from the
lowér section of the membrane. This led to incdmplete
polymerisation of the lower layers of the cast particularly at
lower ambient’temperatures and when the lamp intensity was
decreased with age. This lack of complete polymerisaﬁion wés
apparent Ffom the opague areas seen in many membranes caused
by é two-phase polymef distribution. Several methods were used
successfully to counter this effect.
a) After 12 hours, the ring and membrane were placed in a
vacuum oven at 1 torr and'SODE. 2 hours with the

cellophane cover on and then 2-4 hours with the cover

[



b)

ofF were sufficient to produce fully cross-linked,
clear membranes. |

After 12 hours, the ring was inverted and U.V. shone
onto what was the bottom face for 2 hours. The
cellophane was then removed, the bottom face washed
with a small guantity of THF and then the .bottom face
was irradiated for a further 2-4 hours. A clear,
cross~linked film resultéd. Membranes'produbed by this

method did not generally exhibit a 'two sided' behaviour.

With a very intense U.V. scurce, a cellophane cover with

a small hole in its centre may be placed on the top of
the glass ring in order to decrease the evaporation rate
of the THF. This method resulted in a greatly increased
feaction time (24 - 30 hours) and gave clear membranes.
The use of intense U.V. éor so long a period tended,
however, tc produce membrahés showing some loss of
elasticity due to high levels of degradative cross-
linking.

Techniques a) and b) generally were‘used, b) giving

the best results, although, as with all free radical initiated

addition polymerisations, the final stages of polymerisation

were the most difficult to control. The difficulties of exerting

fine control over the polymerisation were great and it was this

lack of control which led to the use of hot-pressing in the hope

of producingApolymer films with better reproducibility.
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2.4.1.1 Physical properties.

Membranes produced by solvent caéting were clear and
colourless althoggh islets of opacity were sometimes seen
and a slight yellow coloration was often cbserved. Transmission
and attenuated total reflectance (ATR) infra red (IR) spectroscopy
was used to check‘the presence of P=0 aﬁd P-0-Alkyl bands.
Although such bands were-visible, differences between the bands
in free and bonded TAP were not discernible. Thus, use was
made of other techniques to assess covalent incorporation of .
TABR. |

It was known that cross-linked three-dimensional
polymeric matrices were insoluble, so an assessment of. membrane
solubility would indicate the extent of cross-linking. Analysis
of insoluble phosphorus in the membrane would indicate whether
the cross-linking was by TAP and give the level of covalently-
bound phosphate in the membrane.

Table 2-1 shows the effect on 'THF-solubility!' of
changing the levels of TAP and, or, ABIN. SBS itself was soluble
when cast under U.V. light whilst low levels < 2%, TAP resulted
in similarly soluble membranes although dissolution took
comparatively longer. Higher levels of TAP yieided increasingly
. insoluble membranes showing a loss cf elasticity. Large amounts
~of ABIN (e.g. membrane E) gave cross-linked, insoluble membranes
whose physical properties were poor due to homo-crosslinking of
the parent polymer in addition to cross-linking by TAP. The

properties of membranes G and H indicated that high levels of



TABLE 2-2 . Typical levels of phosphorus in membranes
containing cptimal 1AP guantities (~5% m/m)

% P m/m % P m/m
/ % covalently |
As cast !THF insoluble bound calc
193 f .073 37.8 .68
. 200 L1453 ‘ 71.5 - «602
154 .035 22.7 .578
L4 : - L0455 32 | '.606
401 | 121 30.2 .583
. 279 .099 | 35.5 .58
227 - 0w | 41.4 .58
319 .088 . 27.6 .602

Mean = 37.3%.




TAP or poly(TARP) iteelf yielded swollen, rigid membranes due
to the very high levels of cross-linking seen with this
trifunctional mondmer. Optimal physical properties (insoluble
membranes retaining some elasticity) were observed with low
levels of TAP (2.5 to 10% m/m) in conjunction with half this

" amount of ABIN.

.2.4.1.2 Bhosphorus Analysis.

Phosphorué analysis on several membranes (Table 2-2)
indicated that not all the TAP was cecmbined, some being lost by
volatilisation during membrane production. In addition, not =zll
of the P contained within the membrane was covalently bound
as was indicated by the lower levels of THF - insoluble P.

In practice, the THF-soluble P was washed out of the membrane
duringmhydrolysis, so that levels of P in the final working
membrane were much lower than would be calculated on the basis
of initial reactants. On average, 37% of the P in the cast
membrane was covalently bound i.e. ‘fHFninsoluble" This further
indicates the diFFiculties involved in reproducible casting

when using free radical polymerisation and confirms that IR
spectroscopy -is unlikely to be able to indipate the envirocnment
around so many different P=0 groups in such a complex‘matrix.

Many inter-related factors control the polymerisation
throughout all its stages and the problems of precisely controlling
this free radical polymerisation reaction. are large. However,
covalently-bound phosphate groups are generated at a fairly
consistent level and the utility of the membranes formed

depends ultimately upon their electrochemical performance.



2.4.2 Hot pressing.

The initial part of this program was in two parts,
namely, to optimise pressing conditions and to assess methods
of producing a homogeneous reaction mixture.

2.4.2.1 Pressing conditions.

It was essential to optimise the proéessing femperature
so that adequate flow océurred in tﬁe press in the absence of
thefmal degradation.pvalues of the giass transition.temperatures,
tg have been determined 22 for butadiene (tg = - 81°C) and
styrene (t_ = + 71°C) in SBS. SBS begins to soften at 100°C
and industrial proczsssing temperatures range.from 135°¢C upwards.

In this study, SBS crumb was pressed at 110°¢C and. 10
tons ram Forcé and found to show very low flow. This flow
increasea with the applied temperature and.atﬂiaOOC a polymer
film with nc flow lines was obtained. Further increases would
have been to no advéntage, as, with the purified and, therefore,
less stable SBS being used, degradation would begin.vAt press
temperatures of 175-180°C discolouratiﬁn and_degfadation of
the polymer began at the edges of the mould. Thus, a temperature
of 140°C and a ram‘?orcé of 10 tons were the condifions employed.
In‘practice, the polymer and mould were placed in the press, which
was already stabilised at 1400C, and the pressure steadily'
increésed to allow spreading of the melting polymer..The reaction

time was 5 or 10 minutes at full ram force (10 tons) and samples

were coocled in air at ambient pressure.



2.,4.2.2 Reactant mixinaq.

Several methods were evaluated for this process
(Sections 2.3.3.1 - 5), the major problem heing one of mixing
SBS (a solid) and TAP (2 liguid). The use of mechanical
mixing led to a noﬁ-homogeneous membrane and although this

|

could be improved by increasingo the reaction time, thermal
degradation the# became a problem. Solvent coating was also
discarded as loéses of TAP during solvent evaporation and on
the flask walls were prohibitive. The preséing of a membrane
which had been previously cast without U.V. irradiation did
give rise to a homogeneous, cross-linked membrane, but this
technique was not pursued as not only did this technique combine
the worst volatility losses of both methods but it was also a
lengthy process. Hot milling had been suggested as being the
industrial method of choice for mixing rubbers and reactants.
The combined effect of temperature and roller pinch should
have resulted in the formation of a éolymer paste into which
the monomer and initiator may have been folded. The Micro-Mill
was the only machine which could be found that would accept
the small (<10g) sample quantities available, most machines
fending'to operate on the kilogram scale. Although giving
favourable results with a silicone polymer, the mill was found
to be.useless Fof pracessing SBS., The primary reason for this
was the low tempefatures attainable with the heaters available
(see temperature figures in Fig.2-5). These temperatures were

not sufficiently high to give polymer flow and the effect of the



roller pinch at these bed temperatures was to cause cold shear
of the polymer. This merely resulted in productipn of a finer
crumb. In addition, if higher bed temperatures had been
obtainable then the liquid TAP would have been volatilised.
This would not only have resulted in a significant P loss,
but would have created @& significant hazard fo an?one operating
the mill. This technique, thereforé, Qas abandoned for the
TAP/5BS system, but it might prove to be the method of choice
for other polymer/monomer combinations.

Lyopholysis was the most successful method of providing
a homogenecus polymer reaction mixture. Difficulties were
Aexperienced with the technique, mainly in the control of solvent
gvaporation from a viscous polymer solution. The use of a small
ball-bearing in‘the resin kettles was found indispensible for
aiding nucleation in the bulk of the solution. Removal cof the
pre-polymer from‘the glass resin kettle was simple providing
that good control of soclvent evapora£ion had been maintained.
Warming of the resin kettle in a heating mantle for a few seconds
made removal of difficult specimens easy. Ldeholysis yielded
an elastic prepolymer in a hemispherical shape which readily
flowed in the press. |

2.4.2.3 Membrane properties.

The membranes\produced by lyopholysis and hot pressing
were of very even texture, slightly elastic and extremely tough.
The P loss:. occurring in such membranes was investigated and

some results are shown in Table 2-3 for a variety of TAP contents



TABLE 2-~3 Phosphorus distribution in lyopholised and
‘ pressed membranes _

%P
"MEMBRANE /TAP(%w/w) LYOPHOLISED| PRESSED |CALCULATED

LP 11 0 7.3% 107 — zera/blank

LP 12 0.129 .021 —_— .018

Lp 13 .588 .077 .056 . .083

LP 14 .973 .104 .047 .138

LP 15 2.48 .35 .35° .35
.35°

LP 16 5.06 .66 .617° .718
.59°

LP 17 10.0 1.32 1.206° 1.42

' 1.07°

c- sample from centre

[SEd

Pressing conditions

L1

edge

of membrane,

" "

no initiator.
140°%C .

10 tons ram force.

5 mins.



under the conditions specified. Losses of TAP were low

and homogeneous on lycpholysis although as the TAP level was
increased so, proportionately, was the loss of P, As might have
been expected, the P losses experienced on pressing at 140°¢C
.were significant and again became worse as the TAP content

was increased. More significantly, however,'the P losses across
the membrane were not hcmogeneousA— as indicated by membranes
LP 15, 16 and 17. In this series, the loss becamevworse at the
edge of the pressed sample. This was consistent with increased
TAP volatility out of the edge of the press mould. Not only did
this produce a membrane with a non-homogeneous P distribution,
but.it also formed a hazard durinc press operations. Despite'
this, the physical properties were, seemingly, ﬁore controllable
and reproducible than when casting. A trge evaluation of the
utility of lyopholysis and hot prgssing for the production of
$8S/TAP membranes would depend on their electrochemical
properties.

Thus, it has been demonstratéd that polymeric matrices
containing covalently bound phosphate groups can be prépared.
‘When using TAP, hydrolysis of these membranes is necessary
in order to produce the required exchanger group. The effect
of the conditions of this hydrolysis are considered in the
next chapter as the effect of hydrolysis on physical properties
is not great compared to its effect on electrochemical

properties.



2.5 Conclusions.

Many methods of producing membranes from SBSVand TAP
have been investigated. There were many difficulties
encountered in the production of an addition polymer by free-
radical initiation using the technigues ava;;able. The tuwo
most favoured techniques for the production of membranes with
covalently-bound phosphate senscr groups and appropriate
physical properties were solutioﬁ casting and lyopholysis/hot
pressing. Neither of these methods was capable of producing
perfectly reproducible membranees with no loss of TAP monomer.
Howéver, both techniques yielded membranes cross-linked by the
organcphosphate mdnomer.

It is the electrochemical evaluaticn of the resuiting
membranes that mill indicate which of the two methods of
production (if any) can be used for fabricating calcium ISE
membranes. It is this evaluation ﬁhich is described in the

next chapter.



CHAPTER 3

ELECTROCHEMICAL BROPERTIES OF

© . COVALENTLY BOUND SENSOR MEMBRANES.



Theoretical principles of ion-selective electrode

response.

The theoretical basis of ion selective electrodes is

A3)
.
.

now well-advanced for many types of electrode. It is hdt_the
intention of this writer to cover theoretical detail
exhaustively as in-depth accounts may be consulted in

boors 1535 154,155,156

and a biannual review157. However,
sufficient background theory is supplied to enable under-
standing and appreciation of the electrochemical properties

of the membranes which have been produced.

3.1.1 The Nernst Equation.

We may visualise an ion selective electrode measurement

cell as:-

Solution|Membrane|Solution|Internal reference
1 2 | electrode

External reference
electrode

and, if, as is often the case, the external reference is a
calomel electrode and the internal reference element is a silver-

silver chloride electrode then the cell may be written:-

. i A, g

. . Ion-selective|lnternal
1 ;!
Hg ngL‘l2 Sat'd KCl|| Test solution membrane Filling AgCl| Ag.
| I solution
| - L i ! L : 4
Electrode potential Membrane Electrode
potential potential
. 1
EreF Em - FreF.

e =Af =4+ 4y - o (3-1)

0



The overall observed potential of this cell is made up of
potential contributions from the reference elements, the

membrane and any liquid junctions present such that;

cell ref i 7 m ref

In practice, the two reference potentials are maintained
constant by the respective filling sclutions and consistency
of the liquid junction, Ej is assumed. Thus, any change in the
overall cell potential, Ecell brought about by changes in the
test solution are usually assumed to arise from changes in the
membrane poténtial,-Em._This membrane potential, Em is
determined by the potentials develcped at the two membrane-
solution interfaces (¢ and ¢! in eguation 3-1) and by the
membrane diffusion potential, dd’ One of the interfacial
potentials, ¢d' is maintained at a éonstant level by the
internal feference solutiqn.and dd is assumed constant for any
particular membrane. Thus, Em, the overall membrane potential

and thereby, will be determined only by the change in t

X
“cell’
'outer' membrane potential, g brought about by the changing
activity of the determinend icn in the test solution..

The Nernst equation (3-3) relates the overall cell
potential of a membrane electrcde to the activity of the

determinand ion (ai)vin contact with the outer boundary of

the ion-selective membrane

P

~2)

he



o . .
The term E° incorporates the electrode potentials

E E

' ~and £., R is the gas constant, T the absolute
“ref J

ref’
temperature and F, the Faraday. a; is the activity of the
determinand ion of charge zZ; .

The essential feature of the Nernst relationship

when applied tc calcium ISE is that a calibration of E vs lor;,,iD

a; can be expected to show a slope, S = + 2.303 RT = + 29.6mV
z.F -
i

per decade change oF'aCaZ+ at 25°C. This slopg is 6Ften known
as the Nernstian slope and, whilst many ISE show such a
calibration slope exactly, most 1SE calibrations are seen to
be within + 2mV of the *‘ideal' velue.

Figure 3n1.shows a typical celibraticn curve for a
calcium ISE with a Nernstian slope of + 29‘6m\!.cie[:ade",1
and a wide linear working renge. The upper activity level may
be limited by the number of ioﬁ—exchange sites avsilable within
or on the membrane. The lower activity limit may be governed by
the solubility of the sensor material and the equilibrium ion
exchange constant in the test solution or by the difficulty of
removing (interfering) trace ions from solution. The limit of
detection (lod) may be determined from such a calibraticn by
either of two methods, -0 177
a) if the calibration consists of two linear sections, then

extrapolation of these linear portions indicéfes the

point at which the electrode begins to respond - the

ltU‘d. (See Figc3-1a)o
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Calibration curve for a calcium ISE showing_
l.0.d. determination from;

a) linear extrapolation,

b) 18/z deviation.

Figure 3-1.




b) if the calibration is a linear portion followed by a
curved section as shown in Fig.3-1b, then a method
similar to one used for selectivity coefficient
determination may be used.(See Section 3.1.3.1, Method 2).
This involves finding the point at which the actual

curve differs from the extrapolated line by 18/z mV.

3.1.2 Activity and Activity Coefficiente.

The potentials ariceing at permselective membranes are
related to the logarithm of the activity of determinand ions
rather than to their total concentration. The activity of an

ion in ‘solution may be simply related to its concentration by

a. = C.X . (3“4)
1 hs :

where B/is the activity cosfficient. This activity coefficient

the equation;

depends upon all the ions in solution and has been related

to the total ionic strength, I, where;

1 _ 2 : - . W =T
I = 5 ;E:Fiéi where C = concn.in mol.l
z = ionic charge (3-5)
by the Debye-Hilckel equation; '
1/2
log Xé - Az%1 : (3-6)

A is a constant dependent on solvent and temperature

(A = 0.511 at 25°C for water). The Debye-Htlckel equation is
strictly only applicable at or neér infinite dilutién (zero
concentration) wherahz/csj, but has been used to ﬁrédict 2{
" values up to 0.1 molar. As the concentration irncreases from

-4 1

107 "M to 107 'M, the value of J'decreases as the icnic strength



increases. Several empirical extensions of equation 3-6

have been used to fit the observed deviation from the
predicted values at and abcve ’(O",i Molar. No attempt will be
made here to enter into the theoretical implication of using
any one particular equation to calculate Xﬂ or to comment upon
the use of single ion activity coefficients. For further
discussion of this topic, reference may be made to other

160,161 The extension of the

publications on the sub ject.
Debye-Htickel equation used throughout this work to calculate

values was;

1093/ 2 S22 a2 a2 (3-7)
Ca | - I1/2

which has been used extensively in similar studies by résearchers

at UWIST and found to give an adequate fit to the observed behavidur

Similarly, use of the convention

p Ca = - log a._2+

Ca
has been made and is used hefe without further comment.‘

3.1.3 Selectivity and'Selectivity Coefficients.

No electrode has total specificity for one ion in the
presence aof éll other ions. Thus, electrodes are described as
being selective in so far as they will favour response to the
primary ion in the presence of other (interfering) ions. It is
therefore necessary to modify the Nernst equation (3-3) in order
to accountAfor the response of an electrode to ions other than

the one cf major interest.



For an ion selective electrode responsive to a primary
ion, i, the potential response is modified in the presence

of an interfering ion, j, such that;

“i/z .

E = E_ + 2,303 RT loo a, + ,prt a . JI(3-8)

0 10 i ij 7

z.F
i

where k??t, the potentiometric selectivity'coeFFicient, is a

measure of the degree of selectivity shown by the electrode

for ion i in the presence of ion Jj. The value of this

coefficient varies with a; and aj and there are two commonly
used methods for the numerical evaluation of selectivity

coefficients.

3.1.3.1 Mixed solution or fixed interference method.

- This technique is the one of preference and widest usé.
t depends upon the measurement of electrode response to‘the
primary ion in thé presence of a fixgd background level of an
“interfering ion. In practice the primary ion activity, ay is
changed in the presence of a constant background of the inter-
fering ion, aj. This data is plotted as a calibration curve e.Qg.
Figure 3-2,which shous the effect of a background interferent
'(10-3M M92+) upon the respdnse of a calciumISE. Two iinear
regions exist in this graph, AB and CD. The First linear
region (A-B) shows a Nernstian response to calcium iéﬁ whilst
the second (C-D) shows the limiting potential caused by the
baokground'level of magnesium ions. Below about 10"4M Ca2+ the

electrode is unable to detect changes in aCaZ+ due to the presence

of the M92+ ions. The intermediate section of the graph (B-C)
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is a curve where the electrode response to the primary ion
is being increasingly overwhelmed by the response to the

interfering icon. In crder to determine the selectivity

pot

coefficient, kCaMg s

from the graph three methods are
available. The first two methods are, in fact, special cases
of the limit of éetection (1led) determination where the

lod is determined by the presence of the interferent ion.
f

Method 1
Providing AB and CD are straight lines (as in Fig.3-1a) then

the intersection of the extrapolations of these tws lines at

point x indicates the point at which the slectrode reponds

N\

egually to both ions and, it can be shown (from eguation 3-8);

zl4g

pot _ “Ca ~ (3-92)
‘CatMig  ~ %ta / a
Mg :

]

where g is the known background interferent level and a,

is the calcium ion activity corresponding to point Xx.

a

Methad 2
If C-D is curved (as in Fig.3-1b), then it may be stated that
both ions are centributing equally to the observed electrode

potential when;

poﬁ an/zMg
%ca ~ kCaMg %ng (3-10)
As Zeg T zMg = 2, eqpation 3-8 becomes;
_ o 20z _ pot _
E = E + 2.303 RT 10910 dry * kCaMg aMg (3-11)

2F



Combination of equations 3-10 and 3-11 yields;

o - ~ i .
E = E + 2.303 RT log,, (ZaCa)' _ (3-12)

2F
Now the difference between the electrode potential in a solution
of pure calcium ions (eguation 3-3, i = Ca) and that in a

solution of calcium ions with a background of magnesium ions,

aMg is; |
E = 232%% RT (log,y 2ay, =~ logqg &:,) (3-13)
= 2.303 RT log,y 2
2F '
.= 8.9 mV at 25°C.
Thus, the point at which the calibration curve for D32+ in the
presence of a constant background of M92+ differs from the
extrapolation of the Nernstian portion (A-B) by 8.9 mV.
corresponds to A, and,
pot = 3.
Keamg = aE@/ \ | (3-14)
a
Mg

Method 3

63

This method,‘developed by Srinivasan and Rechnitz1 involves

the linearisation of equation 3-8. However, the variation of

k??t values with a, and aj and the‘generally widebrange of

k??tvalues seen for ISE mean that any advantage to be gained
from a lengthy mathematical treatment is lost.



3.1.32.2 Separate sclution method.

. . . pot
The use of separate sclution determinations of K

values is not generally recommended as, in a ‘real lifef
analytical sample, one would seldom be required to measure
interferent in the absence of determinand. Despite this, the
method has been, and still is, used by some workers. The

IUDAC”recommendation158

for this method is to measure and
compare the potential of the I1SE/reference electrode cell,

first in pure determinand, i, and then in pure interferent, J.

If a, = aj (the iscconrentration method) then the potentiometric
selectivity coefficient, k??t may be calculated from the
observed potentials, Ei and Ej;
pot  _ A 1 -z, ' )
lOQ Lij - ‘) 1 ‘*\w .Z__J; ng ai (3_1{')
2.303 RT/ziF, Jj
pot

By wﬁichever method the values of k ere determined

care should beg exercised in their oresentation and interpretation.
Firstly, the equation used for selectivity coefficient
cetermination, (equation 3-8) is an empirical one fitting

observed data. Secondly, the power term in equation'B-B may

add confusion if zf#zj and it must also be remembered that the

value of k??t depends upon the activity of the interfering ion,
aj. Consequently, when quoting éelectiuity data, con&itions

of their measurement should be clearly stated and if space
permits, the use of selectivity plots such as Fig.3-2 is
advantageous. This would give a graphical impression of

the working range of an ISE in the presence of projected levels

of interfering ions. Alternatively, maximum levels of -interferent



tolerable may be used, but this depends upon the activity
of the primary ion.

3.7.4 Response times.

The response time of an ISE depends upon factors
such as the mechanism of response, temperature, electrode
pretreatment, stirring rate, activity of primary énd
interferent ions etc. A static response time indicates the
time taken for an electrode set fo assume an equilibrium
potential when placed in a fresh scolution. More realistically,
the dynamic response time may be determined as the time taken
for the electrode to reach an equilibrium potential (or an
arbitrary proportion of the change) after a step change in

pot

determinand activity. As with k values, the conditions of

measurement must be stated to give a meaningful result. Use

of a t95 respense time value i.e; the time taken to reach 957

162

of the eguilibrium potential value, has been made although

159 .
favour a t response time.

recent recommendations from IUPAC 90

3.1.5 General Analytical Performance.

In common with most apalytical techniques, day to day
and run to run drift occcurs. The measurement of this is simple
with ISE, but as with other measurements, many Factofs‘control
both drift and‘precision and these should be stated alongside
quoted figures. Although it is generélly essentiai {o,minimise
or eliminate the effects of temperature change in order to
produce optimum anaiytical performance, it is also useful to

study the effect of temperature change on ISE response. In



particular, the working temperature range and the effect
of temperature on slope and response %ime might usefﬁlly
be determined.
It is worth noting that because the potential varies
linearly with the logarithm of the determinand activity, then

. . . Co p - s 2+
precision is limited with ISE. Thus, a 10% increase in Ac,

only yields a 1.23 mV potential change. However, this
precision - is maintained throughout the electrode range and

the drawback of limited precision is to an extent compensated

for by the generally wide range of electrode response.

3.2 - Experimental

3.2.1 Hydrolysis.

Hydrolyéis was generally carried out under reflux.
Reagent grade NaDH,KOH and methanol were used as received.
Any hydrolyses carried out using Ca(UH)2 were under nitrogen
in order to exclude COZ from the appératus. Sections of
membranes were hydrolysed rather than discs to ease
identification of several membrane fragments hydrolysed
simultanecusly.

After the required period of hydrolysis, the membranes
were mashedvin hot deionised distiiled water and dried. The
resulting membréne sections were then ready for mounting
either immediately or at any later time.

3.2.2 Ion selective electrode construction.

Discs of hydrolysed ion exchange membrane were cut

with a cork borer (9mm dia.) and stuck to the polished end



of a 5cm. long section of clear, plasticised PVC tubing
(9mm o.d., Smm bore) with a cyanoacrylate adhésiVe
(15 496, previously 15 12, lLoctite Ltd., Dublin, Eire).
The glue line was sealed with Loctite Water Proofing Solution
to prevent deteriofation of the seal. The mount was then
left in air for %t least two hours toc allow complete curing.
Difficulties wer% sometimes experienced with gluing and
the use of ActivétorANF (Loctite) was found useful. In the
absence of the commercial glue sealer, a solution of PVC
in THF was used. |

The resulting sensocr unit was conditioned'in a
solution containing calcium ions and then incorporatéd into
a modified, epoxy-bodied pH electrode as shown in Figure 3-2.2.
The only modifications necessary were to éhorten the epoxy
body (4), remove the pH sensitive glass bulb and coil the
siiver~silver chloriae reference eiement (2). The sensor unit
(5,6) was'attached to the epoxy body by either push-fitting
or paraffin film. The use of this approach made the sensor
units rapidly interchangeable and internal reference solutions
could be simply replaced. In addition, Few‘pH bodies were
. required and expense was kept to a minimum.

The commercially-availablé Orion 92;20 Calcium ISE
(Orion Research Inc.) was used which was assembled as described

in the manufacturers!' instruction manual.



Figure 3-72.2 Jon-selective electrode with covalently-
hound sensor group membrane.
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3.2.3 Reference electrodes.

Two types of reference electrodes were used during

this study; |

a) a saturated caiomel single jurnction reference electrode.
(Orion 91-01, Orion Research Inc.;.11 Blackstoﬁe Stf.,
‘Cambridge, Mass. 02139. USA.);

or (Corning 476002, Corning Medical, Halstead, ECssex, UK).

b) double junction silver-silver chloride electrode
(Corning 47606700M superceded by 0028102, Corning
Medical) containinao an inner solution of 4M KC1l and

a bridge soclution of 1M KNG

(&N

2.4 Meters.

Potential measurements were made with two méters:
~ Orion 701 (0rion Res.Inc., Cambridge, Mass.,USA); -

Philips PW 9409 (Philips, Pye Unicem, York St.,
Cambridge, UK), ; |

both meters had an input impedence >1012f1and were capable of

a precision of + 0.1 mV.

pH measurements were made with a Pye 290 Expanded Scale

pH meter (Pyve Unicam, Cambridge, UK).

3.2.5 Ancillaryv Equipment.

All potential measurements were made at 25 + 0.5
unless otherwise stated. Distilled-deionised water used was
“at this tempepature.IWhen measurements were taken, the test

solution (1ODcm3) was held in a 150cm” Pyrex beaker inside a

copper coil encased in polystyrene. Water was pumped through



the copper coil at a temperature sufficient to minimise heat
loss from the test solution allowing the latter to remain

: o . . . .
at 25°C for long periods., Stirring was accomplished

P

magnetically at 250 rpm (Grant MS 1, Grant Instruments,
Cambridge, UK) with Tefleon-coated magnetic stirrer bars.

3.2.6 Calibration technique.

Calibrations were established either by serial
dilution of a ccncentrated calcium chloride standard (Molar

Call 'AVS' solution, BDH, Poole, Dorset) or by ‘'spiking!

2
deionised water with small aliquots of concentrated standards.
In the spiking technique, aliquots of 0.7 or 1 M CaClz
standards were added to deionised and distilled water to

cover the range 107% to 2x1072 MACa2+. Microlitre guantities

- were added by heans of either a steel in glass syringe

(SGE Pty., Melbourne, Australia) or an adjustable micropipette
(Oxford Sampler I1I SuSQ#l micropipét%e, Oxford Instruménts,
Athy, Co.Kildare, Ireland). Larger Vélumes were dispensed

by Rccket piston syringe.

The use of éuch a 'spiking! technique was found to be
advantageous when écreening many electrodes for response. It
enabled the rapid calibration of electrodes in either pure
calcium or calcium + interferent'solﬁtions with a clean
solution for each calibratioh. The technique also gave great
flexibility for expanding any or all of the electrbde range

and also supplied a measure of dynamic response time without .

modification.



Caution must be observed when working at or below
1072 M as at these dilutions, the use of unbuffered solutions
may result in problems as with any other trace analytical
technigue.

Calibration curves were constructed of potential vs.
log,g (activity). Activity coefficients were computed using
the BASIC program 10N in Appendix 1. The use of pure solutions
and activity corrections was made throughout this study as ihe
use of complexing agents and ionic strength buffers would
merely have served to complicate potential responses during

early development cf an ion selective electrode,

3.2.7 Resistance measurements.
D.c. resistance measurements were made ocn the cell:-

Reference electrodel| test solution!membrane|Reference
Flectrode

using a Keithley Instruments 610 c solid state

electrometer (Keithley Instruments, GmbH, Miinich, W.Germany).

-

2

The test solution was 1077 M CaCl, at 25°C. A standard resistor

(2.2x10?fD was used to check accuracy and drift of the meter.



3.3 Results and Discussion

3.3.1 Conditioning of membranes.

Héving produced a membrane containing covalently-bound
phosphate groups by either solvent casting or hot-pressing
it was at first necessary to hydrolyse these membranes.
Under the alkaﬁ&ne conditions employed for hydrolysis (aqueous
or methanolic NaDH or KOH) a dialkylphosphate exchange group
was formed. This group existed as the Na or K form of the
exchanger and in order to generate the required Ca form it
was necessary te condition the wmembrane. This was accomplished
by placing the membrane in a solution containing'taz+ ions
which displaced the Nna* or k¥ ions. The efficacy of conditioning
in éélcium chloride solutions in the range 1077 to 407w
was‘Found to be independent of ?he concentration. The length
of tgme of conditioning required to give a full response
depended upon the recent history 0F the membranre. Fbr instance,
if the membrane was conditioned immediately after agueous
hydrolysis then 8 hours uere suFFiciént. However, if the
membrane was allowed to dry out after hydrolysis then periods
of 24 hours were often required for full conditioning. This
- indicated that not only was the cenditioning process necéssary
for the production of the Ca Fofm of fhe exchanger, but it
was also needed for the response mechanism to Fqnction.

It appeared that the membrane must take up some water

for the response to develop. This was gualitatively indicated

by the slight opacity which developed in the membrane phase.



TABLE 3-1.

Resistance (d.c.) of various cell sets.

Air

Electrochemical cell: .
_ ) ~ Resistance .
'BOdy Re?erence /ohms
76 A Ag.AgCl 4.3x10°
4.4x10°
B AgALCl 4.3x10°
. Calomel 4.5%10°
4.5x%10°
B Calomel 4.4x10°
Orion 92 -~ 20 | Ag.AgCl 5x107
Calomel l Ag.AgCl 3.6x10°
74q with no int.ref. solution 1.7x1017
13

6%x10




The difficulty of measuring this water uptake led to the

use of membrane resistance as a less empirical indication of
membrane conditioning. The measurement of the résistance of
polymeric films is generally difficult due to their insulating\
properties. Attempts to measure the resistance of the dry
parent hembraneslmet with no success. This was to have been
expected as SBS was a rubber and should have exhibited
insulating properties whose measurement requires the use of
sophisticated and wellfshielded equipment. As no such =qguipment
was available, the resistance of an elecirode cell containing

- the membrane was measured:

b d

110" "1

’CaC1 Internal reference
2

electrode.

Refarence electrode Membrane

Using a functional electrode (76e) mountecd on either of two
bodies in conjuhction with eithér of two reference electrodes,
the results shown in Table 3-1 were cbtained. These results
indicated that the resistance of the cell set was unaffected

by the body on which the membrane seﬁsor unit was mounted.

The reference electrodes gave rise to a slight bias so readings
were all taken with the silver-silver chloride reference
electrode. The upper limit of useful resistance measurement

was indicated in the extreme case by air (1013[)) and by the
resistance oF'an electrode containing no internal filling
solution (1.7x1011£1). The lower limit was set Ey the resistance
of the reference electrode with its liquid junction and the value

of 3.6x10§flf0r a freely-conducting system was found to be
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limiting. Thus, it may be assumed that any measured resistance
of the cell-set lying between the above two limits is due to
ﬁhe fesistance of the membrane. The measurement of the
resistance (d.c.) of the cell-set would, therefore, directly
reflect the resistance of the incorporated membrane.

On the basis of the above assumption, electrodes were
prepared and the change in d.c. resistance upon conditioning

in a solution (10-3M in CaCl, and 1077

M HCl) at 20°C was
monitored. The results from this study are presented in |
Table 3-2. A pure S5BS membrane acted as an insulator even
after extended soaking. On ths other hand, membranes
containing 4.5% TAP and hydrolysed in methanolic KOH

(75¢c - 7Se-inciusively) showeéd a steady Fallf&? resistance
with time until a value in the 1-10 M()range was reached.
This reéistance was characteristic of stable, responsive
electrodes. Membraﬁe 74s had a slighgly high resistance
(187Mfl) and exhibited a response prone to electrostatic
interference, whilst an electrode exhibiting an anionic
fesponse (78g) showed an initial resistance of 1.9M()
décreasiﬁg to 4.5x10$f)indicating a freely-conducting,
porous membrane. Thus, not only did a resistance measurement
show the importance and effect of conditioning but it also

served to diagnose noisy or porous, anionic membranes.

3.3.2 Optimisation of membrane production conditions for
electrode response.

Membranes were produced by the previously described
procedures (Sections 2.3.2 and 2.3.3) and subsequently hydrolysed.
The main success criteria used during this initial study uwas
a linear (preferably Nernstian) Ca2+ calibration over a wide

activity range. Various parameters, the majofity interdependent,

-
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were analysed and those of importance determined. The main
variables affecting response were the amount of monomer and

initiator and the degree of hydrolysis.

3.3.2.1 Solution cast membranes.

The effect of making large changes in solution-cast
membranes may be seen in Table 3—3, where the TAP levels
were increased from 2.5 to 100% m/m and ABIN levels from
0 to 15% m/m. The solubility in THF of the meﬁbrane before
hydrolysis was ?sed as»an'indicator'of cross~linking and
the responée aFFer hydrolysis was the response to Ca2+ ions. -
Membrane A indicated that lom levels of monomer led to a
THF—soiuble membrane. This indicatéd a low.;evel of cross-
linking which resulted in a low slope (5-1Dmv.ptaf1) over a
narrow range (pCa 4-2). The use of 5% m/m TAP and 2.5%-ABIN
resulted in the production of insoluble and glectrgchemﬁcallye
functional membranes. Increasing the levels of ABI& with louw
levels of TAP (membranes C, D and E) resulted in membranes
which were cross-linked yet which had poor physical properties,
gave no response to calcium ions and were of very high
resistance ( >1D10C)). This, seemingly contradictory,
obéervation was due to cross-linking which was not entirely
age to the phosphate monomer. Instead, the butadiene chains
wvere bging homo-cross-linked by the action of the greater
initiator (ABIN) guantity,resulting in membranes showing
no usable calcium response and having a high resistance. As
the level of TAP moncmer was increased (membranes f—;nd G)
until.poiy (TAP) was being produced (membrane H) the membranes

became increasingly rigid. Despite showing some calcium response
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the properties of these meﬁbranes were not favourable. On
the basis of these initial results the use of 5% m/m TAP
and 2.5% m/m ABIN was further investigated.
Table 3-4 shows the effect of hydrolysis conditions
on the response of electrodes produced from membranes
containing the cptimised levels of reactanté. Originally,
9£aquéoUsNaDH hydrolysis was .used, membranes being refluxed
in this medium for 5 hours. This treatment resultea in a
membrane which, before hydrolysis was inscluble in THF,'but
after hydrolysis became soluble. This was due to the polymer
matrix being sub jected to cleavage such that the cross-1inks
4whiqh were produced during the polymerisation stage were. being
broken during the rather severe hydrolysis step. With membrane
2, the hydrolxeis time weas reduced to 3 hours. The effect
of this decrease in the degree of hydrolysis was to decresase
the solubility 5? fhe hydrolysed membrane and to increase the
~calibration slope. A further reduction to a 1 hour hydrolysis
time (membrane 3) resulted in a membrane which was only
slightly THF-soluble ahd.which exhibited a Nernstian slope.
This series of three membranes indicated that by decreasing
~the hydrolytic degradation, the physical and electrochemical
properties were greatly improved. Membrane 4 showed the
_ deleterious effect of boiling a membrane in water for an
extended period. Although retaining much of the cross-1linking
and concomitant properties the membrane became brittle and
brown due to the thermal degradation occurring at 100°C with

what was a destabilised polymer.



The use of agueous hydrolysis was shown to be capable
of producing the ion-exchange sites necessary for a functional
electrode. However, the use of this resulted in the chemical
degradation of the structure which had been produced during
polymerisation. Thus, the rather severe aurous hydrolysis
was changed in fauour of methanolic hydrolysis. This sclvent
was more cgmpat?ble with a polymeric matrix, had a lower
boiling point than water yet was cepable of dissolving an
alkali metal hydroxide. Use of 5% methanclic KOH under reflux.
. for 5 hours resulted in an ihsoluble membrane (Membrane 5)
with favourable electrochemical properties.

This first study had shown that there were two opposino
effects occurring durinag producfion of electrode membranes.
In the first process, the organophcsphate monomer was being
usedlfo form a covalently-~-bound sensor which also served to
cross-link the polYmer matrix. In the second process, hydrolysis
of this polymer gave a dialkylphosphate ién exchange site, but
hydrolysis also tended to degrade the polymer-

This effect -is further demonstrated bflthe results in
Table 3-5. A series of membranes was produced in which the
-amount of cross-linking and the degree of hydrolysis were
varied. This was brought about By a reduction in both monomer
and initiator concentration and by varying the strength of the

hydrolysis medium.



supIqualw ggg aangd
87T

NoTo3 pue IeaT]
umoag
87InN0T00 pue Jeal)d
8aT331aq
Butwooaqg ‘umoag
mo1Tek aTed ‘aesry’
moIg-moyTeA ‘faret]

3T3seT8 pue ybnoj
moTTsA afed ‘1geT]

p¢
03

soueaeaddy

LL- "10S
L= *T08
A . ‘108
6lL- *ToS
Ii83je g +
Bbutseaaoap
b+ *TOSUI
R
Bursesaoap
qe+ "T0e° 1S
o+ *Tosur
el gdHL UT
\umaoﬁm A3TTTQRIOS

-uvotgnTos 7383 W L0 UT PBUOT}TPUCY - O

STSATOIpAY I834Y |An

XNT483 03 I848JI SUOTIZTPUC] -~ ®

HOSBW/HGY %S U & 0 0 8
HOBW/HOM %0L 4 & 56°0 0°L quL
HOBW/HOM %6 4 & 65" 0 0"l el
HOBW/HOY %0L U & SZ°L g 2 a9
HOBW/HOY %6 U & 9z 272 eg
HOBW/HOMN %0L 4 & $°Z vy asg
HOBYW/HOM %S 4 g A AR eg
mmﬁm>ﬂouo>x wiw 9% w/w mcmmnem&
NIgY dyl

*satagadozd TeSTWsYD0I208T8

pue TeoTsAYyd uo

pue UOT3Ts0dWoD aleIquau Jo 398443 ¢-¢ 318Vl

vs— - R




Membrane 5 was hydrolysed for 5 hours in 5% (membrane 5a)

or 10% (membrane 5b) methanolic KOH. Membrane 5a retained
some elésticity, was insoluble in THF and showed a Nernstian
calibration slope. Membrane 5b was slightly soluble in THF
and showed a deterioration in both electrochemical and
physical properfies. This was consisteht with degradation by the
stronger hydrolysis conditions. Decreasing the amounts of
TA? and ABIN byLSO% might have been expected to result in a
halving of the amount of cross-linking in the membrane. This
was assuming that all cross-linking had been brought about
by the. allylic monomer, TAP. Membrane 6 contained only helf
the amounts of TAP and ABIN used in membrane 5 and indeed,
the émount of cross—ligking was seen to be decreased. Although
6a resulted in a membrane which was insoluble, the calibration
slopéhwas sub-Nernstian and rapidly deteriorated. An increase
in the deqree of hydrolysis effected by increasing the strength
of the methanolic KOH to 10% resulted in a brown THF-soluble
membrane (6b) whose calibration slopeiwas negative i.e.
anionic.

The reason for the observed negative slope is thought
.to have arisen for two reasons. Firstly, the ion-exchange
site density was decreased, but,.more importantly, the membrane
itself was rendered microporous by the combined effects of
reduced monomer/initiator concentration and increased strength
of hydrolysis. A microporous membrane might be expected to

exhibit an anionic response due to the passage of chloride



ions through the membrane. This is a similar effect to that
seen with some paraffin and 'crack-type' of electrodes discussed
in Chapter 1.

A further halving of crosé—linking was made in membrane 7
which was subsequently THF-soluble. When hydrolysed in 5%
methanolic KDH,/(?a) the calibration slope was sub-Nernstian
and decreased rapidly over a 3 day period Use of an increased
degree of hydroiysis (10% methanolic KOH) resulted in a brouwn,
anion-responsive membrane, (7b). |

A membrane made From'pure SBS (with no cross-linking) and
hydrolysed in 5% methanolic KOH gave what was, in effect, an
'empty' membrane (membrane 8). The membrane was processed
and treated in an idenfical manner to the cthers. As might
have been expected, the membrane was soluble in THF and
exhibited an anionic TESPUNSE. m |

These results demonstrated the effect of decreasing
the amount of cross-linking from the cpiimum (5% TAP, 2.5% ABIN,
5% methanolic KOH/5 hrs.). They alsc served to indicate the
interdependence of cross-linking and hydrolysis conditions
and the importance of choosiné compromise conditions such that
~cross-1linking was not being generated in one step and then
being destroyed in the next. Decreasing the level of cross-
linking eventuélly resulted in the production of THffsoluble
membranes which gave rise to electrodesresponding to the anion

(C17) rather than the cation (Ca’")

.



3.3.2.2 Lyopholised/hot-pressed membranes.

The only controllable variahles during the lyopholysis
step were the sclvent, the solvent volume and the rate of
evaporation. THF had proved to be the best solvent for solution
casting, so it was agazin used and & 10% w/v solution of
SBS in THF was used. The rate of evaporatioa was dependent
upon the pump used ~ the same pump and solvent vapour traps
were, therefore, used throughout. |

Pressing conditions for SBS were Firs@ optimised and
found to be,1400C, 10 tons ram force and 5-10 minutes
reaction time (see Section 2.4.2.1). A reactién time of 10
minutes was used‘initially and a membrane prepared which-
contained the same constituerts that had been optimised for a
solution-cast membrane. The resulting membrane was eftremely
tough but showed @ large amount of bubbling. This was at first
thought to be the fesult of a poof polymer batch, but a repeat
using freshly-prepared reagents yielded the same result. The
reason for this bubbling was thought to lie in the decomposition

of ABIN;

N

'(CH3)2 L’:N = Nti (CH3)2 -———»2(0!43)2 (': + N
CN CN CN

during which free radicals are formed and nitrogen is evolved.

'For instance, if 0.259 ABIN were used, then its.complete

decomposition would yeild 34cm° N, gas (at STD). In the

confines of the press, this would be expected to give rise to



bubbling within the liguid polymer film. Thus, the use of
ABIN was dJC“OﬂﬁinUBd;

Benzoyl peroxide, another commonly used initiator, uas
also avoided for this reason as under certain conditions C02
may be evolved with @ similar effect. A high—temperaturé
initiater well-suited to the press conditions and the polymer
system was used - dicumyl peroxicde (DCP). Incorporation of
5% TAP and 2.5% DCP into SBS resulted in production of a very
tough, cleaf and inscluble polymer film. No amount of hydrolysis
produced a calcium respcnse with this membrane although the'
use of 25% agqueous NaOH eventually resulted in partizl
dissolution of the pelymer matrix. These cbservations were
consistent with a very high amount of Cross-link*ng aﬁd this
was corroborated by the very high resistance ( >1U1Q(3)
of electrodes using such a membrane

Experiments were continued in aﬁ effort to reduce the
level oF cross—linking. A decrease in the press temperature
was not feasible as the polymer mould‘not have flowed, so a
decrease in reaction time to 5 minutes was implemented and the
initiator level was reduced to 0.1%. Even under these conditions,
well-crosslinked but non-functional membranes resulted when
using 5% TAP. A series of membranes was then .prepared in which
no initiator ﬁhatsoeVer was used és it Qas suspected. that
sufficient free rédicais would be prcduced by thermolytic
fission. Additionally, levels of TAP were significantly reduced.
A series of six memb?anes is shown in Table 3-6 along with their

respective electrode responses.



TABLE 3-6

Electrochemical Properties of membranes produced by
lyopholysis/hot-pressing.

. _ "
MEMBRANE / TAP CONTENT HYDROLYSIS RESPONSE
. (% w/w)

1 0 5 hrs. 5% Anionic.
. -22 mV/pCa.

2 4.5 24 hrs. 5% | No response,
v.high.res.

3 0.129 10 hrs. 5% +7 wmy./pCa.
5 hrs. 10% +18.6 mV./pCa
4 . 0.496 24 hrs. 5% Sl.response

(+5 mV./pCa.)

5 0.973 | 10 hrs. 5% " "
6 1.0 5 hrs. 5% " "
24 hrs. 5% +18 mV./pCa.

*  Methanolic KOH under reflux.
Press conditions - no initiator

- 140°C

- 10 tons ram force

, = 5 mins.

!



Membrane 1 was made solely of SBS but was found to be
less soluble in THF than its solution-cast counterpart, taking
some 10 hours to dissclve. This indicated that éuFFicient
free radicals had been gencrated in the S5BS to cause
cross-linking reactions to occur in the butadiene chains. 0On
hydrolysis for 5 hours in 5% methanclic KOH, however, an
anionic response of Coﬁpérable magnitude to that shoun by a
solution-cast pﬁre SBS membrane was observed. iembrane 2
demonstrated the effect of using levels of. TAP used in
solution casting, -but with no formal initiator. A vefy high
level of cross-linking was produced and even after 24 hours
hydrolysis there was no response and the membrane acted as an
insulating film. The rémainder of the series (membranes 3-6
inclusive) showed that even at very low TAP levels, strong
hydroiysis was needed to coax any response from the membrane,
indicating prohibitively high levels of cross-linking. Slopes
of these electrodes never exceeded +20.mU.pCa-1 and the
generally high resiétances tended to fesult in very noisy
responses.

The electrochemical performance of electrodes made from
‘lyopholised and hot-pressed membranes was very poor. Physically,
the membranes were extremely tough and were very good as rubber
films. However, as ion-exchange membranes, these membranes
were very poor. The reasons for this are complex but probably
lie, to some extent, in the different polymer morphology

generated during hot pressing compared to that resulting from



solution casting. Also, during the hot-pressing of such a
destabilised/purified material, the reactiohs forming
crosslinks were much more efficient than those operating
during solvent césﬁinga This led to comparatively high

levels of crossflinking which resulted, in turn, in hembranes
which formed noL-conducting films unsuitable for use in ISE.

! ,
Thus, despite the advantages of controllability, reproducibility

and convenience which might be expected of hot-pressing, the
technigue is inferior to solution casting when using SBS/TAP

as only the latter technique’produces functional ISE membranes.

3.3.3 Selectivitv.

The selectivity of anvISE may be expressed as a
selectivity ccefficient or may be depicted by selectivity
plots as described in Section 3.1.3. Mixed sclution technigues
(section 3.1.3.1) and selectivity plots are used here td show
the selectivity behaviour ﬁf the electrodes produced. This
approachvallows'a rapid, . realistic appraisal of the utility
of an electrode for a particular application providing that
the conditions of measurement are specified.

' Selectivity plots have been constructed wicth gctivity
'coeffiéients (KEa2+) béing calculated for each point using
the ION program (Appendix 1). This approach zllowed the use
of simple mixed sclutions and enabled evaluation ofﬂéelectivity

for single Ca-M pairs without the complication of buffered

systems.
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Electrodes were ‘screened for interference from

Mg“T, Ba2+, Nna® and K'. The interference from a background

level (WO-BM) of these ions upon a 5% TAP membrane (5a) is

shiown (Figure 3-3). A definite trend of selectivity was
immediately visible where the divalent and monovalent lines

lay in two separate groups - the divalent ions showing the
highest interference. Dotehtiometric selectivity coefficients,
kﬁgﬁ .were calculated from the 9 mV. deviation (section 3.1.3.1).

Values of k%;; for M=Ba and Mg were 0.8 and 0.3 respectively

‘indicating a small but definite selectivity for calcium. The

pot
CaM

(30, 27 respectively) and further stress the point raised in

values, k for M = Na,K were numerically much higher
Section 3.1 that care must be exercised when interpreting
prt values. The high Figqres for Ma and K are the result
of.the power term in equation 3-9/3-10 and the true effect

of the interferent may be seen from the plots (FiQ.B—B).

In fact, 10‘3M monovalent interferent exerted only one-tenth
the effect of the same level of divalent interferent ion.
This numerical anomaly may be seen more plainly in Figure 3-4
where the effect of incréasiqg Na ion concentration on the
response of membrane 5a is shown. At 10'3M Na® background
prt = 30, but the electrode still showed an extended linear

CaNa -

calcium calibration range (10_4 to 10"1M). An increase in the -

level of Na* to 10_1M resulted in the electrode response to
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Fiaure 3°7 Qverall selectivity of CBS electrode.
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'Caz+ being overwhelmed by the background level of Nat.

ct . - . .
However, the (P values, which decrease with increasing

CaNa

interferent concentration suggest the electrode would
function better in 107 M Na than in 10°°H Na. That this
is not the case may be plainly seen from the selectivity
plots (Fig.3-4). '

Selectivity plots for twc other 5% TAP electrodes

(Figs. 3-5 and 3-6).indicate numerical values of k?g@

which are similar to those found for membranme 5a (Fig.3-3).

In addition, values for interference by Sr2+ and NHZ further
indicate a separation of selectivity by valencse.

A further extension of the selectivity study (Figure 3-7)
indicated the overall pattern cf interference and selectivity.
In pgrticular, the effect of transifion metal and polyvalent
catiohs may be seen. The interference pattern observed was;

2+ 24

oy 2 2
2 s ta?* > gat > sr?ts gt > w

2+ 2+ > Cu

w2t s ca?t - 7n

which is in agreement with the absorption sequence found by

Kennsdyqaa;

3+ 24

S+ s La’t > cu

Fe’t > uo?

2
7 a

> ca“t > nat

for hydrolysed poly(TAP).

This observation of interference from polyvalent and transiticn

metal cations is consistent with the interference by Zn2+

generally seen with Ca ISE115’116. Interference from L

40

a3+ has

also been found to be severe1 and the above series may be
expected to hold for phosphate exchangers generally. However,

the effect of soiveﬁt mediators on the extraction behaviour
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of this series may be sufficient to alter the position of
some of the members within it. |

Other important cations which might be expected to
“interfere with a calcium ISE response are H" and surfactants.
The pH response of membrane 5z has been determined at tuwo
different calcium ion activities (Fig.3-8) énd indicated a
very wide pH working range (pH 4,4.5 tc 10). The graph shous
none of the 'dips' characteristic of other calcium ISE
(e.g. Orion 92-20/Fig.7) at low pH values. A comparison of
the selectivity of an Orion 92-20 (Fig.3-9) and a TAP covalently-
bound seg@r (CBS) electrode (Fig.3-10) was made for selected .
cations. In particular,selectivity for Ca’® over-a surfactant
(Uctylt;imethyl—ammonium bromide, CBTAB) arnd ammonium ions
was assessed. The Orion ISE showed significant interference
From CyTAB (kpDJC = 1.5x103) whereas with the CBS electrods
(74q, Fig.3-10) oniy the interference typical of a monovalent
cation wés observed. The interferenée.of NH4+ ions on both
types of electrode was also found to be high. The Orion electrode
and a PVC matrix electrode made from the same exchanger were
both found to give poocr Caz+ over NHZ selectivity whereas the
/pés electrode merelf'registered NHZ as a monovalent cationic
“interferent (Table 3-7).

3.3.4 Response Time.

Dynamic,as'opposed to static,response times have been
determined. It was felt that not only was the dynamic response

more consistent with analytical needs but it also supplied Some
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mechanistic data. The measurement of ultimaﬁe dynamic
response times of a fast ISE 5s) is fraught with some
difficulty. In particular, the solution determinand activity
must be changed very rapidly and the instrumental dead time
needs to be very short (milliseconds). Requirements for
instrumentation and the apparatus for eFFecfing rapid knoun
concentration changes uere, therefore, high. Attempts to
measure response times of less than 5s met with limited
success as turbulence in rapidly-stirred solutions tended
to cause electrostatic noise and large stirring potentials.
In addition, entrainment of air bubklesunder the recessed
Orion body tip ocourred in such turbulent solutions. A
Vcomparative approach was therefore adopted in which
standardised conditions were adopted. Electrodes were run
in parallel, i.e. in the same solution and with resﬁect to
the same reference-electrode, and'stirring was at a ccnstant
250 r.p.m. |

The results obtained using this approach (Figs.3-11, 12
and 13) showed that the CBS electrode (74qg) was consistently
faster than the Orion 92-20 calcium ISE. Over a series of
such measurements at 25°C, the mean of the tgg response time
at all determinand levels was Foﬁnd'to be less for the CBS
than for the Orion eiectrode (Table 3-8). The consistency
of the CBS electrode times was considerably better than that

for the Orion electrode, in some instances, the variation in



TABLE 3-8 tos Response time comparison.

= 5, ————== 2,28

pCa=4.03 ——=3,34

=- 2,06
Electrode
92-20 - 21.6 26.5 32-2 36
CBS 6.5 6 8 1
92-20 15 22 18 22
CBS 12 1 13.5 10
92-20 - 11 17 16 22.5
CBS . 9.5 7.2 M1 | 18
92-20 36 47 48 63
cBs |- 10 11.5 0.2 ) - 1405
92-20 16 27.5 28 36
€8S 18 14 17 - 30
- 92-20 14 16 24 21.5
CBS 1" 10 14 28.5
92-20 17 22 31 20
CBS 13.5 12 17 14
92-20
Mean 18.7 25.4 28.2 31.6
S.D. 8.3 10.4 10.7 15.5
cBs :
Mean 11.5 10.7 : 12.4 18.4
S.D. 3.6'>. 3.1 4.2 7.8

All results are for t95 values in seconds.



t95 for the latter was 50% from run to run. Response times of
the 92-20 were slightly affected by the presence of M92+
ions whilst a CBS electrode showed no effect and a PVC
electrode seemed significantly slowed down. However, the
electrostatic nature of the PVLC matrix electrodes fabricatec
precluded their use in a stirred system and further investigation

of this effect was not pursued.

3.3.5 : Lifetime of electrode membranes.

it is difficult to assess the lifetime of an ion-
selective electrode. Ideally, a dedicated flow-through system
and a continuous 'real-life'! stream would be used and the
lifetime of electrodes could be assessed under identical-
conditions. As no such apparatus was available, the useful
lifetime was found from experience with usage. Early
electrodes which had been subjected to severe hydrolysis
conditions displayéd lifetimes which were limited to 3 to
30 days by the decrease in the calibration slope. This
decrease in slope may be used as a criterion of useful
lifetime.

In the case of membrane<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>