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Abstract

Poly(vinyl chloride) (PVC) based ion-selective electrode membranes are the
key component of both conventional ion-selective electrodes (ISE) and ion-
sensitive field-effect transistors (ISFET). In this thesis, the water transport
phenomena in the membranes, an understanding of which is needed to improve the
performance of these ion sensors, have been explored.

An equilibrium water uptake model based on osmotic pressure arguments
has been proposed and experimental work using a spatial imaging photometer
(SIP) and a UV-Visible spectrometer has been carried out to evaluate this model.
Obtained results confirm that osmotic pressure effects are the main driving force
for water uptake in PVC based ISE membranes. A dual-sorption model has also
been proposed to describe the kinetics of water uptake in these membranes. The
experimental results obtained using the SIP are consistent with the proposed
models. A numerical analysis technique has been used to simulate the transport
process described by the duai-sorption model in membranes doped with salts. An
explicit-finite-difference method was used and the calculated results are in good
agreement with the experimental ones.

Efforts have also been directed towards & better understanding of the water-
rich surface region observed in PVC based ISE membranes. Effects of additives on
this highly hydrated surface layer have been studied in detail. Results show that
the additives in the membrane play a significant role in establishing a non-uniform
water distribution. Studies of water distribution inside PVC based membranes
plasticized with polymeric-plasticizer have demonstrated that loss of plasticizer
from a membrane to an external aqueous solution may be a main source of the
water-rich surface layer. A water uptake model incorporating this surface layer has

been proposed. Results of numerical analysis of the model are presented.
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Chapter 1

Introduction

Over the past thirty years, the field of ion-selective electrodes (ISEs) has
been one of the most active and flourishing branches of modern electrochemistry
and several books and reviews have been written on this subject [1-8]. The
development and applications of ISEs continue to provide excitement in expanding
areas of analytical chemistry, because these ion sensors offer the advantages of
simple design and maintenance, low cost, non-destructive analysis of test samples,
and possible interfacing with automated and computerized systems. Nowadays,
ion-selective membrane electrodes have become important and reliable devices for
biomedical analysis, environmental testing, industrial process control, and
laboratory research. The description "membrane" is used here to denote a thin
section of electricaily conducting material separating two solutions across which a
potential develops in an ISE (see Figure 1-1 below). If this chemically selective
membrane is directly applied onto the surface of microelectronic devices, i.c.,
chips, an ion-selective field effect transistor (ISFET or CHEMFET) is obtained [1,
9-10]. ISFETs are now more than two decades old and have received much

attention. One reason for their popularity is the general trend towards the
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miniaturization of chemical sensors. Another is that they represent modern analogs
of familiar ion-selective electrodes and other time-tested potentiometric devices.

In the applications of ion sensors, there are very stringent requirements for
the selectivity, sensitivity, potential stability, reproducibility, response time and
lifetime of the devices. Modern ion-selective membrane electrodes are not fully
satisfactory in terms of these requirements, although many kinds of ISEs are now
commercially available. Problems with ISEs include the interferences arising from
other ions, fouling of the electrodes in harsh sample environments (such as urine
or blood), and limited lifetimes [2]. On the other hand, ISFETs are still not
commercially available because of the serious problems with encapsulation and
stability [10]. Many efforts have been directed towards the solution of these
problems. A fundamental knowledge of the response mechanisms of ion-selective
membranes is required.

The working mechanism of ion-selective membrane electrodes has been the
subject of scientific research since the first decade of the twentieth century [6],
when the first glass electrode was developed [11]. To understand the fundamental
processes associated with ion-selective membranes, it is essential to study the
transport phenomena of relevant species inside these membranes. Theoretical
treatments of ion-selective membranes have been developed to describe the
observed membrane potentials and the behaviors of species inside the membranes
[4-6,12-13]. These theories made different assumptions about the events occurring
inside the membrane (e.g., linear concentration gradients or linear potential
gradients, no transport of species or dominant transport, efc.). However, there are
relatively few studies that examine internal concentration profiles experimentally
[14-15], so it is difficult to distinguish the theories. In addition, water is believed
to play a significant role within those membranes and in relation to the miscibility

of the membrane components and adhesion on solids [15-16]. These effects will be
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important in determining lifetime of ion sensors made with these membranes.
However, there is little quantitative data available on membrane bound water to
truly understand these roles. The questior: of whether events inside the membranes
obey any of the ideal models has not really been addressed.

1t is the primary objective of this thesis to obtain better understanding of the
transport of water inside ion-selective electrode membranes and how the transport
is affected by the membrane matrix and additives. In the following sections, some

background which is relevant to this work will be outlined.

1.1 THE ION-SELECTIVE ELECTRODE [4-6, 8]

Ion-selective electrodes (ISEs) are devices that permit the activity of a given
ion in a solution (usually aqueous) to be determined potentiometrically despite the
presence of other ions. The general layout of an ISE cell assembly is given in
Figure 1-1. It consists of an ion-selective membrane, an internal standard solution
of analyte ions, and an internal reference electrode. This is immersed, along with
an external reference electrode, into a test solution containing analyte ions with an

activity a;. In this case, a Nernstian response is expected, and the measured cell

potential is given by:

E““=E°+B%-In(a‘) (1.1)

z,

where Ecenn  is the measured cell potential.
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Figure 1.1  Schematic diagram of a membrane electrode measuring circuit and

cell assembly



E° is a constant depending on the reference

electrode and the liquid junction potential.

~

1s the gas constant.
T is the absolute temperature.
F 1s the Faraday constant.

zZ; is the charge of the analyte ion.

No ion-selective electrode responds exclusively to one kind of ion. In the
presence of other interfering ions in the sample solution, the behavior of most ion-

selective electrodes can be desc:ibed by the Nikolsky-Eisenman equation:

E.. =E"+B%ln[a‘ +§iK:;°'(a,)""‘] (1.2)

z;

where a;j is the activity of the jth interfering ion
z; is the charge of the jth interfering ion

KI™  is the selectivity coefficient

It can be seen from this equation that the more selective the 1on-selective
membrane electrode is for the analyte ion i, the lower the value of each selectivity

constant K™ will be. The key to the successful design of an ion-selective

membrane electrode is to select membranes that exhibit a specific and reproducible
response to the ion of interest in the presence of the various other ions of the
sample. Ion-selective electrodes may be roughly classified in the following way,

according to the physical states of the substances (the electroactive maternials) that

form those membranes:



lon-selective electrodes with solid membranes.

Solid ISE membranes may be homogeneous as in a monocrystal
(e.g., LaF; single crystal for F-), a sparingly soluble, polycrystalline or
mixed crystal (e.g., Ag,S for Ag® and S2+), or a glass (e.g., silicate glasses
for Nat and H*), which is considered to be a solid because of the
immobility of the ionic components. Alternatively, the membrane may be
heterogeneous, by the incorporation of the electroactive substance within an

inert matrix (e.g., AgCl imbedded in polyethylene for Ag™).

lon-selective electrodes with liquid membranes.

Liquid ISE membranes were originally made by impregnating a
porous inert solid support, e.g., a disc of filter material, with a solution of
the electroactive material in a water-immiscible solvent. As an altermative to
the use of a porous disc as a rigid supporting medium, it has been found
possible to immobilize the electroactive materials in plasticized polymer
membranes. The electroactive substances in liquid membrane electrodes are
of two kinds: {1) catioi.ic or anionic ion-exchangers, and (2) electrically
neutral, ion-specific complexing agents (ion carriers or ionophores). In ion-
exchanger liquid membrane electrodes the selectivity depends on both the
partition coefficient for the ions between water and the membrane, and the
ion-exchanger's complexing abilities. In the case of neutral carrier
membrane electrodes the selectivity is determined mainly by the

complexation specificity of the carrier molecules.
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1.2 PVC BASED LIQUID ISE MEMBRANES AND
WATER

Polymeric liquid membrane ion-selective electrodes are among the most
successful approaches to ISEs {8, 17-19]. Currently, most liquid membrane
electrodes are of this newer type. ISE membranes formed in this way behave in
much the same way as those in which the electroactive material is held in the pores
of a disk. However they offer the advantage of much simpler design and
construction, and considerable economy of sensor materials due to the much
slower loss of expensive electroactive substances. Increased lifetimes can also
often be obtained using polymer-based membrane ISEs. Among the different
polymer matrices used for neutral carrier based ion-selective membranes such as
silicone rubber, copolymers of poly(bisphenol-A carbonated),
poly(methylmethacrylate), poly(urethane), and poly(vinylisobutyl ether);
poly(vinyl chloride) (PVC) is at present the most popular one [20-21].

PVC based ion-selective membranes usually consist of about 33% by
weight PVC, which is "dissolved" in a plasticizing agent (plasticizer), as well as
small quantities of ionophores and salts. The plasticizer is typically a relatively
low dielectric, water-immiscible, high-boiling organic solvent such as
dioctyladipate (DOA). One role of the PVC is to provide sufficient inherent
mechanical strength for the membranes to be used in electrodes. The PVC is also
important in raising the effective dielectric constant of the membranes to about 10
so that comparatively high ionic concentrations are supported, whereas that of pure
DOA is close to 4 and that of rigid, pure PVC is between 3.2 and 3.4. The higher
dielectric constant of the membrane compared wiih the pure materials arises from
the liberation of the orientation polarization of the C-Cl bond in the composite

material [22]. Commercial plasticized PVC products usually contain less than 33
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wt.% plasticizer. ISE membranes, on the other hand, are typically made with 66
wt.% piasticizer and electrode performance deteriorates with decreasing plasticizer
content [21-22]. It has been shown that ISEs are functional only when PVC-based
jon-selective membranes have liquid like characteristics in terms of ionic
conductivity [22]. In fact, the glass transition temperature of membranes, T, (a2
transition temperature similar to the melting point of solids), must be below room
temperature. Above the T, plasticized PVC is in a liquid-like state, with the
plasticizer molecules and PVC chains forming a true solution, with mixing at a
molecular level, in which electroactive materials are dissolved. However,
plasticized PVC is not simply an inert and pure matrix; both the physical structure
and the chemical contaminants are important for the functioning of the membranes
and must be considered when interpreting their behavior [22, 23].

When a PVC membrane is contacted by water then absorption of water
molecules will occur. Water has been identified as playing significant roles in the
potential determining equilibria within plasticized PVC-based ion-selective
membranes [15-16]. It is a basic requirement that for either thermodynamic or
kinetic reasons anionic sites (fixed or mobile) must be present in the membranes to
compensate the ionophore-ion complex charges if Nernstian behavior is to be
obtained [22]. Simon e7 al. have even suggested [14-15] that water immobilized in
clusters in the membrane can be a source of those anionic sites, through the

following type of reaction for a potassium-sensitive membrane:
K."(aq) + L(mc:m) + XH20(mcm) A KL"h(mt:m) + OH-’(X'])Hzo(mem) + I'I-'—(aq) (l~3)
waicre L is the ion carrier and (aq) and (mem) denote the aqueous and membrane

phase, respectively. Very little work has been done to establish the validity of this
hypothesis.
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Phenomena related to water in ISE membranes such as surface gel layer
formation, and abnormally high dissociation constants of weak acids in
membranes have been invoked by a number of authors [24-25]. Harrison er al.
have used optical instruments, NMR, and a gravimetric method to study the
behavior of water in PVC based ion-selective membranes [26-28]. Their results
show that there are at least two states of water inside the membrane. They also
identified a water-rich surface region which leads to a considerable inhomogeneity
within the membrane matrix. Their work demonstrates that water behaves in a very
complex manner within PVC based ion-selective electrode membranes and will

affect the performance of sensors made with these membranes.

1.3 MEASUREMENTS OF DIFFUSION IN POLYMERS

1.3-1 Basic Equations [29]

The mathematical theory of diffusion in isotropic substances is based on the
hypothesis that the rate of transfer of diffusing substance through unit area of a
section is proportional to the concentration gradient measured normal to the
section, i.e., Fick's first law of diffusion. For diffusion in one dimension, x, it

becomes:

aC
J=-D= 1.4
5 (1.4)

where J is the rate of transfer per unit area of section.

C is the concentration of diffusing substance.
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X is the space co-ordinate measured normal to the
section.

D it the diffusion coefficient of diffusing substance.

If J and C are both expressed in terms of the same unit of quantity, then D
is independent of the unit and has dimensions length?/time, e.g., cm?/sec.
Irreversible thermodynamics points to the gradient of chemical potential as the
driving force rather than the concentration gradient, but for isothermal diffusion in
a two-component system it is rarely necessary, although often instructive, to resort
to the thermodynamic formulation. A material balance in a unit section of

thickness dx yields:

(1.5)

2(®
|
¥|e

Combining equations 1.4 and 1.5 gives Fick's second law of diffusion:

%f-:%(n%) (1.6)

where the diffusion coefficient, D, may be constant or a function of concentration,
C, or distance, x, or both. For a number of polymer systems [30-31], an adequate
description of the diffusion process is not possible with D(c, x). Superficially D
may appear to be a function of time as well as of concentration. Such behavior is
classified as non-Fickian diffusion and is often associated with relaxation
processes in the polymer which may become rate controlling. For a constant

diffusion coefficient, equation 1.6 becomes:
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2
%:D%x—(z—: (1.6a)

A large number of analytical solutions to equation 1.6a have been obtained
for a variety of initial and boundary conditions [29]. For concentration-dependent
diffusion coefficient strictly formal mathematical solutions are no longer possible
and often graphical and numerical procedures are used [29-30, 32]. An analysis of

the concentration dependence of the diffusion coefficient is often of value in the

interpretation of mechanism of the transport process at a molecular level [23, 29].

1.3-2 Methods of Measurement [29-31]

Two techniques commonly used in the study of diffusion in polymers and
membranes are sorption (desorption) kinetics and permeation methods. In the
former, a thin sheet of membrane with thickness / is suspended in a liquid. The
mass of the liquid taken up, M, is recorded as a function of time. For short times

the solution with constant diffusion coefficient, D, reduces to:

1/2

M, Dt

Tt gl 1.7
M, (1:12) (1.7)

giving the familiar initial t2 region; at longer times the plot becomes concave to

the t12 axis as M, approaches the equilibrium value M, When the diffusion

coefficient, D, is a function of concentration, the initial t2 region is often still
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obtained but egration 1.7 now yields some average diffusion coefficient, D.
Procedures have been developed which enable the concentration dependence of
the diffusion coefficient, D, to be determined from that of D [29].

In the permeation method a pressure difference of the vapor of a liquid is
maintained across the polymer film or membrane with the downstream pressure p
often much less than the upstream pressure p;. The amount of material Q; which
has passed through the sheet in time t is recorded and after long times a linear
steady-state region is approached, the slope of which, dQ/dt, is the steady-state
flux Jg. Using equation 1.5, and assuming virtually zero pressure on the

downstream face:
C,
Jgl = [, DAC (1.8)

where C; is the concentration in ii.¢ ingoing face. (Concentration of liquid at the
membrane surface may be related to the vapor pressure by Henry's law, C = kp.)
Measurement of Ji as a function of p; coupled with the sorption isotherm yields
Js as a function of C,. The concentration dependence of diffusion coefficient then

follows from:

dJ gl
Oss” =D 1.9

Both methods described above can be used to obtain the diffusion
coefficient (usually average value), but the distribution of diffusing substance can
not be observed. Holographic techniques based the dependence of refractive index

on penetrant concentration [14] and radiotracer techniques [15] have been used to
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examine the concentration profiles of ions across liquid ISE membranes, but those
methods were still limited to evaluate average distributions with low resolutions
(about 250 um for the holographic method and about 40 um for the radiotracer
method). X. Li er al. has developed an optical technique to directly probe the
concentration profiles inside polymers or membranes [33] with a resolution of

about 2 pm. Their method will be intreduced in the next section.

1.4 STUDIES OF WATER TRANSPORT IN PVC BASED
ION SELECTIVE MEMBRANES [23,26]

Although water is believed to play a significant role within plasticized,
poly(vinyl chloride) (PVC) - based ion-selective membranes, relatively little
quantitative information has been available about the rate of water transport, its
distribution and its concentration within these membranes [23]. X. Li et. al in our
laboratory reported experimental work using a spatial imaging photometer (SIP) to
study the transport of water inside the PVC-based ion-selective electrode
membranes [26, 33]. A simplified mathematical model for the water uptake ir

these membranes was developed and used to analyze the SIP data. The instrument

and the transport model are presented below.

1.4-1 Spatial Imaging Photometer (SIP) [33]

A spatial imaging photometer is essentially a digitized microscope which
can be used to determine the spatial distribution of water within the membrane

during the process of water uptake. The set up of the SIP is shown in Figure 1-2.
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Figure 1-2. The schematic diagram of a Spatial Imaging Photometer (SIP)
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Details of the instrument design and the electronic interface have been presented
elsewhere [33]. A laser was used as the light source. An optical cell was prepared
by sandwiching a thin slice of ion-selective membrane from a master membrane
between two glass microscopic slides. The cell was mounted at the object plane of
a lens, and a photodiode array detector, located in the image plane, was interfaced
to a micro-computer for acquiring, manipulating and displaying the data. The
direction of water transport in the cell was perpendicular to the laser light path.
The magnification power of the optics is up to 20 times. The transmitted light was
measured periodically and the absorbance was then calculated using the initial
intensity of transmitted light as the reference. The absorbance change as a function
of position inside a membrane was obtained.

Imaging of water concentration profiles with the SIP was done either by
measuring the bleaching of a water-sensitive dye or the light scattering induced by
the formation of water droplets inside the membranes [23, 26]. When the
concentration of water was small, its distribution inside a membrane was imaged
by the addition of a water-sensitive dye to the membrane. Anhydrous CoCl,,
which bleaches in the presence of water, was used most commonly. The decrease
of absorbance observed by the SIP, AA,, could be related to the concentration
change of water inside the membrane. When the concentration of water in a
membrane became high, water droplets began to appear and act as light scattering
centers. The scattering leads to an increase in absorbance, AA,, which can also be
used to follow the progress of water uptake inside membranes (see discussion in
1.4-3).

The SIP provides a powerful means of probing the water distribution within
membranes. Further, the method provides in situ measurement and so avoids errors
due to evaporation of water when the membrane is transferred, as would occur in

radio-labeling and gravimetric methods.
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1.4-2 Water Uptake Model [23]

A model involving two stages of water uptake has been proposed by X. Li.
Figure 1-3 is a schematic diagram of the concentration profiles expected using this
model. When the concentration of water in the membrane is below a critical value,
C,. water is dissolved in the membrane matrix. At this stage, the dissolved water
molecules diffuse rapidly through the membrane. The membrane remains as a
homogenous "single phase". The concentration involved at this stage is relatively
small, and the diffusion of water obeys Fick's laws. The diffusion coefficient of
dissclved water at this stage has a corstant diffusion coefficient D;. As the
concentration of water continues to increase above a critical value, clustering of
water molecules occurs and water droplets that scatter light begin to form and
grow. A front of those light scattering centers then apparently moves into the
membrane. The penetration of the scattering centers at this second stage can be
modeled as an apparent diffusion from the solution/membrane interface into the
membrane bulk. However, this can not be the actual mechanism, since the
scattering centers themselves are unlikely to move. Rather, water molecules must
diffuse through the polymer phase from droplet to droplet nucleation site. The
results of this model do provide a measure of the rate of transport of the water
droplets into the membrane at this stage, even though the transport of water at the
second stage must be described as a pseudo-Fickian diffusion process.

To describe these two stages of water uptake, X. Li has utilized an
approximate model for which an analytical solution exists [29], in which the
diffusion coefficient of scattering centers (ID,) is constant, but changes in a step-
wise fashion from D, (# D,) for dissolved water at a moving boandary at position
xi Wwithin the membrane, where the water concentration has reached C,. The

equilibrium concentration of water at the membrane/water interface was also
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Figure 1-3.

Water uptake model, showing the concentration profile inside a
membrane. C; is the concentration of dissolved water in the bulk
region (x > xy), C, is the concentration of water in droplets in the
surface layer (0 < x < x), C® is the equilibrium concentration of
water at the membrane/water interface, x is the distance from the
interface, and C; is the concentration of water at x,, where the
diffusion coefficient of water changes. (adapted from X. Li, Ph. D.
Thesis, 1992, p59)
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assumed to have a constant value. This approximation gave an average value of D,
in the surface region at any given time. Solutions to this moving boundary

transport problem with the semi-infinite boundary conditions were given as [34]:

C x
C,(x,t) = x 1—erf —— > 1.10)
(o) l-e;f(kuZ,/D,t’( ot 2,/D,tJ Tk (

Cs-Ck X

C,(x,t)=C* — erf ——— 0<x<xp, (1.11)
g eif‘xklz,/l)zt; f2,/th

R,’ s Ry’
— C*'-C,}{D -—x
Cy Dl"xp[ aD, ) ( k) zexl{ 4D,
= — = =0 (1.12)
1—erf —k_ erf k
2./D, 2./D,
where C,(x, t) is the concentration of dissolved water in the bulk region
(x> xy),

C,(x, t) is the concentration of water in droplets in the surface layer
(0 < x <xy).

C* is the equilibrium concentration of water at the
membrane/water interface.

X is the distance from the membrane/water interface.

Cx is the concentration of water at x,, where the diffusion

coefficient of water changes.
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Ry is equal to % and is determined by 1.12 and reflects the correlation

between the diffusion parameters in the two stages.

The solution for C; using plane-sheet boundary conditions, with water

entering from both sides, was also given as

—ctii-43 L _Dl(zn"l)z"tzt . (zn-l)xxl
C;(x,t)—C,{l xz.l(zn_l)exp[ . sin ~— i(l.l3)

where

C = 20
4_ 1 (2n-1)* , | . (2n-1)
1 '1—‘: Z(—zl:—ﬁexp[ — R D‘t s -—- 'i_ nx

(1.14)

1 is the thickness of the membrane, x is the distance from one

edge towards the bulk of the membrane, andn= 1, 2,3, ...

At the late stages of water uptake, light scattering was observed within the
bulk [35]. To further complicate the situation, experimental results also show that

there is a surface region that develops at the later stages of water uptake. Two

diffusion coefficients, D; and D'z', were introduced to describe this complicated
transport problem. D} describes the diffusion of light scattering centers near the
surface, D} describes the diffusion of light scattering centers in the bulk and D} #

D5. This stage of development of light scattering can again be modeled by
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equation 1.10 (or equation 1.13), where D is replaced by D} and equation 1.11,
where D, is replaced by Dj.

1.4-3 SIP Data Analysis [23, 26]

Figure 1.4 shows the observed uptake of water into a membrane containing

0.78% CoCl, as a water sensitive dye after a short period of time. The decrease of
absorbance observed in the bulk of the membrane (AA,) arises from the bleaching

of CoCl,, on reacting with water. It has been assumed that AA, is proportional to
the concentration of water in the membrzne [23]. At the surface the absorbance
increase (AA,) corresponds to the greesth of light scattering centers in the
membrane as the concentration of water increases, leading to an increase in
absorbance. Formation of these scattering centers deeper and deeper within the
membrane over time provides evidence of the transport of water from the surface
onto the bulk region. When absorbance due to these centers is proportional to the
concentration of water equations 1.15 and 1.16 can be obtained from equations

1.10 and 1.11, assuming semi-finite boundary conditions [36]:

AAl(x’t)=AAl.mx(x!t)[l—e’f 2‘/’—;7;:] X > Xk (1.15)

1 X
AA,(x,t) = AA, . (x,t)] 1— er
2( L] ) 2, ( ) e’:f xk fz‘/th
2,/th

O<x<xy (1.16)
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Figure 1-4  Absorbance profile inside CoCl, containing membrane during the
first 60 min. Water entered from the right side. Smooth curves are
fits to equation 1.15 for dye bleaching (adapted from X. Li's thesis,
1992, p75)
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where AA is the maximum absorbance that would be observed at the

1,max
membrane surface if other effects were not present.

AA, .., is the maximum absorbance due to scattering at the

membrane surface.

During the later stages of water uptake, water droplets begin to form
throughout the bulk of the membrane, but a surface region often remains in which
the diffusion coefficient is smaller than in the buik. The water droplets still
represent the transport of water. When absorbance due to the scattering centers is
proportional to water concentration, equations 1.17 and 1.18 may be used to
describe transport in the bulk and surface regions [37]. Given plane sheet
boundary conditions, equation 1.17 has the same form as equation 1.13, except it

describes light scattering instead of dye bleaching.

b o), 4 1 D';(Zn—l)znzt . (2n—-1)=x
AAz(x,t) AA{I n.§1(2n l)exp[ 7 sin 7 .17

AAS(x,t) =AA, .. (x,t)J 1-

(1.18)

erf X
erf 2\/ D3t
2 D'

where AA%(x,t) is absorbance change due to light scattering in the bulk.
AA;(x, t) is absorbance change due to light scattering in the surface.

AA} is a constant in units of absorbance.
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These equations arise from equations 1.13 and 1.11. The assumption of linear
proportionality between water concentration and light scattering is clearly a critical
one. The scattering cross-section is a function of the size and concentration of
scattering centers [38]. For weak scattering the concentration of scattering centers
of a constant size is proportional to the observed absorbance. However, the
dependence of scattering on particle size is complex. Larger particles on the scale
of micrometers show a weak dependence of the scattering cross-section on size,
whereas particles smaller than 100 nm may skow a dependence proportional to the
particle size raised to the sixth power [39]. It has been shown [27] that the droplets
range in size from 16 nm to many micrometers, so that changes in the droplets size
with increasing water content will also cause an increase in scattering intensity.
Consequently, an increase in absorbance due to scattering will reflect an increase
in the amount of water, but the linear approximations may be poor.
Data analysis can be done by fitting the SIP data according to equation 1.15
or 1.17 in the bulk and equation 1.16 or 1.18 in the surface region. Equations 1.15
and 1.16 are used at early times when there is dye bleaching, while equation 1.17
and 1.18 are used when light scattering is present throughout a membrane.
Analysis of the data gives observed diffusion coefficients which are functions of
time and position [23]. It was recognized that the diffusion coefficients obtained
are empirical parameters describing the different stages of water uptake, rather
than the true diffusion coefficient for water [23]. The values obtained for D, from
the analysis represent the apparent diffusion rate of the water droplets. The value
of D, depends on the assumption that it is the number of droplets that is
increasing, not their size, so that the water concentration is directly proportional to
the absorbance change. Consequently equations 1.16, 1.17 and 1.18 essentially
refer to the concentration of droplets. As discussed in Chapter 2 these assumptions

may not be fully valid.



24

Analysis of the data shows that the apparent migration of light scattering
centers is several orders of magnitude lower in rate than is the transport of
dissolved water. Analysis also identifies a surface region where the apparent
diffusion coefficient of scattering centers is different from the one in the bulk, so
that three diffusion coefficients (D;, D} and D}) were introduced to describe
water transport [23]. These are empirically useful parameters, but may not be of

fundamental significance due to the reason discussed above.

1.5 SCOPE OF THIS THESIS

The work presented in this thesis is concentrated on the phenomena of
water transport inside PVC based ion-selective electrode membranes.
Experimental research has been directed towards developing a model to
understand the non-homogeneous behavior observed in ion-selective electrode
membranes and the factors that govern water behavior in those membranes. These
include membrane additives, ionic strength effects, and the plasticized polymer
compositions. This work will aid in providing a framework of quantitative
information about water in PVC based ISE membranes and should help
development of longer lived ion sensors employing these membranes.

In Chapter 2, a dual-sorption model of water uptake in PVC based ion-
selective electrode membranes has been presented and compared with X. Li's two
stage model. An equilibrium water uptake model based on the osmotic pressure
arguments is also presented. The experimental results are reported for PVC/DOA
membranes using both the spatial imaging photometer and a UV-Visible

spectrophotometer, and the results used to evaluate the proposed theories.
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In Chapter 3, the transport behavior of water through PVC/o-
nitrophenyloctylether (NPOE) membranes is studied in detail using the spatial
imaging photometer. The effects of lipophilic salt, potassium tetraphenylborate
(KBPh,), on the water distribution in PVC/DOA ISE membranes are also
investigated. The results of this work provide further support of the models of
water uptake in PVC based ISE membranes presented in Chapter 2.

In Chapter 4, a numerical analysis of water uptake in PVC based ISE
memk:-anes is presented. The explicit-finite-difference method is used to develop a
finite-difference equation for simulation of the water transport process inside 1SE
membranes containing hydrophilic salt, CoCl,. This was necessary since in the
later stages of water uptake the differential equations are non-linear. The
calculated results have been compared with the experimental ones.

Chapters 5 to 6 report studies of the water-rich surface region observed in
PVC based ion-selective electrode membranes.

In Chapter 5, the effect of additives and membrane matrices on the water-
rich surface region are presented. Quantitative analysis of experimental results 1s
also given.

In Chapter 6, the effects of polymeric plasticizers on the formation of
water-rich surface region in PVC based ISE membranes are investigated. Several
polymeric plasticizers have been tested. Preliminary results of numerical analysis
of water transport process inside PVC based ISE membranes with water-rich
surface region present are also reported.

Chapter 7 provides a final summary of the conclusions of this thesis.
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Chapter 2

Modeling of Water Uptake In
PVC-Based Ion-Selective Membranes

2.1 INTRODUCTION

Poly(vinyl chloride)(PVC)-based ion-selective membranes have been used
in a wide variety of technological applications, where they are called upon to
withstand varying aqueous solution compositions. It is a matter of considerable
practical importance, as well as scientific interest to understand the mechanism of
water sorption in such membranes and to know how sorbed water affects physical
properties and performance of chemical sensors made with those membranes.

The sorption and diffusion of water in polymers has been studied
extensively and several general reviews of the role of water in polymers have
appeared in the scientific literature [1-6]. However, relatively little attention has
been given to the transport behavior of water in PVC ‘pased ion selective

membranes [7-10]. In those publications, values reported for the diffusion
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coefficient, D, of water in 64 - 70 wt. % plasticized PVC range from (0.4 - 2.3)x
106 cm?2/s, while estimates of the water content vary from 0.15 to 0.38 M. All of
these studies assumed a homogeneous distribution of water within the membrane
and a constant diffusion coefficient. A major problem with those measurements is
that they give only the integrated or average water content across the membranes;
the true distribution of water was not obtained.

As part of an effort directed at understanding the role of water in ion-
selective membranes, we have undertaken a variety of experimental studies of the
behavior of water in PVC-based membranes [11-16]. We have used a spatial
imaging spectrometer (SIP) [11-13], which combines digital, quantitative
acquisition of light intensity with collection optics that essentially form a
microscope, in order to obtain quantitative sample absorbance data (optical
density) with spatial resolution (imaging capability). Using this tool, Li and
Harrison showed [12] that water uptake in PVC based membranes occurs as a two-
stage process, with an initial rapid uptake of water associated with water freely
dissolved (miscible) in the membrane matrix. During this step water transport
obeys Fick's laws of diffusion and exhibits a diffusion coefficient ranging from 0.9
to 3x10-6 cm?/s, depending on the membrane composition. A second, much slower
stage then begins that is associated with the formation of light scattering centers.
Using variable temperature nuclear magnetic resonance (NMR) methods Chan and
Harrison have shown that these centers are due to the formation of water droplets
within the polymer matrix [15]. These centers appear to diffuse into the membrane
with a tir.e and water concentration dependent diffusion coefficient. This is not
believed to be the actual mechanism, and it has been proposed that dissolved water
diffuses through the polymer bulk from droplet nucleation site to nucleation site
[12]. The process was modeled mathematically by X. Li as the diffusion of the

droplets themselves, which provided an apparent diffusion for the droplets, or light
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scattering centers. Results with the SIP also showed that hydrophilic salts added to
the membrane have a significant effect on the transport behavior of water in these
membranes [12, 13].

In this chapter, we propose a model of water uptake based on a dual-
sorption theory [6,17,18] and osmotic pressure arguments, in an attempt to explain
the above observed phenomena. A quantitative analysis of both equilibrium water
distribution and the kinetics of the water transport process has been applied to the
experimental data obtained by Li and Harrison. In addition, experiments using

both SIP and UV-Visible spectrophotometer have been carried out to evaluate the
theory.

2.2 THEORY
2.2-1 Equilibrium Water Absorption

It has been proposed that the absorption of substantial amounts of water in
polymers occurs by means of osmosis [19,20] - the polymer contains water-soluble
inclusions that are not soluble in the polymer itself. The polymer surrounding
these inclusions then functions as a semipermeable membrane. A. G. Thomas ¢/
al. used this assumption to explain water uptake in rubber that contains salt
impurities [21-23]. PVC based membranes are also known to contain deliberately
added and adventitious salts [24-26]. We have applied the osmotic pressure theory
to model the equilibrium uptake of water in PVC membranes.

It is assumed that the absorption of water by membranes is due to the
presence of hydrophilic impurities in the membrane. Water diffuses through the

membrane phase, in which it is slightly soluble, and forms droplets of saturated
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aqueous solution at impurity sites contaning water soluble salts. This concentrated
solution will have a different osmotic pressure than the external bathing solution in
which the membrane is immersed. As a result of this more water may diffuse
through the membrane into the impurity droplets. These droplets consequently
grow in size and deform the membrane surrounding them. Equilibrium water
uptake is reached when the osmotic-pressure difference between the droplet
solution and the external solution balances the restraining elastic stresses acting on
the droplet. The concept is shown schematically in Fig. 2.1. K. Muniandy et al.
have developed a mathematical model to describe the role of osmotic pressure
effects on water absorptions [22, 23]. This model is outlined below.

If =, is the osmotic pressure of the external aqueous solution, =, is the
osmotic pressure of the impurity-droplet solution in the membrane and p is the
average elastic pressure associated with the formation of a pocket in the membrane

phase, then at equilibrium water uptake:
Reg =T — P (2' 1)
This assumes that the membrane acts as a semi-permeable membrane

permitting the passage of watei but not of the relevant dissolved impurities.

The osmotic pressures are given by:

X,q = C RT (2.2)

x = — CiRTP,
' (Cw —Cl )Mw

(2.3)
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Membrane

PO AIANY

Aqueous Solution

aq

aq

Figure 2-1. Cartoon illustrating different sized water droplets formed inside a

membrane. The shading indicates decreasing water content away from

the membrane/solution interface, while the decreasing size of droplets

represents the gradient of water content within droplets. ( See text for

details on symbols )
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where C,, is the molar concentration of the electrolyte in the external aqueous
solution and C; is the average concentration of salt impurity in the membrane. C_
is the total, or average, molar concentration of water in the membrane. Activity

coefficients of significance have been neglected in this analysis. In fact, most of

C_ will be contained in droplets with a concentration of about 55 M. However,

here the approximation is made that this excess water can be expressed as its

average distribution over the entire membrane volume. In contrast C, is the true
molar concentration of water in the membrane phase itself. p_ is the density of
water. M, is the molecular weight of water.

The elastic pressure, p, is given by equation 2.4 [20, 27], assuming the
droplets are spherical:

p=%(5—i—%) 24)

where G is the elastic shear modulus of the membrane, x is the ratio of the radius
of the droplets after it absorbs water, to the radius before it absorbs water, and can

be related to the concentrations of impurity and water in a membz:ane by [22, 23]:

1= (Cw —Cl )lew
C:prl

o -

(2.5)

where M; is the molecular weight of impurity in the membrane and p, is the

density of impurity. M; must be the suitable average if an electrolyte is the

. . .1 . .
impurity, viz. E(M’ +M,) where M, and M, are the weights of the two ions.
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Substituting equations 2.2, 2.3 and 2.4 into equation 2.1 and rearranging
yields:

Cp G 4 1
C, = 1w ~ 52— 2.6
“ (Cc,-C,)M, ZRT( X x‘) (2.6)

Equation 2.6 represents the condition that has to be satisfied wlcn the
membrane attains equilibrium water uptake. At equilibrium absorption, C_>> C,

and x >> 1, so equation 2.6 can be rewritten in the form:

___Gpu /M,
" (c., +5G/2RT)

2.7

Equation 2.7 predicts that the amount of equilibrium water uptake by a
membrane is proportional to the salt conceitration in the membrane and is
inversely proportional to the salt concentration in the external solutic::. . also
predicts that the membrane matrix will affect the equilibrium water »j:.-" - -irough
the elastic shear modulus.

Effects due to the surface energy of the liquid/rubber iuiiface were
neglected in the Thomas model as the sizes of the water droplets, which are
usually greater than microns in dimension, are too large for the effects to be
significant [23]. It has been shown that water droplets in PVC based ISE
membranes range in size from 16 nm tc many micrometers [15]. The surface
energy will contribute about 1% to the total energy of a droplet which has a radius

of 37nm [28]. Therefore, surface effects could be significant in the early stage of

droplet formation.
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2.2-2 Kinetics of Water Absorption

The kinetics of water absorption in a PVC-based ion-selective membrane
can be described by the Dual Sorption Theory [6,17-18] that was originally
developed to account for sorption in glassy polymers. In the Dual Sorption Model
sorption is visualized as a process in which there are dual modes: either the
penetrant melecule is normally dissolved and is free to diffuse or it is immobilized
and contributes little to the transport.

As water diffusion progresses, the impurity droplets gradually increase in
size as a result of accumulation of water. It can be anticipated that until
equilibrium is reached droplets near the surface of a membrane will be generally
larger (more dilute solution) than those in the bulk of the membrane. If we assume
that the water dissolved in the membrane phase immediately adjacent to the
impurity droplets is in local equilibrium with the water in the droplets’ solution,
then a concentration gradient exists in the membrane phase favoring movement of
water into the bulk of the membrane. In the usual statement of Fick's law, this
concentration gradient is the driving forc:

In formulating the diffusion equation based on the dual mode sorption

model, a set of postulates is advanced, as follows:

(1) Two concurrent modes of water sorption are operative in a
microheterogenous medium.

(2) The first mode of sorption involves mobile water molecules in the
membrane phase.

(3) The second mode of sorption occurs by immobilization of water
molecules at a fixed number of impurity sites within the membrane.

(4) Local equilibrium between mobile water molecules and immobilized

water molecules is always maintained throughout the medium. In
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other words, it is assumed that the kinetics of the immobilization
process is very rapid compared with the rate of migration of mobile
species (i.e., the diffusion process is rate-controlling).

(5) Water sorbed by the second mode is completely immobilized and
therefore does not contribute to the diffusive flux.

(6) Only diffusion of the mobile water molecules occurs and this is
driven by the concentration gradient.

(7) The true diffusion coefficient (D) of water molecules in the

membrane phase is a constant, independent of concentration or

position in the membrane.

Again, we denote the true molar concentration of water in the membrane
phase itself as C, and the molar concentration of immobilized water molecules in
the membrane as C,, respectively. Both C, and C, have the same physical

meanings as ones in X. Li's model (see Chapter 1). Accordingly, the unidirectional

flux is given by Fick's law:

oG,

1=-0% (2.8)

A material balance on a differential element of membrane in the net flow

direction yieids the one dimensional, non-steady state transport equation:

oC, _9C, ,0C, __a (2.9)
. o o o

where C,, denotes the total, or average, molar concentration of water in the

membrane and:

C,=C,+C, (2.10)
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Substituting equation 2.8 into equation 2.9 with the condition that the

diffusion coefficient, D, is constant results in:

aC, | C, _ ) 9°C,
a  a  ox’

(2.11)

Equation 2.11 is a modification of Fick's second law that accounts for
accumulation of water by immobilization at fixed sites within the membrane as
well as accumulation by simple dissolution within the membrane phase.

The concentration of water, C,, present in the membrane phase is given by

means of Raoult's and Henry's laws as [22-23]:

C. = so('(3 "1)
' (Ks - l)+wal /M,p,,

(2.12)

where s, is the maximum molar concentration of water in the membrane phase
when it contains no impurities.
Substituting equations 2.5 and 2.10 into equation 2.12 and rearranging

yields:

$:C,

= 2.13
C,+C ( )

Case I:

If C, is very small at an early stage of water absorption, equation 2.13

becomes:
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So

C,=—C 2.14
1= & ( )

Substituting equation 2.14 into equation 2.11 gives:

& . G o o (2.152)
1+—L
So
So
oC C 9C 2*C
atz _ is axz2 =D, ax22 (2.15b)
1+-2

where D, is the apparent diffusion coefficient of mobile water

D, is the apparent diffusi~n coefficient of immobilized water

D

D,=D,=————
! z 1+C; /s,

(2.16)

It should be pointed out that D, in the model presented here has the same
definition as that in X. Li's model, while the meanings of D, in these two models
are not exactly the same. In equation 2.15b D, is defined in terms of water
concentration while D, in X. Li's model was defined in terms of water droplet
transport. However, the two definitions, while distinct, are qualitatively similar.
Equation 2.16 predicts that both D, and D, decrease with increasing salt

concentration within the membrane at low total water content. This condition
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should be met when the concentration of water is too low for light scattering to be

observed, as in the initial stage of water uptake in X. Li's model (see chapter one).

Case 2:

At later stages of water uptake, equivalent to the second stage process of
water uptake in X. Li's model, C, can not be ignored. Then equation 2.13 must be
substituted into equation 2.9 instead of equation 2.14. By ignoring the change in
the true water concentration in the membrane phase, that is, taking C, as

approximately constant, we get:

oC, oC, 0 $,C; (6Cz) 6[ acz]
= —_— D =—ID 2. 17a
o x|(c,+c) \ Ox ox| * ox 2.172)
with the condition:
C, =C,>>C, (2.17b)
where
p,-—2G__p (2.18)
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Equation 2.18 predicts that D, is approximately inversely proportional to

the square of the water concentration in the membrane. When C, is large (case 2),

equation 2.18 can be written as:

D,=—2"ip (2.18a)
(Cz)2

This equation predicts that D, increases with the increase of C; as was observed

experimentally previously [12].

2.2-3 Mathematical Solutions of The Diffusion Models

Case 1:

The analytical solution to equation 2.15a has been given by Crank [29] for

the following plan sheet boundary conditions of the sorption experiment:

t=0,0<x</, C, =0 (2.19)
oC

t>0,x=0, 1-90 2.20

x ~ (2.20)

ts>0,x = 0;/, c,=C (2.21)

where ! is the thickness of the membrane and Cj is the concentration of dissolved

water at the membrane/water interface. The solution in the form of an infinite

trigonometric series is:
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- 4= 1 D,(2n-1)’z%t| . 2n—-1)ax| _
Cl (X, t) = C,{l —;—Ela—n:ﬁexpli— Iz sin 1 (422)

In X. Li's model (see Chapter 1) at short times, the value of D; comes from
equation 1.13 and the meaning of C) is complicated by the diffusion boundary
where the diffusion coefficient undergoes a step change. In the model presented
here no step change in the diffusion coefficient is involved. However, the form of
the infinite trigonometric series is the same in both models, so the calculated value
of D, is also the same.

In the above discussion, we have assumed that C; is constant. However,
this approximation requires further consideration. It was found by X. Li [30] that
the surface concentration of water is a function of time, based on the increasing
amount of light scattering seen at the surface. However, this effect is likely due to
changes in the elastic properties of the polymer with time. Such changes would
mean different amounts of water could be incorporated in the droplets. The total or
maximum amount of dissolved water would be expected to be relatively
unchanged, so that the effect on C; and D; need not be considered when C, is

small.
Case 2:

Equation 2.17 is a non-linear partial differential equation. To further
complicate the situation, our experimental results show that there is a surface
region that develops at later stages of water uptake [12-14], which differs in water

content from the membrane bulk. No analytical solutions of the differential
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equation are possible. This necessitates the use of numerical techniques that will
be discussed in chapter 4.

The analytical approximation methods (see Chapter 1) can also be used to
analyze data in the case 2 regime. Equations 1.11 and 1.13 provide good fits to the
observed data at any point in time. However, the parameters obtained must be
regarded as empirical values, since they must change over time to account for the
factors ignored by X. Li's model, including the change in the concentration of
water at the membrane/water interface with time. Nevertheless, such parameters
have useful predictive power, and also provide the initial parameters for numerical

calculations based on the more detailed models described above.

2.3 EXPERIMENTAL
2.3-1 Sample Preparation:

A number of ion-selective membrane samples were prepared. The following

compositions were examined: (1) Potassium-sensitive _membrane - 66% bis(2-

ethylhexyl)adipate (DOA, Fluka Selectrophore grade), 33% PVC (Polysciences,
chromatographic grade), 1% Valinomycin (Aldrich), 0.01% KB(C¢Hs)s (KBPhy),
and 0 to 1% anhydrous CoCl, (from CoCly,e6H,0O Anachemia, purified); (2)
Afnmonium-sensitive membrane - 64% DOA, 32% PVC, 2.6% nonactin (Sigma),

and 1.7% potassium tetrakis(p-chlorophenyl)borate (KTpCIPB, Fluka).

Water was deionized and doubly distilled. The dehydration of CoCl,*6H,0
was carried out under vacuum (< 5x10-3 mm Hg) at 60 OC for 16 hours (DUO-
SEAL (1400) vacuum pump, Welch Scientific Co.). The wt% of CoCl, in the

dehydrated material was determined by direct ethylenediaminetetraacetic acid
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titration [32] as 99.9%. KBPh,; was prepared by precipitation in water from KCI
and NaBPh,, followed by vacuum drying [32].

Membranes were cast from solutions of components in freshly distilled
tetrahydrofuran (THF) (BDH, distilled from potassium) according to the method of
Craggs et al. [33] using a glass mould for casting. The mould was 2.5 cm in
diameter and 3 cm deep with an optical flat glass bottom and was placed inside a
bottle as shown in Figure 2.2. The bottle was placed on a leveled platform to
ensure uniform thickness of the membrane casting. Aliquots of solutions were
delivered into the mould. Dried Ar passed through a 30 cm drierite column, was
introduced to the bottle to ensure the membrane was very dry aftér the evaporation
of THF. The flow rate of Ar was kept very Iow to allow a slow evaporation of
THF. After 48 hours of solvent evaporation, the master membrane was taken out

and stored in a vacuum desiccator.

2.3-2 SIP I'leasurements:

A spatial imaging photometer (SIP) «va$ used to measure concentration
proﬁles of water inside membranes. A set up of the SIP is shown in Figure 2.3.
The details of the instrumentation were presented elsewhere [11]. It consisted of a
He:Ne 632.8 nm laser as light source, a membrane mounted in an optical cell at
the object plane of a Pentax lens, and a 512-element photodiode array detector in
the image plane, interfaced to a Compaq 286 programmed using ASYST
(Macmillan). Master membranes were cut into thin ls]ices and mounted between
two glass plates treated with CISi(CH;); (Petrarch) and bonded together with epoxy
to form the optical cell illustrated in Figure 2.3. The membrane surface parallel to

the bottom of the casting mould was placed against the glass plates so that the
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Dried Ar

Figure 2-2. The schematic diagram for membrane casting
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Figure 2-3.

Spatial imaging photometer with one laser source. The beam was
expanded using cylindrical lenses. The membrane cell dimensions
are distorted for clarity in this diagram. The cell 1s placed in the
object plane of a Pentax lens and a 512 element diode array is

located in the image plane.
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direction of transport of water in the cell was perpendicular to the direction of
evaporation of the THF during the casting procedure. However, membranes
mounted so that transport was parallel to the direction of evaporation did not
exhibit different behavior. Magnifications of 6 to 14 were used in this study,
giving nominal spatial resolutions of 2 to 5 um. The optical path length through
the cell was 0.1 - 0.3 mm and was determined by using a micrometer (Mitutoyo
Manufacturing Co., Ltd., Tokyo, Japan) with a resolution of 0.01 mm, while the
membranes were typically 0.8 - 1.5 mm thick in the direction of water transport
(900 to the optical path). The initial transmitted light was measured within 10 to i5
seconds of introducing water into the cell. To account for source intensity
variation over time, the transmittance for each diode, T, was ratioed to the average
intensity of a subset of the diodes which collected light that passed through the
aqueous solution in the cell, T, The relative transmittance, 7/T,;, was then
measured periodically and the absorbance calculated using the initial curve as the
reference intensity.

Potassium-sensitive membranes were examined in this experiment. First
water without any salts added was introduced into the optical cells. The
trasmittance was measured periodically with water kept inside the cells. When the
membrane was saturated with water (usually about 24 - 48 hours after water
uptake), no more significant intensity changes can be observed. Then, a salt
solution was introduced to replace the water inside the cells and the intensity
changes with time in the membranes were measured again. After a new
equilibrium was established between the membrane and the outside salt solution,
the salt solution inside the cell was replaced with either pure water or another salt
solution and the transmittance changes were measured again. The experimental
data was saved as text files that were imported to an Origin document (Origin

2.88, Microcal) and analyzed on a PC 486.
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2.3-3 UV-Visible Absorption Studies:

The UV spectra of the membranes were obtained with a Hewlett-Packard
8451A pho* +licde array spectrometer. One side of a normal 1 cm quartz cell was
blocked ¢ i.ck tape leaving a hole (0.25 in. diameter) in the center of the optical
path of the spectrometer. A piece of ammonium-sensitive membrane was placed
inside the cell to cover the hole. The spectra were obtained by transmission
through the membrane bulk parallel to the direction of transport, and so any
concentration gradient across the membrane was averaged. The absorbance was
measured periodically once the aqueous solution was introduced into the cell, so
the changes of the total amount of H,O inside the membranes could be obtained
after each perturbation. The bathing solutions were then switched and the
corresponding absorbance changes were recorded. The references were taken

about 5 - 10 seconds after the solutions inside the cell were switched.

2.3-4 SIP Data Analysis:

Case 1:

To image the penetration of water into the PVC based membranes the
inorganic complex CoCl, was used as a readily available, water-sensitive dye [11-

13]. During casting of the membrane, CoCl, is complexed with THF er DOA
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(solvent) to form the blue tetrahedral complex Co(sol);Cl,. In the early stage of
water uptake, water molecules react with Co(sol),Cl,. At 632.8 nm a decrease of
absorbance (AA)) due to the bleaching of the dye will be observed. The relation

betweer C; and the absorbance change has been given as 34]:

where n,,, is the molar ratio of the bleached dye to the absorbed water (n,, = 1 -
6).

At this stage of water uptake, C, is relatively small. Therefore, equation
2.22 czn be used to analyze the experimental data. Substituting equation (2.23)
into equation 2.22, we have equation 2.24, the absorbance change as a function of
distance and time at an early stage when plane-sheet boundary conditions

(equations 2.19, 2.20, and 2.21) are applicable:

o D — 2_2 -1
AAl(x’t)_——AAlmnx 1__‘1 Z———-l——exp _ (2n-1)"x’t sin (2n )nxJ
’ 1En=l(2n—l)

I I [

(2.24)

D, can be calculated by fitting the experimental data with equation 2.24. By
varying the salt concentration C} we can obtain a plot of (D; ~ C}). The true
diffusion coefficient of water molecules (D) and the solubility of water (sg) in the

membrane phase can then be calculated by fitting this curve with equation 2.15.
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Case 2:

As water uptake proc:eds, light scattering becomes appreciable. An
absorbance increase due to the light scattering (AA,) is observed. In X. Li's
analysis [12], an assumption has been made that a Beer's law type of relationship
holds true for the scattering due to droplets in the membrane, i.e., A, «c C,. This
needs a further consideration. At this stage, AA, may be related to the average
water content due to droplets, C,, based on the assumption that water only forms
droplets at the sites of salt particles. Therefore, at equilibrium the number of light

scattering centers (n;.) is equal to the number of salt particles in the membrane.

n, = .NC:—\"“'L"_ (2.25)
Y
Where: Y is the average aggregation number of ions in the salt particles.

Vmem is the volume of the membrane in cm3.

N is the Avogadro Constant (6.022x1023 mol-!).

The value of y is unknown. The number of water droplets (which is taken as

the same as the number of lighter scattering centers) may also be calculated as:

_CyVeM, GV,

ment mem

MW

vdrop’letpw 5 zrsp'
3

(2.26)

ny

Where r is the radius of the water droplet in cm, p,is the density of water in

gram/cm?,
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Combining equation 2.25 and 2.26 gives:

4 -
— N
C, 3"~

—— T er——————— -27
G ™M xr (2.27)

For small particles ( r << A, A is the wavelength of light), the intensity of
transmitted light can be expressed as [35]:

I1=1e" (2.28)

where b is the optical path length and o is the turbidity, which may be expressed

as:

E(g)z (nlc /Vmem) = 87':3& (g_)z C: (2.29)

al 3y lg,) a*

where a is the polarizability of the scattering center and is proportional to the
volume of a water droplet [35]. Therefore, for a membrane with fixed salt sites, the

absorbance due to light scattering (A,) by water droplets is given by:

1 8x’N(a) G
A,=—log— =212 Lb ocr® (2.30)
I, 3y \g) A

Combining 2.27 and 2.30 gives:
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A,x(C,)? or C,x. A, (2.31)

The relation of equation 2.31 can also be predict by Mie scattering theory
[36-37]. Dovichi et al. have shown [38] that the light scattering intensity for
particles smaller than 100 nm is proportional to particle size raised to the sixth
power. Using this square root relation 2.31, equations 1.17 and 1.18 are modified

to:

- 4= 1 p(2n—1)*x%t| . (Zn—1)nx
-"AA;’(X,t)= AA.{]—';.EI(Z—“:—I-)-CXP[- 2 Iz j!sm 1

(2.32)

JAAL(x,1) =JAA, . (X, 1) 1

(2.33)

1 erf X
erf Xy 21/D;t

2Dt

Chan and Harrison have shown [15] that the droplets formed inside PVC-
based ion-selective membranes range in size from 16 nm to many micrometers.
Larger particles ( r > 100 nm ) will display a weaker light scattering intensity
dependence upon particle size [38]. Both theoretical calculation and experimental
data show that particles of more than 300-nm radius show a very weak dependence
of the scattering cross-section on size [38]. Therefore, equation 2.31 might not be
applicable to the most water-rich regions of the membrane where water droplets

could have sizes on the scale of micrometers.
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2.4 RESULTS AND DISCUSSION

2.4-1 Equilibrium Water Uptake:

Equation 2.7 can be used to calculate the average equilibrium amount of
water (C,,) absorbed by PVC membranes. However, values of the elastic shear
modulus (G) are unknown for PVC-based ion-selective electrode membranes. The
contribution of the elastic pressure (p) to the balance of osmotic pressure is about
10% in rubbers [21] and should be much higher than it is in heavily plasticized

PVC membranes. If p is neglected, equation 2.7 becomes:

(2-34)

X. Li's thesis and reference 12 describe the influence of the amount of salt
within a membrane (C?) on the water distribution characteristics in PVC/DOA

membranes, determined using the SIP method. The results shown in Figure 2.4
compare the absorbance profiles in membranes containing varying amounts of
CoCl, after a 24 hour exposure to water. In Figure 2.4 the water is penetrating
from the left edge and the magnification is increased so that only a portion of the
membrane is visible. The data clearly demonstrate that the higher the salt
concentration in the membrane, the higher the water uptake, as would be predicted
by equation 2-34.

Further tests of the proposed osmosis model have been made by examining
the effect of the salt concentration in the external solution (C,,) on the final
equilibrium water uptake in PVC-based ion-selective membranes, using both the

SIP and a conventional UV-Vis absorbance spectrometer.
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Figure 2.4 Absorbance profiles in membrane containing varying wt.% CoCl, after
24 hour's exposure to water (water on left side only). (a) 0.78% CoCl,
(b) 0.078% CoCl, (c) No CoCl, (adapted from X. Li, Ph. D. Thesis,
1992, p95)
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Figure 2.5 shows a plot of the absorbance due to light scattering centers as a
function of distance from the membrane/water interface and the electrolyte
strength of the aqueous phase. This is a typical potassium-selective membrane,
composed of DOA and PVC as a matrix, with about 1% valinomycin and 0.01%
KBPh, added to give selectivity and reduce anion interference, respectively. It can
be seen that as the aqueous phase is changed from pure water to 0.1 M NaNO, and
then back to pure water the absorbance decreases, and is then returned to its initial
value. This is consistent with equation 2-34 and indicates osmotic pressure control
of water droplet formation inside the membrane. The absorbance changes with
time during the second step and third steps of Figure 2.5 are shown in Figure 2.5a.
The reversibility of the process indicates it is a thermodynamic effect, and is not
due to irreversible changes in the polymer or membrane structure with water
uptake. However, the process is very slow.

We have also used a UV-Vis spectrometer to study the effect of the external
aqueous solution on light scattering in an ammonium-sensitive membrane. It has a
composition of 64% DOA, 32% PVC, 2.6% nonactin (Sigma), and 1.7%
KTpCIPB which has been used for ammonium ion selective optical sensors [39].

Figure 2.6 is a typical spectrum of the membrane soaked with water as a
function of time. It shows that further absorbance changes became very slow after
about 48 hours soaking. The equilibrium absorption of water was reached at about
72 hours and the absorbance change was 0.75 at 400 nm. At 98 hour of water
soaking, the water inside ilic ccil was replaced by a 0.1M NH,4CI solution. The
absorbance of the membrane decreased with time (Figure 2.7(a)), indicating a
decrease in light scattering and by inference that water migrated out of the
membrane. After 24 hour, the solution inside the cell was switched back to water.
An increasing absorbance with time was observed (Figure 2.7(b)). This is

consistent with the SIP results observed in Figures 2.5 and 2.5a.
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scattering with distance from the

membrane/water edge after (1) 12 days in water, (2) pius a further 24

hr in 0.1 M NaNO,, (3) then a further 24 hr. in water for a total of 14

days in solution.
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Figure 2.5a. Absorbance changes (AA) with time in the membrane: (a)* The
membrane was saturated with pure water for 12 days, then placed in
0.1M NaNO,; (b)T After soaking the membrane in 0.1M NaNO, for

24 hr., it was then returned to pure water.

* AA was calculated by taking the transmitted light intensity after 12 days
of soaking in water as the reference data.
t AA was calculated by taking the transmitted light intensity after a further

24 hours in 0.1M NaNO» as the reference data.
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Figure 2.6 Absorbance due to light scattering in an ammonium-selective

membrane as a function of time between 250 and 700 nm. (a) 1 hour;

(b) 6 hours; (c) 24 hours; (d) 48 hours; (e) 72 hours; (f) 98 hours.
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Figure 2.7 Effects of the ionic strength of external aq. solutions on the light
scattering in a PVC/DOA/1%Nonactin/1.7%KTpCIB membrane.
(a) The membrane soaked with pure water for 98 hours,
then replace water by 0.1M NH,Cl.
(b) The membrane soaked with 0.1M NH,CI for 24 hours,

then replace aq. solution by pure water.
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To further test the osmotic effect on water uptake in membranes, we have
measured the variation in absorbance with the salt concentration of aqueous
solution. Figure 2.8 illustrates the total absorbance change for several steps of
soaking with different bathing solutions. The absorbance change was measured at
400 nm for the comparison. The figure shows in step 4 that the water content in
the membrane decreased again after the external solution was switched to 0.1 M
NH,CI. In step 5, the bathing solution was replaced by a 0.001 M NH,Cl solution
after the membrane was soaked with the 0.1 M NH,Cl solution fer just 2 hours.
The absorbance then increased over the next 2 hours. In sten 6, the bathing
solution was then switched fo a 0.01 M NH,CI solution and measured after 2
hours. The absorbance of the membrane still increased during this 2 hour period,
instead of decreasing as might be expected from the concentration change mode.
This indicates that water re-absorption in step 5 had not reached the equilibrium
point for either a 0.001M or a 0.01M NH,4Cl solution.

The above experime-tal results provide strong evidence that osmotic
pressure is the main dJdriving force for water uptake in PVC based ion-selective

membranes.

2.4-2 Kinetics of Water Uptake:

X. Li measured [39] the apparent diffusion coefficients of dissolved water
(D) in the PVC/DOA membranes containing varying amounts of CoCl, using the
SIP. The values of D, obtained are listed in Table 2.1. The plot of B, vs. C! is
shown in Figure 2.9. It shows that D, decreases with the increase of C; as

predicted by equation 2.16. By fitting the plot wiin equation 2.16, the values of
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Figure 2.8 Total absorbance changes for six consecutive steps
Step 1: soaked with water for 98 hours
Step 2: soaked with 0.1 M NH4CI for 24 hours
Step 3: soaked with water for 24 hours
Step 4: soaked with 0.1 M NH4CI for 2 hours
Step 5: soaked with 0.001 M NH4CI for 2 hours
Step 6: soaked with 0.01 M NH,4CI for 2 hours
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Table 2.1  The diffusion coefficient of water as a function of C;
(Adapted from X. Li's thesis, 1992, p77 & p87).
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Salt Concentration D,* D, (24 hour)**

(C)) (x10-7cm2/s) (x10-%cm?2/s)
254 9.9 1.0

31.1 9.5 3.0
45.8 7.8 35

86.6 5.7 7.6

107 4.7 10

209 3.2 14

311 1.8 16

* Values were calculated by fitting the SIP data with equation 1.15.

** Values were calculated by fitting the SIP data with equation 1.16.
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Figure 2.9 The apparent diffusion coefficient of water as a function of CoCl,
concentration at the early stage. The solid line is the fit to equation

2.16 with D = (1.5+0.1)x10°6 cm?2/s and s, = (50.8+5.1) mM.
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the true diffusion coefficient, D, and the solubility of water, s,, iIn PVC/DOA
membranes were then calculated as (1.5+0.1)x10%6 cm?/s and (50.8+5.1) mM
respectively.

The obtained values of the apparent diffusion coefficient of water droplets
(D,) for a long period of time (24 hours) of water uptake [40] are also listed in
Table 2.1. The dependence of D, on the concentration of CoCl, in a membrane is
shown in Figure 2.10. It can be seen that D- increases with the increase <{ C;.
This is in agreement with equation 2.18a. It should be pointed that X. Li's data
analysis gave the values of D, which can be taken as the apparent diffusion
coefficient of droplets while D, in equation 2.18a represents the apparent diffusion
coefficient of water immobilized in droplets. Values are not the same, but the
trends will be.

X. Li and Harrison also examined the blank membranes prepared from PVC
and DOA alone [40]. A highly hydrated surface layer was observed and the
simplified two stage uptake model was used to analyze the data. Apparent
diffusion coefficients were obtained by fitting the data at the surface regions using
equation 1.17 and the bulk region using equation 1.18. Their results show that both
D! and D} decreased with the increasing water concentration as would be
predicted by equation 2.18. Detailed analysis of the data will be discussed in
Chapter 5.

2.5 CONCLUSIONS

The model formulated in this chapter, which makes use of dual-sorption
theory and the concept of osmotic pressure as the driving force for diffusion,
satisfactorily predicts the trends for water transport and equilibrium uptake in PVC

based 10n-selective electrode membranes.
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Figure 2.1¢  Diffusion coefficient vs. concentration of CoCl, (mM) in membrane
for 24 hours associated with light scattering (Adapted from X. Li's
thesis, 1992, p93)
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The formation of water droplets within PVC based membranes is governed
by the same principle that controls water uptake in rubber. In rubber it has been
shown that the formation of droplets is associated with the presence of hydrophilic
salts withip the polymer phase that act as nucleation sites for the droplets. Since
the water droplets solvate or dissolve the ionic sites in the polymer phase, an
osmotic pressure equilibrium between the droplets and the solution is set up. The
experimental evidence presented here shows that water in PVC based membranes
exhibits the expected trends for a system controlled by osmotic pressure effects.
Solvation of the salt and charged sites within PVC based membranes, and dilution
of the salt solution within the droplets, acts as the driving force for the continued
water uptake ongcz the f{iely miscible limit for water has been reached. One
consequence ¢ ikis is that the light scattering in a membrane will be a function of
the ionic stren: i i %> wxternal aqueous phase. For ISE membranes this will not
nresent a probleis. However, for optical sensors based on the plasticized PVC
matrix the variation in light scattering with ionic strength could lead to some
variability between measurements in samples and standard solutions. Matrix
matching might te required if the maximum precision and accuracy was desired.

The dual-sorption theory was used to study the water transport process in
PVC based membrane. The proposed model relates ‘he measured apparent
diffusi-= coefficients of water droplets to the true diffusion coefficient of water in
a memhrane. It also implies that the apparent &:i™fusion coefficient, D5, of water
depends on water and impurity contents in membranes, in agreement with
published results. D, decreases as water in the membrane increases. Adding salt to
the membrane phase decreases the initial rate of water transport while D, for later
stages increases as salt content in the membrane increases. The true diffusion
coefficient (D) and solubility of water (sp) in PVC/DOA membrane were found to

be (1.5+0.1)x10° cm?/s and (50.8+5.1) mM, respeciively.
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Chapter 3

Water Distribuiion In PVC Based Ion-Selective Membrane
And Effects of Polymer Matrices and Membrane Additives

3.1 INTRODUCTION

In Chapter 2 we developed a mathematical model to describe the transport
process of water in poly(vinyl chloride) (PVC) based ion-selective electrode
membranes. Some experimental results using a spatial imaging photometer and a
conventional UV-Visible spectrometer were presented in order to evaluate the
proposed theories. The optical studies [1-3] of water transport were focused
primarily on membranes consisting of 33 wt.% PVC, and 66 wt.% bis-(2-
ethylhexyl)adipate (DOA), which acts as a plasticizer (organic solvent) and
provides the environment for the electrical reaction of the ion-selective
membranes. DOA has a low dielectric constant of four [4] and this leads to a
DOA/PVC membrane with a dielectric constant of 8 and a preference for
monovalent over divalent cations [5]. For example, a PVC/DOA membrane has

been used in the potassium-selective membrane electrode, which is a valuable tool
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for physiologists because the transport of neural signals appears to involve
movement of potassium ion across nerve membranes [6].

Another liquid ion-selective membrane electrode also of great value for
physiological studies is that for calcium ion, which plays an important role in such
processes as nerve conduction, bone formation, cardiac expansion and contraction,
etc. [7]. A high dielectric constant plasticizer, e.g., o-nitropheyl octyl ether
(NPOE) is generally used in calcium-selective membranes for the selection of
calcium ion over monovalent cations [8]. NPOE has a dielectric constant of 21,
and the plasticized PVC has a dielectric constant of 14. It is important to determine
the transport behavior of water in PVC/NPOE membranes and whether there is a
non-uniform distribution of water, so as v evaluate the generality of the theonies
we have pi-oposed for PVC based ion-selective electrode membranes.

One important aspect in designing neutral carrier based ion-selective
membranes is to add ions to ensure an electrically neutral membrane. Neutral-
carrier-based membrane electrodes are found to have improved characteristics
when lipophilic aric~ - such as tetraphenylborate (BPh}) in the form of potassium
or sodium salts ar. _iporated [9-15]. This lipophilic anion and others of the
same general type (e.g., tetrakis(4-chlorophenyl) borate) provide the necessary
charged sites to reduce interferences by lipophilic anions in the sample (via co-ion
exclusion). The presence of mobile cation-exchange sites in cation-selective
membranes based on neutral-carriers has also proved to be beneficial in many
other respects. The additives lower the electrical membrane resistance as well as
the activation barrier for the cation-cxchange reaction at the membrane-solution
interface. They also reduce the response time and give rise to significant changes
in the selectivity. Our previous optical work has shown that the nature and

concentration of the additives strongly affect the behavior of water in ISE
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membranes [1]. The natural extension is to examine the effects of these lipophilic
anions on water transport and distribu:tion in PVC based ISE membranes.

In this Chapter, a study of water distribution in PVC/NPOE ion-selective
electrode membranes using a spatial imaging photometer is presented. As well, the
effects of lipophilic salt KBPh,, which is added to PVC/DOA membranes, are

investigated.

3.2 EXPERIMENTAL

lon-selective membranes were cast {iom solutions of distilled
tetrahydrofuran (THF) according to the method described in Chapter 2. Two sets
of ion-selective membrane samples were examined: (1) Calcium-sensitive
membrane - about 66 wt.% NPOE (Fluka, Selectophore grade), and 33 wt.% PVC
(Polysciences, chromatographic grade), and several other additives such as ? wt.%
(-) - (R,R) - N,N' - bis{ 11 - ethoxycarbonyl)undecy!? - N,N' 4,5 - tetramethy! - 3,6-
dioxaoctanediamide (ETH 10C1, Fluka, Selectophaie grade); 0.1 wt. % KBPh,
(prepared by precipiir#ion in water from KCl and NaBPh,, foilowed by vacuum
drying [16]}; 0 to ! wt.% dehydrated CoCl,-6H,0 (Anachenia, purified) dried
under vacuum at 60 °C for 16 hours (99.9% by ethylenediaminetetraacetic acid
titration [17]); (2) Potassium-sensitive membrane - about 66 wt.% DOA (Fluka
Selectophore grade); 32 wt.% PVC; 1 wt.% Valinomycin (Aldrich); 0.15 wt.%
dehydrated CoCl,-6H,0; 0 - 0.5 wt. % KBPh,.

The membrane cells used with the spatial imaging photometer, the
instrument design and the experimental niocedures have been previously described

in Chapter 2.
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3.3 RESULTS AND DISCUSSIONS
3.3-1 Water Transport and Distribution in PVC/NPOE Membranes

A spatial imaging photometer (SIP) has w<.n used to determine the spatial
distribution of water within the PVC/NP(}* ru:unbranes during the process of
water uptake. The initial rapid uptake procesi an be monitored by the bleaching
of an added, water sensitive dye, dehydrated CoCl,-6H,O, while the later stages of
water uptake can be monitored directly by the increase in absorbance due to
formation of light scattering centers (see Chapters 1 and 2).

Figure 3.1 shows experimental curves for the absorbance change due to the
uptake of water in PVC/NPOE membrane containing 0.15 wt.% CoCl, during the
first 30 minutes. The water enters from the left side of the membrane and
evaporates from the right side. Bleaching of the dye upon reaction with water leads
to a decrease in absorbance which is visible in the membrane bulk. An increase in
absorbance near the membrane edge has been identified as the growth of water
droplets which act as light scattering centers [2, 18]. Those light scattering centers
penetrate very slowly into the membrane, as has been observed in PVC/DOA
membranes (see Chapter 1, Figure 1.4). The experimental data can be analyzed
using either the two-stage uptake or dual-sorption models (see discussions in
Chapter 2) at this stage of water uptake. The smooth lines in Figure 3.1 are fits to
equation 1.15:

= — b x —
AA (x,t) AAl.mnx(x’t)[l erf ZM] (1.15)
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Figure 3.1  Absorbance profile inside PVC/NPOE membrane during first 30
minutes. Water enters from the left and evaporates at the right edge.

Smooth lines are fits to equation 1.15 for dye bleaching.



75
in the bulk region of the membrane for the semi-finite initial-boundary conditions.
The apparent diffusion coefficient of dissolved water, D,, was then obtained. A
series of diffusion experiments with membranes of various concentrations of
CoCl, have been carried out. The results are listed in Table 3.1. The standard
deviations of the calculated parameters are also given in the table. These are
usually less than 6%, indicating the modeling curves describe the experimental
data reasonably well.

Figure 3.2 shows the diffusion coefficient D, as a function of concentration
of salt (C?) in the PVC/NPOE membranes. It can be seen that the rate of diffusion
decreases about threefold as the doping with CoCl, increases from 0.08 wt.% to

1.17 wt.%. This is in agreement with equation 2.16 of the dual-sorption model:

D
Y14+ C s,

(2.16)
where D is the true diffusion coefficient of water molecule and s, is the solubility
of water in PVC/NPOE membrane. The smooth line in Figure 3.2 is a fit to
equation 2.16 and the calculated values of D and s, are (4.3+0.2)x107 cm?/s and
(81.7+7.2) mM, respectively. The results demonstrate that water has a larger
solubility in PVC/NPOE membrane than in PVC/DOA membrane (s, = 50.8 mM),
while the diffusion rate of water molecules is slower in PVC/NPOE membrane
than in PVC/DOA membrane (D = 1.6x10% cm?/s). This may result from the
higher polarities of NPOE and PVC/NPOE membrane. Differences in viscosity of
the membrane matrix also play a role in determining the diffusion coefficient.
Figure 3.3 is an expanded plot of absorbance profiles inside a PVC/NPOE

membrane containing 0.15 wt.% CoCl,. It shows the apparent absorbance increase
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Table 3.1 The apparent diffusion coefficients of dissolved water, D,, as a

function of CoCl, concentration in the early stages of water uptake

in PVC/NPOE membranes.

CoCl, D,* Op, cp, /D,
(W1.%) (107 cm?¥/s) 0% (%)
0.08 3.12 1.55 5.0
0.15 2.90 0.93 3.2
0.33 2.05 0.12 5.9
0.50 1.61 0.31 1.9
0.67 1.22 0.37 3.1

* Values were calculated by fitting the SIP data with equation 1.15.
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Figure 3.2  Diffusion coefficient vs. concentration of CoCl, (mM) in
PVC/NPOE membranes for the early stage of water uptake (in
the bulk region).
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Figure 3.3 The expanded plot of the absorbance profiles in a PVC/NPOE
membrane containing 0.15 wt.% CoCl, during the later stages of

water uptake (water on left side only).
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due to light scattering effects at the later stages of water uptake. The smooth lines
are theoretical fits to the data at the near surface region according to the simplified

diffusion model (equation 1.16):

X

1
AA,(x,t) = AA, . (X t)]| 1 ————F—er,
10 = B (00 1= S 753
2,/th

(1.16)

Table 3.2 lists the calculated diffusion coefficients of light scattering
centers, D,, and the maximum absorbance (corresponding to the concentration of
water at the water/membrane interface) 24 hours after the membrane is contacted
with water. The plot of D, as a function of the concentration of CoCl, is shown in
Figure 3.4, which demonstrates that D, increases with increasing concentration of
CoCl, inside PVC/NPOE membranes. This is consistent with the dual-sorption

model (equation 2.18a):

D, = iDp (2.18a)

where C, denotes the average concentration of water in the membrane that resides
in the droplets. As we discussed previously in Chapter 2, equation 1.16 is derived
using assumptions of constant D, and surface concentrations that are apparently
poor approximations for the later stages of water uptake. This means that the
magnitudes of D, calculated here may not be accurate, but they should reflect the
real trends in D, with the concentration of CoCl, inside those PVC/NPOE

membranes.
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Table 3.2 The apparent diffusion coefficients of light scattering centers (D)
and maximum absorbance of water at the water/membrane interface
(AA,,..,) as a function of CoCl, concentration at 24 hours of water

uptake in PVC/NPOE membranes.

CoCl, (wt.%) D,* (10° em?/s) AA,
0.00 0.17 0.96
0.08 1.45 1.45
0.15 2.23 1.42
0.33 6.85 1.73
0.50 9.78 2.05
0.67 12.0 1.96

* Values were calculated by fitting the SIP data with equation 1.16.
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Figure 3.4  Apparent diffusion coefficient D, vs. concentration of CoCl, (wt.%)
in the PVC/NPOE membrane for 24 hours of water uptake.
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Figure 3.5 compares the observed absorbance profiles in PVC/NPOE
membranes containing 0.00, 0.15, and 0.50 wt.% CoCl, after 24 hour exposure to
water. It can be seen that the membrane with a higher CoCl, concentration absorbs
more water than a membrane with less salt added, as would be predicted by the
equilibrium water uptake model presented in Chapter 2. It is also noteworthy in
Figure 3.5 that a nearly lincar gradient of water is observed after 24 hours for the
membrane with high salt content (curve a), as would be expected at steady state
when one side of the membrane is exposed to air, while a surface layer is
developed in the membranes with low salt content (curves b and c). This is
consistent with the obszrvations for PVC/DOA membranes [3]. The water-rich
surface regins &t »e seen more clearly in Figure 3.6, which shows the
absorbance-distance ciarves of water i & ¢ ¥'./MPOE membrane with no CoCl,
added after the membrane was in contact with water tp to 24 hours. It can be seen
that there is indeed a distinct, highly hydrated surface layer extending about 60 pm
into the membrane, whereas the bulk of the membrane remains relatively dry. The
comparison of this hydrated surface layer with observations of similar regions in

other PVC based membrane systems will be discussed in detail in Chapter 5.

3.3-2 Effects of KBPh; on Water Transport and Distribution in
PVC/DOA Membranes

The effect of adding the lipophilic salt KBPhs to PVC/DOA membranes on
the apparent diffusion rate of water has been investigated using the SIP method.
Membranes containing 0.05 wt.%, 0.10 wt.%, and 0.50 wt.% KBPh, have been
examined. About 0.15 wt.% of CoCl, was also added to each membrane, as the

indicator dye for the determination of the diffusion rate of water in the initial stage



83

H,0 | PVC/NPOE MEMBRANE
204 a
a. 0.50 wt.% CoCl,
154 b b. 0.15 wt.% CoCl,

C. no CoCl2

Absorbance

1.0
C
0.5
0.0+ =
0 100 200 300 400 500
Distance (um)

Figure 3.5  Absorbance profiles in membrane containing varying % CoCl, after
24 hours exposure to water (water on left side only). (a) 0.50%
CoCl, (! = 1267um); (b) 0.15% CoCl, ({ = 1238um); (c) no CoCl, (/
= 1194m).



84

H,0, MEMBRANE {H,0
124 i
hr
o 24
S 0.9-
- PVC/NPOE MEMBRANE ‘
S 061
7 A
>
0.3 ' 3
0.0
0 500 1000 1500

Distance (pum)

Figure 3.6  Absorbance profiies of a PVC/NPOE membrane (with no added dye)

after the membrane was soaked in water for 24 hours.
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of uptake, D;. SIP data were analyzed using equation 1.15 to obtain D; and
equation 1.16 to obtain D,, as described in the preceding section. Table 3.3
summarizes the calculated results for D; and Figure 3.7 shows a plot of the effect
of concentration of KBPh,4 on Djy. It can be seen that there is a decrease of D; with
increasing concentration of KBPh,. Qualitatively, thi< decrease is consistent with
the dual-sorption model and observations for hydrophilic salt CoCl,.

Table 3.4 gives the calculated apparent diffusion coefficient of water, D,,
after the first 24 hours of water uptake. Figure 3.8 shows the plot of D, as a
function of KBPh, concentration in PVC/DOA membranes. In Figure 3.8, it can
be seen that as the concentration of tetraphenylborate increases the apparent rate of
diffusion of the light scattering centers increases. Although the precision of the
measurements is poor (about +18%), the general trend is demonstrated and is in
agreement with the observations for hydrophilic salt CoCl, in both PVC/DOA and
PVC/NPOE membranes.

3.4 SUMMARY AND CONCLUSIONS

3.4-1 Summary

The behavior of water inside ion-selective membranes formulated from
PVC plasticized with 66% (wt/wt) NPOE has been studied by using the SIP. The
uptake and transport effects for water observed, and the dependence on impurity
salt in the PVC/NPOE membrane are consistent with the previous observations
with PVC/DOA membranes. A water-rich surface region develops in the
PVC/NPOE membranes with very low salt content, while a uniform distribution of

water across the membrane arises after long equilibration times with high salt
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Table 3.3 The apparent diffusion coefficients of water in the early stage of

water uptake, D,, as a function of KBPh; concentration in

PVC/DOA membranes.

KBPh, D,* Op, Sp, /D,
(W.%) (10-7 cm?¥/s) a0 (%)
0.05 6.05 4.29 428
0.10 493 4.66 3.75
0.50 3.49 3.81 3.29

* Values were calculated by fitting the SIP data with equation 1.15.
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Figure 3.7 Plot of the effect of added KBPh, concentration on the initial
diffusion coefficient for water uptake in a PVC/DOA membrane

with 0.15 wt.% CoCl, added as an indicator dye.
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Table 3.4 The apparent diffusion coefficients of water at 24 hours of water

uptake, D,, as a function of KBPh; concentration in PVC/DOA

membranes.
KBPh, D,* Op, op, /D,
(wt.%) (10°° cm?¥/s) 10%) (%)
0.05 2.24 0.40 17.8
0.i¢ 2.82 0.35 12.4
0.50 3.96 0.60 15.2

* Values were calculated by fitting the SIP data with equation 1.16.
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Figure 3.8  Apparent diffusion coefficient vs. concentration of KBPh; (wt.%) in
PVC/DOA membrane for the 24 hour water uptake associated with
light scattering.



90
content, as reported for the PVC/DOA membranes. The initial rate of water uptake
decreases as the concentration of hydrophilic salt CoCl, increases while the
apparent diffusion rate of light scattering cent ~s at later stages of uptake
increases; this is also observed in PVC/DOA membranes. The experimental data
has been analyzed using dual-sorption model and the true diffusion coefficient and
solubility of water molecules in PVC/NPOE membranes were founded as
(4.3+0.2)x107 cm?/s and (81.7+7.2) mM, respectively.

The effect of lipophilic salt, KBPh,, on the behavior of water in PVC/DOA
based ISE membranes have been studied. The results obtained demonstrate that
KBPh, affects the transport of water in the same way as hydrophilic salt although
the latter has much stronger effects. Consequently, adding lipophilic salt to ISE
membranes, one would expect to increase the water content in the membranes

while decreasing the rate of water uptake.

3.4-2 Conclusions

The expéﬁmental evidence presented in this chapter provides further strong
support to the dual-sorption and osmotic-uptake models we have proposed for
PVC based ion-selective electrode membranes in Chapter two. The effect of the
dye CoCl, on the water distribution was similar for both PVC/DOA and
PVC/NPOE membranes. This confirms that the osmotic pressure is the main
driving force for the water uptake in the membrane, as DOA and NPOE are very
different plasticizers. The effect of lipophilic salt, KBPh,, on the rate of water
uptake in a membrane is consistent with the dual-sorption model, as observed for

the hydrophilic salt, CoCl,. This demonstrates the generality of the theory.
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Chapter 4

Numerical Analysis of Water Transport In Poly(vinyl
chloride) Based Ion-Selective Electrode Membranes

4.1 INTRODUCTION

In the preceding chapter we have used the dual-sorption theory [1-2] to
describe the transport process of water in poly(vinyl chloride) (PVC) based ion-
selective membranes. Two concurrent mechanisms of sorption were suggested:
ordinary dissolution and "droplet-ferming". The theory assumes that most of the
absorbed water is in the form of droplets around the impurity particles, but that the
diffusion is controlled by the water truly in solution in the membrane matrix. A
mathematica! model has been formulated in terms of Fick's second law. The

governing diffusion equation in the membranes is given as

oC, , OC, _ p O*C,
ot ot ox?

(2.11)
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Only at low water content, when the concentration of tmmobilized water
(C,) is directly proportional to the concentration of free moving water (C;) can
equation (2.11) be solved analytically. A number of analytical solutions (equations
1.31-1.35, and 2.22) have been given, most of them in the form of infinite series.
They are, for the most part, restricted to the simplest case of very low water
concentration presented in membranes. Obviously, this assumption of a linear
adsorption isotherm is not applicable at most stages of water uptake, due to the
nonlinear relation between the two different states of water (equation 2.13) in the
membranes. The usefulness of these solutions is further restricted to problems for
which the boundary conditions can be satisfied [3]. This not only eliminates all
problems with boundary conditions that can not be expressed in terms of
equations, but also many for which the boundary conditions are too difficult to
satisfy even though the equations for the boundary conditions are known. In such
cases, approximation methods are the only means of solution, either analytical or
numerical in character. Xizhong Li ef al. have used anaiytical approximation
methods that have provided extremely useful information concerning the character
of water transport behavior in PVC based ion selective membranes [4].
Solution of the diffusion equations that more closely model experimeiital
and practical situations is made possible by methods of numerical analysis [5]. A
numerical treatment of the problem would be more satisfactory than using
analytical approximations. The advent of the high speed digital computer has made
numerical analysis a relatively easy task for the scientist and engineer [6]. Of the
numerical approximation methods available for solving differential equations,
those employing finite-differences are more frequently used and more universally
applicable than any other. Numerical methods have been extensively used in the

study of matter transport between plasticized PVC and various liquids [7-10].
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In this chapter, we develop a finite-difference equation for simulation of the

water transport process in PVC based, ion-selective electrode membranes. The

algorithm was developed by the explicit-finite-difference method, which has the

advantages of flexibility and programming simplicity compared to the implicit-

finite-difference method. Data from measurements of the early stage of water

uptake in membranes have been used for input into the calculations. The

calculated results have been compared with experimental ones obtained using the

Spatial Imaging Photometer (SIP) for PVC/DOA membranes containing the water
sensitive dye CoCl,. Some of the analyzed data was obtained by X. Li [4].

4.2 THEORETICAL

The numerical technique most often used in soiving diffusion equations is
that of finite differences, although other methods such as finite elements have been
used. The basis of numerical analysis by finite difference is to take the differential
equations describing the system in question and approximate them as a series of
finite difference equations which can be solved by simple arithmetic. In this
section, we first provide a graphical description of the physical processes
occurring during transport of water in membranes, which leads to a numerical
expression of the problem, followed by a mathematical derivation of the explicit-

finite-difference scheme.

4.2-1 Graphical Description of The System [3]

The physical system considered here consists of a plane sheet of PVC based

ion-selective electrode membrane immersed in water. The membrane thickness (/)
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is small compared to its length or width to insure one-dimensional diffusion.
Concurrent diffusion of plasticizer or any additives such as ion carriers, etc., is
assumed negligible.

The diffusion process can be easier to view pictorially and is illustrated in
Figure 4.1. We divide the sheet of membrane into layers each of thickness (k) and
denote by (C.;, Cam> Cw.m) the total concentrations of water at three
neighboring interfaces (I, II, III). The dotted lines at R and S denote the mid
sections of the two adjacent layers. As discussed in Chapter 2, there are two states
of water presented in the membrane: mobile water with concentration denoted by
C; and immobilized water with concentration denoted by Cs.

According to equation 2.8 (Fick's first law), the rate of transfer of water
through a unit area is proportional to the gradient of concentration of mobile water
(Cy.1 — C;;) and the constant of proportionality is the diffusion. coefficient (D) of a
water molecule in the membrane. Thus, in a short time (z), the amount of water

that entered the shaded layer in Figure 4.1 through a unit area of the surface, R, is

given approximately by:

_D(Cy - Cyy)
I 4.1)

qr =

In the same time, the amount flowing out through the face at S is

approximately:

qs =~ Dt(cl.llll‘ ~Cyu) (4.2)




¢

Figure 4.1 Schematic of one-dimensional diffusion process in membrane.
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The net amount of water accumulated in the shaded element in time r is

given by:

Dt

. Dt
qgr Qs = —'h_(cn.u - Cl.l - Cuu + Cn.n) = —h_(Cl.l - 2Cl.ll + Cx.m) (4-3)

If we now take C, ,, to represent the average concentration in the narrow

shaded element, the net gain of water by the element can be written approximately

as:

(C, i~ Cw,m) xh (4.32)

where C,  is the concentration at the end of the interval t. Equating this with

equation 4.3 we have:

. Dt
Com—Cyn= ‘h_z(ci.l -2C, y + Cl.lll) 4.4)
Rearrange equation 4.4:
. Dt
Cot = 'l—lz—(cl.l -2C, 4 + Cl.lll) +Cyn (4.5)

This relationship enables us to calculate by simple arithmetic the

concentration of water at a point at time (¢ + 7) if we know the concentration C,, ,,

C,,.u> Cw,m at the time . We can apply equation 4.5 successively at each point of
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the sheet and advance the equation in time steps 7 A computer can carry out this
repetitive arithmetic easily and quickly.

So far, we have used no calculus nor have we directly referred to the partial
differential equation (equation 2.11) that expresses Fick's second iaw. Since we
have made certain approximations, it is very important to know how accurate the
numerica! calculation is. A more mathematical derivation of equation 4.5 will be

given in the following section.

4.2-2 Finite-Difference Solution: Explicit Method [3,10]

We recall the diffusion equation 2.11 and divide the membrane sheet into
equal finite slices of thickness (k) in the direction of water transport by
concentration-time reference planes (i, n) as in Figure 4.2. The process of
transport can then be represented in 3-dimensional space with axes of time
expressed in units of (n7), where n is an integer, position in units of (i#), where i
is an integer, and concentration. Figure 4.2 shows one of the time versus distance
planes in this 3-D space, where concentrations at any point on the plane are
represented by symbols describing their coordinates relative to the time-distance
plane, e.g., C” is the concentration at time (7 7) and position (ik).

Finite increments of space (#) and time (7) are considered in numerical
analysis. The time at which an event occurs, as well as the place, are defined as

follows

time

~
]

~
[ ]

~,
.
x> N

place x =
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nt il {l
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Cll { 1"
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0 b ih =t l >

Figure 4.2 Space-time diagram for numerical analysis. Concentration

of diffusing substance for various places and times.
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At time ¢, defined by integer n, the concentrations for each location in the

membrane are indexed as follows: C*, , C", C"., . After the elapse of time 7, the

1

time is (n + 1)z. The concentrations for each place in the membrane are indexed
in the same way: C*/ ,C™' . C7/ .

By using Taylor's series with ¢ as a variable and position constant, it is

possible to obtain the concentration at the following time and at position n:

+1 _ o _a_C_ l o’C 2 coe
C* = C! +( = )“dt+ 2( > )-J(dt) + (4.6)

The following equation can be written by rearranging equation 4.6:

crtl_¢n n+l_cn
(?_g) =— 4 40(dt)=——L—L+0x1 “4.7)
ot n.i dt T

where (0x1) signifies that the leading term to have been neglected is of the order of
7 when we have divided both sides of equation 4.6 by dt to get equation 4.7.
Similarly, by applying Taylor's series with position as a varnable and

keeping time constant, the following is obtained:

n [ OC 1{ &*C
CGau=G +(‘67).de+;('5;{)“(‘1!)2 +oee (4.8)

cr, =cr—(%) dx+%(%i$) (dx)* +eee (4.9)
nb nd



On adding we find:

2 no_ n n oo B n
a S - Cii 2C|2+ Cii +0(dx)2 - Cin 2(:21 +Ciy +0x h2 (4.10)
ox n,i (dx) h

By substituting equations 4.7 and 4.10 in equation 2.11 and neglecting the error

terms O x h? we find after slight re-arrangement:

(Cll';l - C‘ll.i) "‘(Clz‘;l - CSJ) = !:—:'(C.II.HI -2C;; + qJ—!) (4.11)

where subscripts 1 and 2 denote free water and immobilized water respectively.
Equation 4.11 can be seen to be the finite difference equivalent of equation

2.11. By rearranging equation 4.11, the basic equation is found:

n n+ Dt n n n n n
Pt = ""T(Cuu —2C%, +C5, ) +CoL +Co, (4.12)

Substituting equation 2.13 in equation 4.12 and replacing sy and C; with a and b

respectively, gives:

acll'-%'l

TR @13
2,
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where " is simply used to represent the right hand side of equation 4.12 with
the substitution of equation 2.13 as:

aC5 . 2aC3. aCh._ Ch.
¢=| = D: : 2,i+1 o 2,i + - 2,i—1 + ala; +Cl2',i ( 4.1 4)
h 2,i+1 +b C2,i +b Cz,i—l +b

Rearranging equation 4.13:
2
(c327)* +(a+b—47)cs* —be? =0 (4.15)

Equation 4.15 has two solutions given by:

Ccii'= > (4.16)
Since b¢] >0, we have:
‘/(:+b—¢}')2+4b¢? >(a+b—¢'i“) (4.16a)

Therefore, we can take the root:

n n 2 n
C‘z‘}‘=_(a+b—‘i)+\/(a2+b—‘i) +4bé; (4.16b)
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as the solution we are looking for.

The values of the coefficients @ and b depend on the membrane considered.
The initial value of ¢{' is determined from the initial-boundary conditions. Then,
C33! can be calculated from equation 4.16b and the profiles of concentration of
water with time can be obtained. The wt.% of water absorbed by the membrane at

time ¢ can be easily obtained by integiating C,, over the entire concentration
profile with the distance (x) as the integration variable.

!
Puo X I C.dx
Water(wt%) = * 4.17)

oraee X1

where P is the density of the membrane.

The finite-difference method presented above is approximate in the sense
that derivatives af a point are approximated by difference quotients over a small
interval, i.e., @C/ 0x is replaced by 8C/5x where &x is small, but the solutions are
not approximate in the sense of being crude estimates. The experimental data are
invariably subject to errors of measurement, besides which, all arithmetical work is
limited to a finite number of significant figures and contains rounding errors, so
even analytical solutions provide only approximate numerical answers. Finite-
difference methods generally give solutions that are either as accurate as the data
warrant or as accurate as is necessary for the technical purposes for which the
solutions are required. In both cases a finite-difference solution is as satisfactory

as one calculated from an analytical formula, providing the model employed is

satisfactory.
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4.3 EXPERIMENTAL

4.3-1 Sample Preparation and Measurements

Membranes were prepared from poly(vinyl chloride) (PVC) (Polysciences,
chromatographic grade), bis(2-ethylhexyl) adipate (DOA) (Fluka), CoCl,, as
described in Chapter 2. Reagents were used as received, and were either reagent or
Selectophore grade. The membrane cells used with the spatial imaging photometer,
and the instrument design and use have been previously described in Chapter 1
and Chapter 2.

The equilibrium water concentration, Ceq, in the membrane was measured
by the desorption method described elsewhere [11]. The model membrane
consisted of 33 wt% PVC and 66 wt% DOA and contained 0.{5 wt% of CoCl,.
The dimension of the dried membrane was approximately 3.45 cm in diameter (as
measured with vernier calipers) and 0.83 mm thick (as measured with a Mitutoyo
micrometer). For the desorption measurement, this membrane was soaked in pure
water for 6 - 14 days to ensure the equilibrium absorption of water. Surplus water
was blotted off the membrane surface with a tissue just prior to the desorption
measurement. The weighing of the sample was performed with a Mettler H80

electronic analytical balance.

4.3-2 Calculation of Profiles of Concentration of Water Transferred

The profiles of concentration of water developed through the membranes

were obtained by using the above-described method with finite differences and

experimental data from our previous work. This explicit method allows the use of
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a microcomputer. Digital simulations were carried out on an IBM compatible

personal computer (486DX). FORTRAN programs based on the algorithm of the
previous section were written using professional FORTRAN (see Appendix).

Figure 4.3 shows scheme ! for numerical computing, which does not

consider the surface region phenomena. The initial values of the concentration of

immobilized water (usually zeros) are first assigned as Cg ;» and then C;i is
calculated according to equation (4.16b). At each iteration, values of C, at two

boundaries (x = 0, I) are always given by the boundary conditions instead of

equation 4.16b.

4.4 RESULTS AND DISCUSSIONS
4.4-1 Stability of Method

In deriving the finite-difference equation 4.11 we have neglected higher-
order terms in the Taylor series. Tk::se will constitute a truncation error in the
numerical calculation. We have assum+4 that this explicit finite-difference method
provides a reasonable approximation to the true solution of the partial differential
equation 2.11. The investigation of this assumption is very important in
determining the reliability of the numerical results.

The explicit finite difference method is an unstable method, which can be

used only if the following stability criterion is satisfied [5,12-13]:

Dt
F <0.5 (418)
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Figure 4.3 Scheme I of computation
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or
2
0.5x (—I—)
n
<— 7 4.18a
T > ( )
where: { is the thickness of membrane in the direction of transport.

n is the number of slices the membrane is divided into.

The physical interpretation of the restriction of equation (4.18a) is that the
maximum allowed time step (Tpyay) 1S, Up to a numerical factor, the diffusion time

across a cell of width A. More generally, the diffusion time 7 across a spatial scale

of size I is of the order:

12
t~— 4.19
D (4.19)

If we are limited to timesteps satistying equation 4.18a, we will need to
evolve through about (I/h)? steps before things start to happen on the scale of
interest. This number of steps is usually prohibitive if / >> . For a PVC/DOA
membrane, the diffusion coefficient of water molecules has been estimated as
1.5x10-6 cm?/s (sce Chapter 2) while the thickness of the inembranes studied is
usually about 1000 um. If 100 calculation points are chosen, the corresponding
maximum allowed computing timestep zis about 0.33 second. With the computing
scheme we have described above, most simulations in compliance with the
stability criterion of equation 4.18a can be carried out in a few minutes.

The numerical analysis program may be checked for its compatibility by

comparing its output against an analytical solution under the approximate
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conditions. At short times, before the water concentration is too high, water

transport will be describe by Case I, and a solution in the form of equation 2.22:

C,(x,t) = C:{l —%éj(—zzl_—_—l—)—exp[-— D,(an—zl) ’tZt] sin (2n —Il)‘ux} (2.22)

will be accurate. Consequently, the numerical solution should give results that
match the analytical solution at short enough times. Such a comparison is made in
Figure 4.4 after 600 seconds has elapsed. The diffusion coefficient used for the
analytical solution, Dy, was 2.2x10-7 cm?/s, which is equal to the effective

diffusion coefficient calculated from equation 2.16:

D
Dy ———
1+Ci/80

(2.16)
for the true diffusion coefficient, D, salt concentration and water solubility used in
the numerical calculation (see figure caption). A FORTRAN program has been
written to evaluate equation 222 (see Appendix B) and a constant water
concentration of water at the boundaries, C§, was assumed. Both numerical and
analytical results in Figure 4.4 were normalized to the maximum concentration at
the boundaries for a convenient comparison. It can be seen that agreement is
excellent. The result indicates that the computing scheme and program are
operating correctly.

As a further check of the convergence of the difference scheme we have

also compared the numerical results (Scheme I) of different sizes of grid as shown

in Figure 4.5. Water concentrations at the membrane/water interface C; were
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Figure 4.4 Comparison of numerical and analytical results ( = 1000 ym, # =
600 sec.)
— numerical simulation was calculated using the Scheme 1
and shown by the dots. (D = 2.2x10-7 cm?/s; a = 54 = 51
mM; b=C; =0mM)
— analytical solution was calculated using equation (2.16)

and shown by the curves. (D = 2.2x10"7 cm2/s)



111

2401
— 200 data points
= 210 o 50 data points
= 25 data points
S’
J 180

1sor b

0 200 400 600 800 1000
Distance (um)

Figure 4.5 Numerical simulations with different sizes of the grid. (I = 1000
um; ¢ = 24 hour; D = 1.4x10"6 cm2/s; a = 51mM; b = 274 mM, C} = 240
mM)
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taken as constant. The plot shows that all three values of & (determined by the data
points) give virtually identical results, and the relative errors are less than 0.48%.
It can be expected that the smaller the grid the more accurate the result, but at the
same time the computation time will be increased substantially. With the accuracy
of simulations thus established we can confidently carry out the numerical

simulation of the transport process of water in PVC based ion-selective

membranes.

4.4-2 Parameters for The Computations

The numerical solution scheme requires the input of several parameters that

are characteristic of a particular membrane system. These values are

D: the true diffusion coefficient of water molecules in the membrane
phase.
sg-  the solubility of water in the membrane phase.

C;: the salt concentration in the membrane.

C., the saturated concentration of water in the membrane.

The values of D and s, calculated for PVC/DOA membranes have been
given as 1.5x10% cm?/s and 50.8 mM, respectively, in Chapter 2. C,, may be
obtained from the desorption experiment described by A. D. C. Chan et al. [11].
Using this method, we have measured the amount of water sorbed by membranes
containing 0.15 wt% CoCl, to be approximately 5.4 wt%. Desorption data are
summarized in Table 4.1 for two measurements on one membrane sample. Since

the membrane was very thin (about 0.83 mm) and had been soaked in pure water



Table 4.1  Summary of water desorption data from a
PVC/DOA/0.15%CoCl, membrane.

Parameters Test #1 Test #2
Thickness 0.84 mm 0.82 mm
Diameter ~3.45cm ~3.45cm

Soaking time 6 days 14 days
Wet weight 09781 g 09691 g
Dry Weight 0.9306 g 09177 g

Water Absorbed 0.0475 g (5.1%) 0.0514 g (5.6%)
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for about 10 days, an equilibrium water uptake and a uniform distribution of water
in the membrane may be assumed. Using the density of PVC/DOA membrane of
1.08 g/cm3 obtained by Chan [14], the equilibrium average water concentration
was calculated as 3.04 M.

In addition to these four parameters, the boundary conditions are also of
importance in the digital simulations. Xizhong Li ef al. have shown that the water
concentration at the surface changes with time [15] and it can be modeled by an

exponential equation with an additional parameter, g, introduced:
C* =C;,[1-exp(—£t)] (4.20)

where C;, is the equilibrium concentration at the surface.

If we assume no surface region was formed (which is the case for
membranes containing substantial amounts of CoCl,), C;, may be approximately
represented by Cgq in a membrane of uniform distribution of water. In order to
generate a formula which can be used in the simulation scheme, the absorbance
changes at the membrane surface (AA,,,) were first summarized, and then the
ratios of C*/C;, were calculated by assuming the square root relationship of
equation 2.31 and plotted against time. The curves were then fitted with equation
(4.20) to obtain the value of B Table 4.2 and Figure 4.6 shows an example for a
PVC/DOA membrane with 0.15 wt% CoCl, added. The value of g was estimated
as 0.27.

With those parameters available, the profiles of water concentration in a
membrane can be simulated for various boundary conditions. In the next section,

we present some results for membranes containing CoCl,. The numerical
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Table 4.2 Changes of C* in the PVC/DOA/0.15%CoCl, membranes as a function of

time.

Time Ay AAg, /AAS" C/C. *+
1h 0.296 0.207 0.455
3h 0.641 0.448 0.669
6h 1.03 0.721 0.849
12 h 1.23 0.860 0.927
24 h 1.33 0.929 0.963
48 h 1.42 0.992 0.996

* AA, ¢ is the absorbance change at the surface.

**  The value of AA,, was taken as the AAg, 1 at 120 hours soaking.
+ CIC,, = AA . 1AA,.




PVC/DOA/.15%Co(],

B=0.27

A 1 1 1 A

0 10 20 30 40 50
Time (hour)

Figure 4.6. The plot of C*/C;, as a function of time
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simulation for blank PVC/DOA membranes is more complicated due to the

presence of the water-rich surface region and will be discussed in Chapter 6.

4.4-3 Results of Numerical Simulations

Figure 4.7 shows the typical calculated concentration profiles of water
developed across a PVC/DOA membrane doped with 0.15% wt CoCl, after the
membrane was contacted with water from both sides. Computing scheme I was
used, and the surface region was ignored in the simulation. Parameters used in the
calculation are listed in Table 4.3. These parameters were obtained from
independent experiments as outlined in the previous section. Figure 4.8 shows the
concentration profiles of water calculated using the simple Fick's law diffusion
model with the same diffusive parameters as in Figure 4.7. The curves in Figures
4.7 and 4.8 are expressed as normalized concentration, C/C,,, Vs. distance x for
different times.

Comparison of Figures 4.7 and 4.8 shows very different concentration
profiles as a function of time, even though both figures used the same value cf
diffusion coefficient (1.5x10-6cm2/s). Figure 4.8 shows the profiles expected for a
simple Fick's law diffusion process (equation 1.13), whereas Figure 4.7 uses the
case 2 model for transport with the formation of water droplets (equations 2.11
and 2.13), and a changing surface concentration with time (equation 4.20). The
two sets of data are quite different, and it is clear that different values of diffusion
coefficient would be obtained at each time if the curves in Figure 4.7 were fit
according to a simple Fick's law expression. In fact the values of diffusion
coefficient would decrease over the course of time in Figure 4.7, as was observed

by X. Li using his model [4].
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Figure 4.7 Profiles of concentration of water developed through the

thickness of membrane sheet calculated at various times.
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Table 4.3  Parameters of Numerical Calculation ( Scheme I )

D = 1.5x106 cm?2/s

p=027 5, = 50.8 mM
C: =458 mM C:1 =299 M*
i =827 um T = 0.34 second

* C3? is the equilibrium concentration of water in

droplets and given as (C3? =C_, —5,) -
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Figure 4.8  Profiles of concentration of water across the membrane calculated

using the model of simple Fick's law diffusion process (I, = 7.9x10”7

cm?/s).
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Figure 4.9 compares the calculated resuvlt with the experimental one
observed with a spatial imaging photometer (SIP). The measured absorbance
changes (AA) were ratioed to the maximum absorbance change at the boundary
and the square root was then taken, to obtain the corresponding values of C/Ceq
according to equation 2.31. It is important to recognize in Figure 4.9 that there is
no fitting parameter involved in the calculated curves. The parameters used, those
in Table 4.3, were obtained independently and are the average of a number of
experiments. Given this treatment, the agreement in Figure 4.9 between theory and
experiment is powerful evidence in support of the dual-sorption model. The
agreement is not perfectly quantitative, although this seems to arise from the
asymmetry of water content frequently observed during the later stages of water
uptake. That is, the two sides are never quite identical in the maximum absorbance
attained at the edges. Figure 4.10 shows that the match to the experimental data is
very good when just the bottom half of the membrane data is examined.

It should be pointed out that the comparison in Figures 4.9 (and 4.10) is
subject to the accuracy of equation 2.31, which is not applicable to droplets with
radius greater than 100 nm. Unfortunately, we do not have any resource to
measure the distribution of water droplet sizes across the membrane. Nevertheless,
the result of the comparison shows that the numerical method gives a reasonable
simulation of the water transport process in PVC/DOA membranes.

One of the advantages of the numerical approach is that various kinds of
boundary conditions can be easily incorporated into the simulations provided the
equations of boundary conditions can be given. Figure 4.11, obtained by Xizhong
Li [16], shows the absorbance-distance curves for water in a membrane cell in
which one side was blocked to water transport using Hg, after the membrane was
contacted with water for 24 hours. Hg blocks water transport just as a solid contact

would, and so provides a convenient model for solid contact ion sensors. As
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Figure 4.9 <Comparison of the concentration-distance curves for a membrane
after water contacted on both sides. Dark smooth curves are the

numerical results. (The parameters of the calculation are given in

Table 4.3)
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Figure 4.11 Comparison of the concentration-distance curves for a Hg blocked
membrane cell after the membrane was contacted with water. Dark
smooth curves are the numerical results. (Experimental results are

adapted from Xizhong Li's data)
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mentioned in reference 16, the obtained data is poor due to the difficulties in
handling the Hg, but the result does give the general profiles of water in the
transport process. While the analytically approximate solutions (equations 1.10-
1.18) given by the simplified transport model are no longer applicable to this case
once the water reaches the Hg, numerical simulation is possible by simply

assigning the following boundary conditions to computing scheme I:

x=0; C' =C_[1-exp(-Bt)] (Water contacted side) (4.21)

_,. 9’C, .
x =1 e (1] (Hg blocked side) (4.22)

The cormresronding difference equation at the boundary (x =1) is:

(crt - cp)+(csyt-cz)) = Trlen ) 4.23)

where j denotes the index of point x = /. Following the procedure in section 4.2-2

gives the equations to calculate the water concentration at this boundary point
(G5 as:

Ciy = (4.24)

where:
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Dt aC'i, i—1 2aC'£' : 8C'2" : ,
"J‘ =12 n : T on =+ n L+ Clzlo.i (4.25)
h 2,j-1 +b Cz,j +b 2,j +b

The numerical simulation for the Hg blocked sorption experiment is also
shown in Figure 4.11. The parameters used in the calculation are listed in Table
4.4. The value of Cgq for the membrane was estimated using the one for the
PVC/DQA/0.15%CoCl, membrane (3.04 M) and equation 2-34. If the same

aqueous solutions were used in the experiments, equation 2-34 can be rearranged

as:
C, xC; (4.26)

The value of Cgq or the PVC/DOA/0.1%CoCl, membrane was then
calculated as 2.06 M. Again, the behavior of water transport has been well

simulated by the numerical method.

4.5 CONCLUSIONS

The numerical analysis technique has been shown to give theoretical results
for water transport behavior that are in good ag:zement with previous theoretical
treatments and experimental results. The computing scheme developed is stable as
long as the stability criterion (equation 4.18a) is satisfied. The digital simulation
approach has the advantage of being directly appiicable to situations involving

more complex boundary conditions and different coupled stages of water uptake in
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Table 4.4  Parameters of Numerical Calculation ( Scheme I ) for Hg

blocked experiment

D =1.5x106 cm2/s

p=10.27 s, = 50.8 mM
C:=31.1mM C =201 M*
h =949 um 1 = 0.34 second

* €37 is the equilibrium concentration of water in

droplets and given as (C;? =C,, —s,).
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PVC based ion-selective electrode membranes. The good match between the
simulation and the experimental data can be taken as the further confirmation of
the dual-sorption model of water transport in PVC based ion-selective electrode
membranes. With this numerical tool, we can directly simulate the transport
process of water in the application of ion-selective membranes. A precisely
quantitative simulation will require very accurate parameters needed in
calculation. Further work will be required to validate the values of those
parameters estimated from previous experimental data, e.g., using pulsed field

gradient spin-echo 'H NMR [17] to measure the diffusion coefficient of water

molecules inside membranes.
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Chapter S

Water-Rich Surface Region In Poly(vinyl
chloride) Based Ion-Selective Electrode
Membranes And The Effect of Additives*

5.1 INTRODUCTION

In the previous chapters, we have discussed the distribution of water in
poly(vinyl chloride) (PVC) based ion-selective electrode membranes. A
mathematical model has been proposed to describe the transport process of water
in those membranes. In this chapter as well as the following ones, we will discuss
the water-rich region near the surface of PVC based membranes in greater detail.

A number of workers have suggested that there is a difference between the
surface and bulk regions of ion-selective membranes that are based on plasticized
PVC [1-4]. The impedance studies of Toth et al. [1] provided some evidence for a
surface region, although their data did not identify the nature of such a region.

* A version of this chapter has been published as:

Li. Z.; Li, X.; Petrovic, S.: Harrison, D. ). Anal. Methods & Instrumentation 1993, 1, 30-37.
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Surface-sensitive infra-red studies by To6th er al. [2] have also suggested that the
water content at the surface of a membrane is greater than that in the bulk,
although the implications of that work with respect to the behavior of water were
not discussed. Using both optical and classical mass desorption techniques,
Harrison et al. [3,4] have shown that the surface region of plasticized PVC can be
highly enriched in water relative to the bulk. Their experiments with a spatial
imaging photometer (SIP) and the studies of the desorption of water from a water-
soaked membrane show that the water distribution within the membrane does not
necessarily become uniform, even after many days of soaking. Instead, a water-
rich surface region develops, in which there is a much greater extent of light
scattering than in the bulk. The thickness of this region depends on the nature and
concentration of additives present in the membrane [4] and it is the role of the
additives on the distribution of water which is the subject of the work reported in
this chapter.

We have examined the factors that affect this surface region by varying the
concentration and hydrophilicity of the additives, as well as the plasticized
polymer matrix. The data presented here indicate that increasing riti.cr the
hydrophilicity or the concentration of the additives will increase th. * . laess of
the water-rich surface region. In fact, a uniform distribution can “c . biained by
adding high concentrations of hydrophilic salts to the membrar: matrix. The
additives also »ffect the apparent diffusion coefficient of the water which forms
the light scattering centers [4,5]; however, this effect is more complex and a

detailed analysis has been given in Chapter 2.
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5.2 EXPERIMENTAL

5.2-1 Sample Preparation:

Ion-selective membranes were cast from solutions of distilled
tetrahydrofuran (THF) according to the method of Craggs at al. [6] using glass or
Teflon form for casting. Membranes were about 66 wt. % bis(2-ethylhexyl)
adipate (DOA, Fluka Selectophore grade) or o-nitrophenyl octylether (NPOE,
Fluka, Selectophore grade), and 33% PVC (Polysciences, chromatographic grade)
with various additives at 0 - 1 wt. %. Valinomycin (Aldrich) was used as received.
CoCl, (Anachemia, reagent grade) was dried under vacuum at 60 °C for 16 hours
(99.9% by ethylenediaminetetraacetic acid titration [7]). Bromo(pyridine)-
(5,10,15,20-tetraphenylporphyrinato) cobaltate [CoTPP(py)Br] was prepared as
described elsewhere [8] as was 2,6-diphenyl-4-(2,4,6-triphenyl-N-pyridinio)
phenolate (ET-30) [9,10]. KB(C¢Hs), (KBPh,) was prepared by precipitation in
water from KCl and NaBPhy, followed by vacuum drying [11]. 0.6 wt. % OH-
substituted PVC (PVC-OH) was preparcc from 1.7 wt. % substituted PVC-COOCH
(Aldrich) as previously described [12].

5.2-2 Instrumentation:

The SIP has been described in Chapter 1 in detail and is shown in Figure
5.1. A pulsed N, dye laser (Laser Photonics LN120C, Orlando, FL, USA), was
used for membranes containing the ET-30 dye, as well as the 544 nm He:Ne laser
(Melles Griot). A 633 nm He:Ne laser (Melles Griot) was used with the other

membranes. In all experiments, water was present on both sides of the membrane.
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Figure 5.1  Spatial imaging photometer with three laser sources.
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This gives a more accurate estimate of the thickness of the water-rich surface
region than Harrison ef al. have made previously [4], as the effect of water
evaporation from the membrane-air interface is not able to influence the approach

to steady state at the membrane-water interface.

5.3 RESULTS AND DISCUSSIONS

Additives in the membrane, and their concentrations, affect the distribution
of light scattering centers as it develops over time. We studied four additives,
severa! of which are water-sensitive dyes, to determine the factors that control the
influence of an additive on the behavior of water in PVC based membranes. In
order of decreasing hydrophilicity these included CoCl,, ET-30 (see Figure 5.2 for
the sirmiciure), CoTPP(py)Br (see Figure 5.3 for the structure) and valinomycin
with 0.01% KBPh,. The first two compounds are water-sensitive dyes used to
image the first stage of water uptake, and their affinity for water might be expected
to perturb the membranes to a greater extent. The latter two additives are ion
carriers added to impart NO, or K* selectivity, respectively [13,14]. DOA
plasticized membranes without additives were also examined. In addition, the
effect of the polarity of the membrane matrix was studied for two systems. We
examined the more polar polymer, 0.6 wt. % OH-substituted PVC plasticized with
DOA. In addition, the more polar plasticizer NPOE was used at 66 wt. % with
PVC. The influence of the various components on water distribution was

significant in most instances, particularly in the near-surface region.



Figure 5.2

The structure of ET-30
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Figure 5.3 The structure of Bromo(pyridine)-(5,10,15,20-
tetraphenylporphyrinato) cobaltate, [CoTPP(py)Br], where the Br
ligand is symbolized by L.
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5.3-1 Instrument and Edge Stability

The SIP studies provide evidence for a surface region that differs from the
bulk [3-5,8]. However, it is important that the solution-membrane interface is well
defined in these studies. Swelling effects or thermal drift in the cell position
relative to the diodes must not contribute to apparent changes in absorbance at the
edges. As the intensity change at the edge is dramatic, such shifts in the boundary
could result in significant absorption artifacts. The transmittance of the cell at the
interface must be monitored closely to identify this effect. Figure 5.4 shows the
relative transmittance, T/T,, at the interface as a function of time after the
introduction of water to the cell, for a membrane with 0.15 wt. % CoCl,. The
relative transmittance was calculated with respect to the intensity of light that
passed through the aqueous solution in the cell, so a value of T/T, that is greater
than unity simply means that the source intensity varied in space across the cell.
From left to right Figure 5.4 shows the relative transmittance through the
membrane bulk, the dark region at the membrane solution interface arising from
the discontinuity in refractive indices, and the relative transmittance through the
aqueous solution. The image is expanded so that the other membrane edge on the
left side and the aqueous solution used to obtain the reference intensity are not
shown.

Figure 5.4 shows that the membrane-solution edge is stable to within one
diode (3 pm at 8.5:1 magnification) over 24 hours. The membrane edge is
identified as the point on the rising transmittance curve that is at 25% of the
maximum transmitted light, in accordance with diffraction theory for a knife edge
[15]. As both membrane edges are usually imaged it is possible to determine
whether a shift in the cell position relative to the diodes, as opposed to swelling of

the polymer, accounts for any observed edge shift. CoCl, is the most hydrophilic
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Figure 5.4 Relative transmittance, T/T, versus diode number (one diode =3 um) as a
function of time that both membrane faces were exposed to water, a)

initially, b) 1 h, ¢) 5 h, d) 23 h. The PVC/DOA membrane contained 0.15

wt. % CoCl,. Only one membrane/solution interface is shown.
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additive studied and would be expected to cause the greatest swelling of the
membrane. However, for all the additives examined the edges were usually stable
to within one or two diodes. Furthermore, when it is clear that a change in the cell
position is responsible for the shift, it is possible to shift the index of the diode
numbers to realign the images. At worst, this effect may introduce an uncertainty
of 2 - 6 um in the analysis of the width of the surface region. For studies of

processes in the bulk membrane the distances are sufficiently large that the error is

not significant.

5.3-2 Standard Membrane Compositions

A typical K* -selective membrane is composed of DOA and PVC as a
matrix, with about 1 wt. % valinomycin and 0.01 wt. % KBPh, added to give
selectivity’ and reduce anion interference, respectively [14,16]. Figure 5.5 shows
the development of light scattering centezs in such a membrane over an extended
period. Although water droplets eventually form throughout the membrane, it is
clear that there is a near-surface region that differs considerably in water content
from the bulk membrane. It is striking that this surface region is essentially
stabilized after about 24 hours, and remains well defined even after 12 days of
soaking. The presence of a water-rich surface region is also supported by mass
desorption studies of membranes during drying [3]. This water-rich region is
approximately 50 um thick. This estimate of thickness is obtained by linear
extrapolation of the absorbance curve. It corresponds approximately to estimating
a thickness equal to J/aDt, which is essentially a Nernst layer approximation for
diffusion. The thickness varies from membrane to membrane so that the overall

precision, including any errors due to shifting of the edges, is about +20%.
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Figure 5.5  Absorbance due to light scattering in a PVC/DOA membrane with

1% valinomycin, 0.01% Xi*”n, as a function of time exposed to

water. Only one membrane/soluticn interface is shown.



142

The surface region is of considerable thickness compared with that of a
standard ion-selective electrode membrane. Free standing ion-selective electrode
membranes are typically 100 - 200 um thick [16], so that this region would be
present across o1:~-half to all of a typical sensor. PVC based membranes coated on
solids such as the gate of an ion-selective field effect transistor, or the optical
window of an optically based 1on sensor, are often less than 50 um thick [17,18].
For such sensors the water-rich region would encompass the entire system, and
could lead to slight differences in performance relative to the standard ion-
selective electrode configuration. In both instances the surface region described
here comprises a significant, but not necessarily complete, volume of a membrane
in a typical sensor.

X. Li examined blank membranes prepared from PVC and DOA alone to
evaluate the influence of the membrane matrix on water distribution internally
[19]. We note that it has been clearly established that these membranes will still
contain ionic impurities [16,20]. Figure 5.6 shows the development of the light
scattering profile as a function of time obtained by X. Li. It is noteworthy that
even when water droplets have formed throughout the membrane there is still a
highly hydrated surface layer present. The transport parameters or apparent
diffusion coefficients have been estimated using the model of X. Li presented in
Chapter 1. The solid lines in Figure 5.6 are the fits to the data at the edges with

equations 1.18 and 1.17 which are given as:

1 D2(2n—-1)"x%t| . (2n—-1)nx
b(x,t 0]y 4 2 i 17
AAz(x )= AA { nu-gx(zn l‘expl: e sin ; (1.17)
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Figure 5.6  Absorbance due to light scattering in a PVC/DOA membrane over
23 hours of water exposure. The solid lines are fits according to
equations (1.18) and (1.17) for the surface and bulk regions,
respectively. (adapted from X. Li's Thesis, 1992, p101)
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AA3(x0) = AA, o, (x,0)] 1 erf (1.18)

Using equations 1.17 and 1.18 the apparent diffusion coefficients for the

scattering centers in the bulk, D2, and in the surface region, D}, were estimated

and are given in Table 5.1. The approximations associated with this have been
discussed in Chapters 1 and 2. Note in particular that absorbance appears to the
power 1 rather than 1/2 in equations 1.17 and 1.18, so that the diffusion coefficient
of droplets is obtained. This analysis does not provide the actual diffusion
coefficient of water molecules in the membrane in the presence of droplets, but it
does allow for an estimation of the overall rate of the water uptake process.

The slow decrease in the rate of penetration of the water-rich boundary into
the membrane is evidenced by the diffusion coefficients for the scattering centers

in the near-surface region (see Table 5.1). There is a decease in D; as a function

of time. This shows that the appearance of a surface region is not due just to a
steady but slow diffusion process; instead, the ingress of water slows after the
surface becomes hydrated. (As discussed below, this effect is even more
drastically indicated by the data in Table 5.2 for a PVC/DOA membrane that
contains 1 wt.% Valinomycin and 0.01 wt.% KBPh,, for which data was obtained
after 290 hours.) Similarly, the apparent diffusicn coefficient for scattering centers

in the membrane bulk, Dg also decreased with time. The mean absorbance of the

membrane due to light scattering (A can) iS also given in Table 5.1. The data

indicates that there is a correlation between the increase in water content and the
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Diffusion coefficients and absorbance of light scattering centers in a
PVC/DOA membrane.
Time D} n% Apmean
; » (M) (x109%cm?2/s) (x107cm?/s)
C 017 12.0 6.0 0.0035
0.5 6.0 3.0 0.010
1 3.5 12 0.016
2 1.5 0.8 0.022
4 1.0 0.35 0.042
6 0.20 03 0.058
23 0.15 0.13 0.11
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decrease in apparent diffusion in the surface region. The results do clearly indicate
that ingress of the water centers is a process that decreases in rate with increasing

water concentration. At least in the case of D", this decrease cai. ve understood in

terms of the dual-sorption model presented in Chapter 2.

The results in Figure 5.6 show that the PVC/DOA matrix develops a
surface region that is also about 50 pm thick. This indicates that it is the matrix
itself that is responsible for the effect. The hydrophobic valinomycin additive
apparently has no influence. It might be expected that the KBPh, salt would

influence water uptake, however, at 0.01% it appears that the concentration is too

Yow for it to be significant.

5.3-3 Effect of Additives

The ingress of water droplets was evaluated for PVC/DOA membranes
containing CoTPP(py)Br and the betaine dye referred to as ET-30. The Co-
porphyrin is able to bind a water molecule in an axial coordination site through
exchange with Br-, which gives it a fairly well defined interaction with water. It
should be more hydrophilic than Valinomycin, but much less so than the
pyridinium phenolate dye ET-30, which absorbs water of hydration to a significant
extent. Figure 5.7 compares the surface region that develops after 24 hours and
Table 5.2 indicates the approximate width of the surface layer as a function of
time for the various additives. It is clear that ET-30 increases the penetration depth
of the water-rich region considerably, relative to valinomycin or CoTPP(py)Br.

However, even after 100 hours this depth has not increased from a pldteain of about
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by water uptake over 24 hours, for 0.15% CoCl,, 0.1% ET-30, 0.3%
CoTPP(py)Br, and 1% valinomycin with 0.01% KBPh,. Water

contacted both sides, but only one interface is shown.
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200 pm. This would obviously be across the entire width of a conventional ion-
selective electrode membrane.

A value of D; could be evaluated by fitting the absorbance in the surface

regions to equation 1.18. This parameter gives a more accurate estimate of the
absorbance profile at a given time than does the Nernst layer approximation of the
surface layer thickness. These are reported in Table 5.2, where it can be seen that
they decrease as a function of time, as would be expected if the thickness of the

surface region was stationary in time. However, as D; is a time or concentration

dependent parameter, fitting the data to equation 1.18 provides only a

representative, average value of Ds2 at any given time. The values of D; in Table

5.2 can not be considered true diffusion coefficients, but they do allow for
calculation of the observed absorbance profile at a given point in time, and so
provide an empirical measure of the progress of water permeation.

We have used CoCl, as a water-sensitive dye to image the initial stage of
water uptake. This dye incorporates water in its inner coordination sphere, and
when Co(H,0)Cl, forms the dye will also have a significant perturbation on the
water uptake properties of the membrane. Figure 5.8 shows the development of
light scattering as a function of time after exposure to water on both sides, for a
membrane containing 0.15 wt. % CoCl,. By comparing the absorbance due to light
scattering in Figure 1.4 at short times, Figure 5.8 up to 28 hours, and Figure 4.9 up
to 120 hours the time progression of water uptake can be evaluated. In the first
hour a surface region that is not described by the model presented in Chapters 2
and 4 may be present. However, after that the uptake can be represented by the
model, as already discussed in Chapter 4, and a uniform distribution will be

established after 120 hours or so. Nevertheless, over the first 24 hours the dual-
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Table 5.2 Thickness of water-rich region and apparent diffusion coefficients

Composition* Time** ThicknessT D3 ¥
(h) (um) (x109cm2/s)
PVC/DOA 24 55 0.15
48 55 0.03
1% val.. KBPh, 24 50 0.08
290 50 0.007
3% CoTPP(pyv)Br 24 50 0.1
48 52 0.05
1% ET-30 23 188 1.3
100 200 0.3
0.15% CoCl, 0.75 75 5.5
23 280 3.0
PVC/NPOE 24 57 0.14
PVC-OH/DOA 24 70 0.23

* PVC or PVC-OH, ~ 66% plasticizer; other additives as indicated.

**  Time of exposure to water on both faces of the membrane.

approximation). Error of about +20%.

Estimated by linear extrapolation of steep portion of absorbance profile (Nernst layer

%  Apparent diffusion coefficient of scattering centers in the surface region. Obtained by

fitting absorbance profile to equation (1.39) in surface region. Standard deviation of

115%.
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membrane with 0.15 wt. % CoCl, added.
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sorption transport process leads to a region near the surface that is much richer in
water than the bulk is.

The formation of a surface region during the approach to equilibrium was
influenced by the CoCl, concentration. Harrison et al. have previously reported
that the absorbance profile due to scattering from water droplets clearly obeys
Fick's laws of diffusion across the entire membrane when CoCl, is present at 0.78
to 1% [5]. In that study a distinct water-rich surface region did not form. The
transport of water when droplets formed within the bulk membrane could instead
be described by a single diffusion coefficient, indicating a greater uniformity of
the membrane with a higher salt content. This shows that the hydrophilic salt

overcomes the tendency of the membrane matrix to form a surface region.

5.3-4 Effect of Other Matrices

In the above studies the membrane matrix was constant; however, it is also
of interest to explore the effect of the matrix itself. Harrison et al. have previously
shown that PVC-OH in combination with SiCl, can be used to enhance adhesion
on solid substrates [12]. The hydroxyl functionality makes this polymer more
hydrophilic than PVC, so we have examined this material using DOA as a
plasticizer. An alternative means of increasing the membrane hydrophilicity is to
use the more polar plasticizer, NPOE, which is commonly used in Ca?*-selective
membrane. The distribution of light scattering centers was also examined in this
matrix after exposure to water. The results for both systems are given in Table 5.2.
They show a modest increase in the size of the water-rich surface region compared
with the PVC/DOA matrix, however, the increase is only slightly larger than

experimental error.
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5.4 CONCLUSIONS

The presence of a water-rich region within these PVC based membranes is
surprising, and the experiments described here were not designed to elucidate the
source of the phenomena. Chan ef al. have speculated abeut the reasons why a
surface region develops [3]. It may arise from stress within the membrane upon
water uptake, as stress can influence the diffusion coefficients [21]. Alternatively,
it may be due to a competition between water and plasticizer to fill voids created
in the surface region by leaching of the plasticizer into the solution [22], as
described elsewhere [3]. This chapter shows that the presence of a water-rich
region is not strongly dependent on the polarity of the plasticizer used, as DOA
and NPOE have very different polarities. Similarly, small changes in the polymer
polarity do not have a significant influence. However, the additives in the
membrane play a significant role in establishing the water distribution, and the
apparent diffusion coefficient of water droplets within the membranes. Within the
range of additives we have examined it appears that the greater the hydrophilicity
of the additives, and the greater its concentration, the greater will be the depth of
the water-rich region. This also means that the overall water content will increase
with increasing hydrophilicity of the additives. For 100 - 200 pm thick membranes
with hydrophobic additives the interior will be lower in water droplet content than
the surface. If a significant salt concentration is added to the polymer, the water
distribution will be much more uniform. Thinner membranes coated on solids will

have a more uniform, and on average higher, water content, regardless of the

additives present.
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Chapter 6

A Study of the Water-Rich Surface Region
In PVC-Based Ion-Selective Membranes

6.1 INTRODUCTION

Optical and gravimetric studies have revealed a unique behavior of water in
PVC/DOA based ion-selective electrode (ISE) membranes [1-4]: a many-micron-
thick, water-rich surface region deveiops during the process of water uptake, and
the water distribution remains non-uniform, even after many days of exposure.
Our studies on PVC/NPOE based ISE membranes (see Chapter 3) have also shown
the existence of this surface phenomenon. A comparative study of effects of
additives on the surface layers has been presented in Chapter 5. However, those
studies did not examine the origin of highly hydrated surface layers.

Given the peesence of such a non-uniform distribution of water in PVC
based ISE membranes, it is important to understand why it may arise. It has been
suggested by Harrison ef al. that the internal stress developed within plasticized
PVC membranes upon uptake of water may account for the heterogeneity [1-2, 5],

since diffusion rates within a polymer can be changed substantially by stress [6].
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A. D. C. Chan ¢t al. have also postulated that leaching of plasticizer from the
surface of membranes to the external agueous solution could provide a kinetic
interpretation of the effect [4]. Loss of plasticizer would result in a decrease in
volume or the forrzation of voids in the membrane matrix. It is possible that water
from the aqueous solution competes with plasticizer from the membrane bulk to
fill these voids. A water-rich region would then be established near the surface
where the water flux was greater, which would essentially disappear at the point in
the membrane where the flux of plasticizer became greater. A similar model has
been suggested to interpret data for plasticized PVC exposed to more lipophilic
solvents [7].
In an attempt to differentiate the above two explanations, we have used the
SIP method to study the effect of the plasticizer on the water-rich surface layer in
PVC based ISE membranes. Experiments on ion-selective electrode membranes
plasticized with some polymeric plasticizers will be reported here. Results with
polymeric plasticizers will be compared with those of membranes plasticized with
the conventional plasticizers (e.g., DOA and NPOE). Polymeric plasticizers were
chosen because they have very high lipophilicities and presumably lower mobility
than low molecular weight plasticizers. A uniform distribution of water across the
membrane might then be expected if the kinetic interpretation is valid, since
leaching of the plasticizer would occur to a much lesser extent. Based on the
experimental results obtained, we propose an approximate water uptake model
which incorporates the development of a water-rich surface layer in PVC based

ISE membranes. A comparison of calculated results with experimental data will

also be presented in this chapter.
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62 MODELING AND NUMERICAL METHODS OF
ANALYSIS OF THE SURFACE REGION

In Chapters 2 and 4, we proposed a dual-sorption model to describe the
transport of water inside PVC based ion-selective electrode membrancs. An
explicit finite difference method was developed to simulate the diffusion process.
Calculated results are in good agreement with the experimental data obtained with
PVC/DOA membranes doped with the hydrophilic salt, CoCl,. However, the
proposed model and numerical method do not consider the development of a
water-rich surface layer observed in commonly used PVC/DOA ISE membranes
that do not contain hydrophilic salts.

The development of the water-rich surface layer as understood according to
the kinetic interpretation may be represented by the schematic diagram shown in
Figure 6.1. If there were no ioss of plasticizer from the membrane to the external
aqueous solution, then uniform concentration distritutions of both plasticizer and
water would be expected once the equilibrium water concentration was reached, as
shown in Figwe 6.1(a). However, when plasticizer leaches from the membrane
surface, voids will be formed in the membrane matrix. These may be filled by
water from the aqueous phase or by plasticizer from the membrane bulk. As a
result, a gradient of plasticizer near the membrane surface will generate a gradient
of water conceniration, as shown in Figure 6.1(b). The thickness of this region will
be controlled by the relative water and plasticizer {iuxes.

The formation of these surface layers may also be understood in ternis of

the equilibrium water uptake model (Chapter 2). As described by equation 2.7:
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the equilibrium concentration of water in membrane, C,,, is determined by the
elastic pressure of the polymer matrix, p. Presumably, loss of plasticizer can result
in a change of both p and C,,. Therefore, with the development of a plasticizer
gradient near the surface as shown in Figure 6.1(a), a gradient of p forms and
results in a gradient of equilibrium water concentration in a membrane according
to equation 2.7.

Leaching of the plasticizer and subsequent back-filling by solvent is know
as a double transfer process. A knowledge of the kinetics of a double transfer in
the near surface region v:ould be needed to truly model this process. In the
modeling of matter transport between plasticized PVC and niere lipophilic liquids
such as alcohols, some empirical formulas for D} have been used [7, 8-11]. An
effort to develop an empirizal formula to describe the double wransport kinetics in
PVC based ISE membranes is outside of the scope of this thesis.

It is also possible to model transport using an apparent D3 in the surface
region that is a function of time, providing an empirical description of the changes
occurring. However, at this stare of the study this approach was not taken, since a
satisfactory function for D} versus time was not readily apparent. Because of the
empirical aspects of any function we could determine it did not seem justified to
pursue this, given the increased degree of programming complexity that would be
introduced. Instead a more approximate model utilizing a single D} over time was
evaluated to describe the surface region.

The model adapted for numerical calculations of the presence of a surface

region is based on the dual sorption model introduced in Chapter 2. Added to this
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is a third, separate diffusion process, with a much lower diffusion coefficient
which obeys Fick's laws of diffusion. This process is driven by the double transfer
process, but represented by a simple Fick's law diffusion of water alone within the

model. The various aspects of the model are formulated as follows:

(1) Besides the two modes of water sorption described by the dual-
sorption model (i.e., sorptions which involve the diffusion of mobile
water molecules in the membrane phase and immobilization of water
molecules at impurity sites within the membrane), there is a third one
which occurs due to the loss of plasticizer from the membrane surface
region.

(2) These three sorption modes occur simultaneously at the near surface
region while dual-sorption dominates in the bulk.

(3) Sorption by the first two modes will cease at positions where water
reaches the equilibrium concentration in the membrane bulk, C'e’q,
however, sorption by the third mode may continue. Sorption of the
third mode is independent of other two and occurs in the near surface
region until it reaches its own equilibrium value, Cgq.

(4) The sorption of the third mode can be described by an apparent

diffusion coefficient of water at the surface, D}.

Assumption 4 is made since we have no means to incorporate the true
diffusion coefficient of water molecules, D, into the third mode. In a more
sophisticated model D} could be made time dependent, or the double transfer

kinetics could be explicitly incorporated. However, this is outside the scope of this

thesis.
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An explicit-finite-difference method (Scheme III) has been developed to

simulate the water uptake process described by this new model, as shown in Figure

6.2, where (’C{‘)b and (C,“) indicate the water concentration determined by the
S

dual-sorption modes and the third mode, respectively. In this simulation, (Cf‘) 1s
- S

always calculated independently using Scheme II, which is based on the following

difference equation (Fick's second law):

(crt-cp), =2t cpa - 207 + i), 61

(C{‘)b is calculated using Scheme I (Chapter 4). For each iteration, the sum of
(Ci")b and (C,“) calculated in the previous step will be assigned as the initial
S

value for (Ci")b. The routine will bypass the transport step of Scheme 1 if (C{‘)b is

greater than the equilibrium concentration of water in the bulk, qu, following the

assumption 3 above.

6.3 EXPERIMENTAL

Membranes were prepared from about 33 wt.% PVC (Polysciences
Chromatographic grade), 66 wt.% plasticizer and small amounts of ionophore and
lipophilic salts, except where indicated. DOA and NPOE were obtained from
Fluka (Selectophore grade). The polymeric plasticizers, Paraplex G-25 and G-62,
were obtained from C. P. Hall Inc. (Chicago, IL) and ethylene/vinyl acetate (EVA-
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45 (or 70), vinyl acetate content 45 (or 70) wt.%) were obtained from Scientific
Polymer Products Inc. (Ontario, NY). Valinomycin (Aldrich) was used as
received. Potassium tetrakis(4-chlorophenyl) borate (KTpCIPB) was obtained from
Fluka (Selectophore grade).

A spatial imaging photometer was used to measure the absorbance profiles
across the membranes as a funcuon of time after exposure to water. The
instrument design and the experimental procedures have been described in detail in

Chapters 1 to 3.

6.4 RESULTS AND DISCUSSION

6.4-1 Waisw Paziritiation in PVC/polymeric-Plasticizer ISE Membranes

Using the SIP a number of polymeric plasticizers, which are available
commercially for plasticizing PVC, were tested as components of ion-selective
electrode membranes. Table 6.1 lists the polymeric plasticizers studied as well as
DOA and identifies some of their relevant parameters, as given by the
manufacturer and reference 12. G-25 is a polyester of ssbacic acid, and so should
b~ -imilar in chemical characteristics to DOA, while G-62 is an expoxidized
sovbean oil and EVA is an ethylene vis! acetate copolymer. They may be
idealized as the structures shown in Figure 6.3 [12-13]. It can be seen from Table
6.1 that G-25 and EVA have very high molecular weight while G-62 has a
moderate one. Those polymeric plasticizers are expected tc have much higher
lipophilicity and lower water extractability in PVC matrix than DOA has.

The use of G-25 and G-62 as plasticizer for PVC based ion-selective

electrode membranes has been examined by Harrison et al. [14]. Both plasticizers
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Table 6.1 Types of plasticizers used and their properties.
W&i;ht loss in PVC
Plasticizer Type Molecular | water,24hr. |  hotsoapy s2NaOH. | Dielectric
Weight a1 50% water. 4days | 23%,4davs ¥ Constant
DOA Adipate 370.6 0.10% / /. 4.13
G-62 | Epoxidized 1000 / 1.7% 1.0 5.47
sovbean oil
G-25 Polyester 8000 / 1.0% 0.4 /
sebacate
EVA | FBthylene/ >250,000 / /- / 2.60-2.98
’ vinyl acetate

O

4
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I—I,ﬁ’i-0-3-(-CHz-),-C{-I)-\CH{-CH;—),-CH3

H,<:—-0-@—@0m-),-cél)kﬂ-cm-c{i')}cm-cm-)‘-crl, G-62
I—LJ:-O-@-(-CH,-),-Cél)-\CH-CI-I,-C{I)}CH-(-CI-L-)‘-CH,

(predominant component)

R—g-(-O-G-O-g-(-CH,-)B-E-).O-O-G-O-g-R G-25

where R = alkyl moiety (C_H,,,,) in a fatty acid; or rarely an aryl hydrocarbon radical.

G = alkylene bridge (C_H,,) of a glycol. The bridge may be linear or branched.

-(-CH,-CH,-),-(-CH,-CH-),- EVA
- 2_%  EVA4s
('3H3 22 EVAT0
Figure 6.3

The symbolized structures of polymeric plasticizers [12].
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gave functional potassium and ammonium selective electrodes and increased
sensor lifetime to varying degrees under accelerated aging conditions (high
temperature). They did not yield functional calcium selective electrodes. Christian
et al. have used EVA-45 alone as an alternative to PVC for the calcium ion-
selective electrode preparation [13]. A long lifetime, and improved stability and
selectivity of the senscrs has been reported.

Membranes with CoCl, Membranes with 0.15 wt.% hydrophilic salt,
CoCl,, were first examined by SIP. Figures 6.4 to 6.6 show the observed
absorbance profiles of light scattering centers after an extended period of water
uptake for G62, G25, and EVA-45 plasticized PVC membrane, respectively. It can
be seen that the behavior of water in these membranes exhibits the same
characteristics that have been observed in conventional PVC/DOA ISE membranes
containing CoCl, (see Figure 4.9 in Chapter 4), ic., an eventual uniform
distribution of water across the membranes. The SIP data have also been analyzed
using the water uptake models presented in Chapters 1 and 2. Anhydrous CoCl,
was added as the water sensitive dye to image the initial stage of water uptake in
the membranes. Equation 1.15 was used to fit the bleaching data to obtain the
values of apparent diffusion coefficients of dissolved water, D,. The calculated
results have been summarized in Table 6.2 and compared with the values obtained
for PVC/DOA and PVC/NPOE membranes. It was found that the diffusion rates of
dissolved water in PVC/polymeric-plasticizer membranes are close to those in
PVC/NPOE membranes.

Membranes with no salt. Blank membranes consisting of PVC and
polymeric plasticizer alone have been examined to evaluate the effect of plasticizer
on the distribution of water in the near surface region of membranes. Figure 6.7
shows the light scattering profiles which develop 24 hours after water uptake

inside those membranes. It can be seen from Figure 6.7 that there is no surface
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Table 6.2 Apparent diffusion coefficients of dissolved water at initial stage of

water uptake ic PVZ based 12~ membranes.

%
MEMBRANES* - (xlol’)ém’/s)
(¢ %5%CoCl,) (0.67%CoCl,)
PVC/DOA 78 32
PVC/NPOE 31 12
PVC/G-25 s /
PVC/EVA-45 23 0.52

* consisting of 33 wt.% PVC and 67 wt.% plasticizer.

T calculated by fitting SIP data to equation 1.15.
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region which can be distinguished from the membrane bulk in those membranes
tested. At any given time, the gradients of water concentration seen in Figure 6.7
can be modeled by Fick's law using a single diffusicn coefficient. This indicates a
more conventional diffusion process with no surface region present, although the
diffusion coefTicient does still change over time, consistent with the dual sorption
model.

We have also examined membranes consisting of 30 wt.% PVC, 25 wt.%
EVA-70, and 45 wt.% NPOE. The observed water distribution after 24 hour of
water exposure i1s shown in Figure 6.8. The profiles for a PVC/DOA and a
PVC/G-62 membrane are also included in the figure for a comparison of the
distributions of water. It is clear that a water-rich region is present in both the
DOA and NPOE/EVA-70 plasticized membranes. The thickness of the region is
not identicai, but not substantially different, while the magnitude of light scattering
is reduced by the added EVA-70. (Chapter 3 shows that PVC/NPOE membranes
behave essentially the same as PVC/DOA matrices.) In contrast the G-62
plasticized membrane shows much lower scattering and no real evidence of a
surface region that exhibits a different apparent diffusion coefficient.

Results shown in Figures 6.7 and 6.8 clearly demonstrate a correlation
between the presence of a water-rich surface region and the nature of the
plasticizer, specifically their mobility in the polymer matrix and solubility or
extractability into the aqueous phase. We expected that the higher molecular
weight plasticizers would be less extractable, creating less void volume in the
region near the surface that could be occupied by water droplets. The data in
Figures 6.7 and 6.8 show this expectation was borne out. This strongly suggests

that the water-rich surface region does result from the loss of plasticizer.
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The data for the various polymeric plasticized membranes was analyzed
using the approximate model of water uptake introduced in Chapter 1 to obtain
apparent diffusion coefficients. Table 6.3 lists the surface and bulk values for the
light scattering centers, D3 and DY, calculated using equations 1.17 and 1.18. It
can be seen that D'z’ at 24 hour is approximately the same for all the membrane
compositions. The polymeric plasticizer did not require a separate surface layer
and showed much lower absorbance (concentration) at the surface of the
membranes. It can also be seen from Table 6.3 that DY in the polymeric
membranes decreased with time, as observed for PVC/DOA membranes. This
effect was accounted for by the dual sorption model in PVC/DOA membranes,
This model likely also describes the polymerically plasticized membranes, since

they will also contain ionic sites, and the same trend is seen for Dg.

6.4-2 Numerical Analysis of Surface Region

Scheme IIl proposed in Section 6.2 has been used to simulate the water
uptake in a PVC/DOA membrane containing 1 wt.% valinomycin and 0.1 wt.%
KTpCIPB. Several parameters are of importance in the simuiation. The values of
D and s, for PVC/DOA membranes have been given as 1.5x10-¢ cm?/s and 50.8
mM, respectively, in Chapter 2. The equilibrium concentration of water in droplets

in the membrane bulk, qu, is obtained as 0.24 M from the desorption experiment

carried out by A. D. C. Chan et al.[4]. The equilibrium concentration of water in

droplets at the membrane surfaces, C;_fq, is estimated from the SIP data for the 24

hour water exposure in Figure 6.8. The maximum absorbance at the membrane

surface, Al is about 0.8 while the average value of the absorbance in the bulk
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Table 6.3 Apparent diffusion coefficients of water at late stages of water uptake

in PVC based ISE membranes.
Time D‘z’ * D} t
Membranes (wt/wt) . 2,max

(hr.) (x10°cm?/s) | (x10"°cm’/s)
PVC/DOA™ 24 1 10.4 1.35 0.95
PVC(30VYEVA-70(45VNPOE(25) 24 7.52 2.78 0.46
24 8.40 / 0.23
PVC(33)/G-62(67) 11 13.7 / 0.18
6 25.4 / 0.13
48 3.42 / 0.17
PVC(33)/G-25(67) 24 10.1 / 0.15
13 . 17.6 / 0.11
PVC(33)/EVA-45(67) 48 2.39 / 0.06
24 8.16 / 0.05

calculated by fitting SIP data to equation 1.17.

calculated by fitting SIP data to equation 1.18.

* consisting of 32% PVC, 67% DOA, 1% Valinomycin, and
0.1% KTpCIPB.
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region of the membrane, AY% _ is about 0.15. Given CZ, (0.24 M), C5, can be

estimated using equation 2.31 as:

C,x./A, (2.31)

\/Asm“'a‘x
VAb“lk

mean

(6.2)

D} can be estimaied by fitting SIP data in Figure 6.8 in the surface region using
equation 1.17 with C proportional to VA . A value of 1.4x10-10 cm?/s (D3 at 24
hour) has been obtained and used in the simulation. The boundary condition used
in the calculation is determined by using equation 4.20 to fit X. Li's data on

PVC/DOA membranes [15].
C* = C [1-exp(—pt)] (4.20)

The result is shown in Figure 6.9. The value of B obtained was 0.5. This is for a
blank membrane, while the value for #in PVC/DOA membranes containing 0.15%
CoCl, was about 0.3 (Chapter 4). Another important parameter in the simulation is
the concentration of impurity ions, C;. It has been generally accepted that PVC
based ion-sclective membranes contain ionic impurities [16, 17]. Those ionic
components may arise from PVC (ie., polymer-bound initiating groups and
reminders of surfactants used during emulsion or suspension polymerization),
ionophore, and plasticizer. The concentration of those ions may be taken as about

0.1 mM [18]. Also 0.1 wt.% KTpCIPB has been added to the membrane.
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Therefore, we estimated C; as about 4.1 mM. All parameters discussed above are
summarized in Table 6.4.

Figures 6.10a and 6.10b show the concentration and absorbance profiles of
water developed across the membrane sheet, calculated using Scheme 1II at various
times and the parameters in Table 6.4. The experimental data obtained using the
SIP is also given in the figures. In Figure 6.10a, absorbance has been converted to
concentration according to equation 2.31. All curves were normalized to the value
of maximum concentration (or absorbance) at the water/membrane surface.
Compared with the calculation using scheme I in Figure 4.7, it can be seen that the
presence and behavior of the highly hydrated surface layer over time are
represented by the calculation of Scheme II1.

Figures 6.10a and 6.10b demonstrate that the proposed model provides a
good simulation of the transport of water inside PVC-based ISE membranes. It

should be pointed out that this method can only be taken as a semi-quantitative

approach to the problem since an apparent diffusion coefficient, D;, has been used
in the calculations. Moreover, a single D; has been used because the program

written did not allow Dj to vary. As shown in Table 5.1, D actually decreases

with time. Therefore, using the single value at 24 hour may underestimate the

development of the surface layer at the earlier stages of water uptake. The value of
D} at 1 hour (1.3x10-2 cm2/s) was obtaisied from X. Li's thesis [15] and also used

in the simulation and the result is shown in Figure 6.11, in which the simulation

using Dj at 24 hour and the SIP data are also included for the comparison. It can

be seen that there is essentially no difference for the short time between two

simulations. The calculation using D} at 1 hour gives better result for the 6 hour

water uptake, but it gives very poor simulation for the 24 hour uptake near the

surface region. Figure 6.11 indicates that using D} for the long time may give
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Table 6.4 Parameters of Numerical Calculation (Scheme 11)
D = 1.5x106 cm?/s D; =1.4x10-10 cm?/s
s, = 50.8 mM C/ =41 mM
bulk ¥ __ arf § ..
aL.-v,.\,_.Sz“"" =0.19M C;'e{ T:=050M
'a k=827 um et nimrn £ =0.34 second
*C i’:’: is the equilibrium concentration of water in

droplets in the membrane bulk and equals to

(Ce’f;‘”‘ —Sg)-

tC 2"‘:‘{ is the equilibrium concentration of water in

droplets at the membrane surfaces and equals to

(Ce’;’f —Sg).
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Figure 6.10a Profiles of concentration of water developed through the membrane

calculated using Scheme III and observed SIP data.



181

H, MEMBRANE 1
1.00-
- 24 .
< 1% Val; 0.1% KTpCIPB
~
< 4
< 0.50
0.251
0.00-

0 300 600 900 1200
Distance (um)

Figure 6.10b Profiles of absorbance of water developed through the membrane

calculated using Scheme III and observed SIP data.
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better simulations in general. A more accurate simulation could be achieved with a
better understanding of the transfer mechanism at the surface region.

The approximate surface sorption model developed in this chapter does not
limit the "surface region" to the surface. In fact, after the bulk has all come to
equilibrium the further transport of water in the "surface region" becomes a single
Fickian type diffusion process. For the value of Dj that described the data in
Figure 6.10 reasonably well it is instruciive to consider how the surface layer
would be predicted to change using this model. Figure 6.12 shows a plot of
F:ckian diffusion across a membrane with D} = 1.4x10-10 cm?/s. It is clear that the
steady state resuit is a uniform distribution, but after 12 days an apparent surface
region exists that is 200 um thick, and it takes over 100 days to approach
equilibrium.

In Chapter 5 it was shown that the surface region reaches a stable thickness
after about 2 days and is unchanged 10 days later. Consequently, the model used
here does not truly describe the surface region behavior. Nevertheless, the very
slow development of a uniform distribution evidenced by Figure 6.12 shows that

the model models a good approximation of the experiment:1 results.

6.S CONCLUSIONS

The behavior of water in the PVC membrane plasticized with polymeric
plasticizers was investigated. No surface layer has been observed in these
membranes during the water uptake process. This is strong evidence for the
hypothesis that loss of plasticizer from ISE membranes to external aqueous

solutions is the main source of development of surface layer. As expected,
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Figure 6.12 Profiles of concentration of water developed through the membrane
calculated using Scheme II (D} = 1.4x10-10 cm?2/s and I = 1252 pm).
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osmotic-pressure effects also govern water uptake msid# these membranes, as
evidenced by the uniform distribution of water with the hy-:.~nhilic salt CoCl,
added to the membranes. Based on the observed experimental results, a triple-
sorption model has been proposed to describe this unique behavior of water inside
ISE membranes. A preliminary result of a numerical analysis of the water transport
has also been given and provided a useful means to analyze the process. However,
a more detailed model will be needed, with more accurate input parameters, if
more accurate descriptions of the curves are to be obtained.

The presence of a water-rich surface layer has important consequences for
understanding the behavior of polymner-based 1on-selective membrane electrodes,
since heterogeneous distributions have not normally been assumed in the
theoretical treatments of poly(vinyl chloride)-based systems [4]. The studies
presented in this chapter clarify the origin of water-rich surface region inside
liquid PVC based ISE membranes. The results also suggest that using polymeric

plasticizer may improve the performance of ion sensors made with these

membranes, as reported in a few pagers [13-14].
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Chapter 7

Conclusions

Poly(vinyl chloride) (PVC) based ion-selective electrode membranes are the
key component of both conventional ion-selective electrodes (ISE) and ion-
sensitive field-effect transistors (ISFET). Fundamental research on working
mechanisms of ISE membranes is essential for solving many existing problems in
the applications of those ion sensors. It was the primary goal of this thesis work to
study the transport and distribution of water in those membranes, which is
believed to play critical roles in the performance of sensors. In this concluding
chapter, the contributions model will be summarized. As well, possible future
studies designed to further the understanding of the behavior of water in PVC

based ISE membranes will be discussed.

7.1 SUMMARY OF CONTRIBUTIONS

The research presented in this thesis is based on the pioneering work of X.
Li in our group on the behavior of water inside PVC based ion-selective electrode
membranes [1]. The progress made in the present work can be surnmarized in the

following two aspects.
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First, our efforts have been directed towards a better understanding of the
transport mechanism of water in PVC based ISE membranes. In Chapter 2, an
equilibrium water uptake model based on an osmotic pressure argument originally
proposed for rubber has been adapted to PVC membranes. Experimental work has
been carried out to evaluate this model. The results obtained confirm that osmotic
pressure effects are the main driving force for water uptake in PVC based ion-
selective electrode membranes. A dual-sorption model has also been proposed to
describe the kinetics of water uptake in those membranes. The model has been
used to explain the observed experimental data with PVC/DOA membranes.
Analysis of SIP data gives the true diffusion coefficient and solubility of water
inside PVC based ISE membranes. To evaluate the generality of both theories, we
have studied the behavior of water in PVC/NPOE membrane, as well as the effects
of salts of lipophilic anions, tetraphenylborate, as shown in Chapter 3. Results are
consistent with the proposed models. In Chapter 4, a numerical analysis technique
has been used to simulate the transport process described by the dual-sorption
model in membranes doped with salts. An explicit-finite-difference method has
been developed and the calculated results are in good agreement with the
experimental ones. Those results provide further support of the proposed theories
of water uptake in PVC based ISE membranes.

Secondly, efforts have also been directed towards a better understanding of
the water-rich surface region observed in PVC based ISE membranes. In Chapter
5, the effects of additives on this highly hydrated surface layer have been studied
in detail. Results show that the surface layer thickness is not strongly dependent on
the nature of conventional plasticizers such as DOA or NPOE. However, additives
to the membrane play a significant role in establishing the steady-state water
distribution and determining whether or not it is uniform. The studies of water

distribution inside PVC based membranes plasticized with polymeric plasticizers
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have provided evidence that loss of plasticizer from the membrane to the external
aqueous solution is a main source of the water-rich surface layer. An uptake model
incorporating this surface layer has been proposed. Results of numericai analysis
show a reasonably good simulation of experimental data.

Results presented here as well as the previous work of SIP [1], NMR, mass
desorption [2], and electrical impedance studies [3] in our group have provided a
much more detailed picture of water inside PVC based ion selective membranes.
This level of understanding of the behavior of water in membrane phase should
prove helpful in the designing of solid contact, membrane based ion sensors, and

those fabricated using microelectronics techniques.

7.2 FUTURE STUDIES

The spatial imaging photometer (SIP) has provided a unique means of
quantitatively probing the internal concentration profiles of water inside PVC
based ISE membranes with high spatial resolution. In order to observe the initial
water uptake process, dehydrated CoCl,-6H,0 has been used as a water-sensitive
dye. This hydrophilic salt will disturb the system of ISE membrane studied. Less
disturbing dye for water would be desirable. For example, trifluoroacetophenones,
which have been used in optical humidity sensors [4], could be suitable alternative
dyes for the studies of water transport in ISE membranes. Upon contacting with

water, those compounds undergo reversible hydration [5]:




191
This interaction leads to a loss in the electron delocation of the carbonyl group
with the aromatic ring and, therefore, to a hypsochromic shift of the absorbance
band. It is also possible to immobilize those compounds by attachment to the
polymer matrix [6]. This could give much more information on water transport
inside membranes.

Using the SIP method and the dual-sorption model, we have determined the
true diffusion coefficients of water inside PVC based ISE membranes, D, which
has not previously been reported. The accuracy of D is very important in
numerical simulations. Another possible method to measure D is the technique of
pulsed field gradient spin-echo (PGSE) 'H NMR, which has been used to measure
the diffusion coefficient of water in perfluorosulfonate ionomeric membranes [7].
With this technique, we will be able to substantiate the values of D obtained with
the SIP method, and therefore, the dual-sorption model proposed. It is also
possible to use this technique to measure the diffusicn coefficients of other
components of ISE membrane, such as, ionophores, tetrapheylborates, and
plasticizers.

In formulating the water uptake model, we have assumed that water
droplets develop during the uptake process. NMR studies by A. D. C. Chan kave
provided evidence of the droplets. However, while light scattering centers are
readily observed by microscopy their composition is not readily determined. It is
also interesting to know the distribution of size of these droplets. This task may be
carried out by the state-of-art microscopic techniques [8-9]. Among them, confocal
laser scanning microscopy (CLSM) could be the best choice for the observation of
water droplets since CLSM has the advantage of non-destructive imaging and the
ability to imagine object inside the membrane matrix [8, 10]. In such a
microscope, an object is illuminated with a small (diffraction limited) spot derived

from a focused laser beam. The illuminated spot is viewed with a spatially



192

restricted optical system so that only signals emanating from this spot are detected.
An image of the complete specimen is built up by a raster scan. Therefore, CLSM
offers improved rejection of out-of-focus noise and greater resolution than
conventional imaging. Recently, CLSM has been used to determine the
distribution of pH, free Ca?*, electrical potential, and volume inside cultured adult
rabbit cardiac myocytes [11]. With an appropriate fluorescent dye for water, it is
possible to use CLSM to directly imaging the water droplets inside PVC based
membranes.

On the basis of our observations of water inside PVC based ISE
membranes, the drifting problem of ion sensors may be related to the transport
process of water. By inserting reference electrodes into an optical cell, we could
monitor the drifting and water transport simultaneously, and then correlate those
two processes to each other. P. Glavina has shown that such measurements are
possible [12]. If the correlation exists, then an investigation of method to control
the water uptake process would be very useful in improving the performance of
ion sensors made with PVC based ISE membranes.

Finally, further investigations of the surface layer should be carried out to
gain a better understanding of mechanism of double-transfer (plasticizer out and
water in), which is essential for the development of a quantitative water uptake

model in PVC based ion-selective electrode membranes.
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APPENDIX A. COMPUTER PROGRAMS FOR SIP
EXPERIMENTS

The program used to acquire and display the experimental data using a
Compagq 286, i.e., START2.POT, was created by X. Li and D. J. Harrison*. Two
new ASYST programs have been written in order to analyze the data on a PC486
using the Origin software package.

SIP data were originally saved as an ASYST file in the floppy disk. Each
file consists of two sets of data: SCAT.DATA and REF for two light sources of
different wavelength. These data must be saved separately using SV.POT
(Program A.1) before they can be transferred to text files using FILETRAN.PRG
(Program A.2). The following example describes how to transfer a SIP data file
"WATER" to text files:

» To save the SIP data file as two separate ASYST files to the floppy disk:

1. Load START2.POT and SV.POT by typing the following at the ASYST
command prompt:

OK LOAD START2.POT A
OK LOAD SV.POT -

2. Read the SIP data file from drive A by typing the following at the ASYST
command prompt:

OK FILE.READA -
"NAME OF FILE TO READ" WATER A

*Li, X. Ph.D. Thesis, University of Alberta, Edmonton, 1992, Appendix A.
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3. Save SCAT.DATA to drive A by typing the following at the command
prompt:

OK SAVESB 4
"INPUT FILENAME" := WATERI1 J

4. Save REF to drive A by typing the following at the command prompt:

OK SAVEFB N
"INPUT FILENAME" := WATER2 J

» To transfer the ASYST files to text files:

A version of ASYST is saved under the name FILETRAN, which contains
all the words defined in the program FILETRAN.PRG. It may be loaded
from DOS as described below:

1. Run the transferring program by typing the following at the DOS and

ASYST command prompt:
> FILETRAN J
OK GO .

2. Press F1 key to read the ASYST files.
3. Press F4 key to display the data.
4. Press F3 key to transfer the files:

OK '"FILENAME" WATERI
"FILENAME" WATER2

Lt t Lt b
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5. Press F10 key to quit. All ASYST files will be transferred to text files and
saved in drive C with the names as TWATER1 and TWATER2, etc.
These text files can the be imported to an Origin file for the data analysis.

» To import a text file to an Origin file:
1. Open an Origin worksheet in Windows.

2. Open the dialog box "ASCII Import Options" by clicking File —
Import — Options....

3. Choose New Columns in the box of "Import into worksheet as" and then
click Import Now...

4. Highlight the data file you want from the File Open box and click OK.
The file will be imported to the first column of the worksheet. For more
instructions, see pages 129-133 of Reference Manual of Origin.

» To plot and analyze data in an Origin file:

Detailed instructions have been given in pages 72-99 of the Reference Manual
of Origin for plotting data, and in pages 104-121 of the Reference Manual for
data analysis. A few hints are given as follows:

1. The original transmittance raw data are imported directly to an Origin file.
Absorbance calculation and reference subtraction can be done easily in
Origin (see p166).

2. A template file, RAWDATA.OTW, has been created and saved for the
data import and absorbance calculation. This file can be modified (see
p128).
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. To flip over the x-axis, reverse the data seqence of the column X in the
worksheet.

. To set x-axis (or y-axis) scale type and increment, tick labels and marks,
double click the axis and open the box of "The X Axes" and choose your
options (see p84).

. To put a break in an Origin plot, open the sub-box of "Axis Break" in the
"The X Axis" box and choosing your options (see p96).

. To get nd of data outside of the membrane, highlight the data in the work
sheet and choose the DELETE command in the Edit menu (see p137).

. The data plot can be fitted with water uptake models (see p109). Several
curve fitting functions for the approximate water uptake models have been
created and built in the Fit Menu. Table A1l shows these functions and
corresponding parameters with units.
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PROGRAM A.1:

\ ASYST FILE: SV.POT
\ This program saves original SIP data as well as calculated data files individually
\ to the floppy disk in driver A.

Created by: Zhong Li
\ June, 1993

: FILE.FORMC
FILE TEMPLATE
REAL DIM[ 511 ] SUBFILE
END

: CREATE.DATA.FILEC

FILE. FORMC

CR " NAME OF FILE TO WRITE? "

“"INPUT FILENAME ":=

" A:" FILENAME "CAT " .DAT" "CAT FILENAME "=
FILENAME DEFER> FILE.OPEN

CR CR " FILE ALREADY EXISTS USEIT ? (Y/N)"
Y/N? YESNOO=

IF FILE.CLOSE ESCAPE

THEN FILE.CLOSE

FILE.FORMC

FILENAME DEFER> FILE.CREATE

P R R g

: SAVEAB
CREATE.DATA FILEC
FILLENAME DEFER> FILE.OPEN
1 SUBFILE ANAL DATA ARRAY>FILE
FILE CLOSE
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: SAVEABSM
CREATE.DATA FILEC
FILENAME DEFER> FILE OPEN
1 SUBFILE ABSO ARRAY>FILE
FILE.CLOSE

: SAVEXD
CREATE.DATA FILEC
FILENAME DEFER> FILE.OPEN
1 SUBFILE XD ARRAY>FILE
FILE.CLOSE

: SAVESB
CREATE.DATA FIiLEC
FILENAME DEFER> FILE OPENM
1 SUBFILE SCAT.DATA ARRAY>FILE
FILE.CLOSE

: SAVEFB
CREATE.DATA FILEC
FILENAME DEFER> FILE OPEN
1 SUBFILE REF ARRAY>FILE
FILE.CLOSE
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PROGRAM A.2:

\ ASYST FiLE: FILETRAN.PRG

\ This program is written for transfering ASYST data files to text files.

\ The maximum number of files which could be handled at one time is 40.

\ After the last file name input, type END to respond the ENTER FILENAME.

Created by: Zhong Li
June, 1993

REAL DIM[ 511 ] ARRAY SPEC \ For the working copy of the file.
DIM[ 511 ] ARRAY SPEC2

12 STRING FILENAME
DIM] 41 , 12 ] STRING.ARRAY FILE.NAME \ Auto data transfering

INTEGER SCALAR M

\ TEXT WINDOWS

13 0 24 38 WINDOW {FKEYS}

13 42 24 78 WINDOW {NOTES}

: PORT1 \ Tep 1/2 of the screen
NORMAL.COORDS 1 0.22 VUPORT.SIZE 0 0.78 VUPORT.ORIG
VUPORT.CLEAR

: PORT2 \ Bottom 1/2 of the screen
NORMAL.COORDS 1 0.22 VUPORT.SIZE 0 0.50 VUPORT.ORIG
VUPORT.CLEAR

: CURSORS \ Activates the cursors for on screen readout
NORMAL.COORDS ARRAY.READOUT .5 .9 READOUT>POSITION

: PLOTA
VERTICAL GRID.OFF HORIZONTAL GRID.OFF AXIS FIT.OFF
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WORLD.COORDS 0 1024 WORLD.SET Y. AUTO.PLOT CURSORS

: PLOT.SPECTRUM
PORT!1 SPEC PLOTA
PORT2 SPEC2 PLOTA

: GET.FILENAME
0 M = {NOTES}
BEGIN
IM+M:=
." ENTER FILENAME " "INPUT
FILENAME "[M]"=CR
FILENAME "[ M ] " END" "=
UNTIL
M1-M:=
SCREEN.CLEAR STACK.CLEAR

: GET.NAME \ For single file reading

{NOTES} SCREEN.CLEAR ." ENTER FILENAME " CR "INPUT FILENAME ":=
CR

: RAW.DATA.TEMPLATE
FILE. TEMPLATE
REAL DIM[ 511 ] SUBFILE
REAL DIM[ 511 ] SUBFILE
END

: SAVE.RAW.DATA
RAW.DATA. TEMPLATE {NOTES} SCREEN.CLEAR GET.NAME

FILENAME DEFER> FILE.CREATE FILENAME DEFER> FILE OPEN
SPEC 1 SUBFILE ARRAY>FILE
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SPEC2 2 SUBFILE ARRAY>FILE
FILE.CLOSE
CR CR ." FILE - " FILENAME "TYPE ." IS SAVED! "

: READ.DATA
FILENAME DEFER> FILE.OPEN
SPEC 1 SUBFILE FILE>ARRAY
SPEC2 2 SUBFILE FILE>ARRAY
FILE.CLOSE
CR CR ."FILE - " FILENAME "TYPE ." IS READ! "

: READ.RAW.DATA
1 M = {NOTES} SCREEN.CLEAR GET.NAME READ.DATA

: SPEC.PLOT \ Plot spec on the top 1/2 of the screen
{NOTES} SCREEN.CLEAR
1M<>IF
READ.RAW.DATA
THEN

PLOT.SPECTRUM {NOTES} SCREEN.CLEAR

: DATA. TRANS \ Transfer data files to text
GET FILENAME
M1+1DO
FILE.NAME "[ 1 ] FILENAME ":= READ.DATA
" T" FILENAME "CAT FILENAME ":=
FILENAME DEFER> OUT>FILE
{NOTES} 5121 DO
SPEC[I].CR
LOOP
OUT>FILE.CLOSE
LOOP
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SPEC2[1].CR
LOOP
OUT>FILE.CLOSE
{NOTES} SCREEN.CLEAR
M . ." DATA TRANSFERS HAVE BEEN DONE! "

: MAIN.MANU
{NOTES} SCREEN.CLEAR
{FKEYS} SCREEN.CLEAR
" F1> READ DATA FROM DISK " CR
" F2> SAVE DATA ONTO DISK " CR
" F3> TRANSFER DATA TO TEXT FILE " CR
" F4> PLOT SPECTRUM ON SCREEN " CR
" F5>NOP " CR
" F6>NOP " CR
"F7>NOP " CR
" F8>NOP " CR
" F9> NOP " CR
" F10> LEAVE MANU "

: GET.OUT
{NOTES} NORMAL DISPLAY CLEAR FUNCTION.KEYS

: MAIN.KEYS
F1 FUNCTION.KEY.DOES READ.RAW.DATA
F2 FUNCTION.KEY.DOES SAVE RAW.DATA
F3 FUNCTION.KEY.DOES DATA TRANS
F4 FUNCTION.KEY.DOES SPEC.PLOT
F5 FUNCTION.KEY.DOES NOP
F6 FUNCTION.KEY.DOES NOP
F7 FUNCTION.KEY.DOES NOP
F8 FUNCTION.KEY.DOES NOP

20
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F9 FUNCTION.KEY.DOES NOP
F10 FUNCTION.KEY .DQES ESCAPE

: GO
oM =
GRAPHICS.DISPLAY STACK.CLEAR MAIN.KEYS MAIN.MANU
INTERPRET.KEYS
ONESCAPE: GET.OUT {NOTES}
ONERR: BELL INTERPRET.KEYS

BELL BELL



Table Al. Curve Fitting for Water Uptake
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Model

%L

Stagel

A4, = A4, ,,, (1 —erf

X
2Dy

Parameter
Pl: AA| max
P2: Dl

P3: t in sec.

X: um

Stage2

Pl:
P2:
P3: tin hr.
P4: xy(1m)
X: um

AAz.max
D,

Buik
(n=5)

Pl: AAnqax
P2: D

P3: tin sec.
P4: d(cm)
X: cm

Bulkl
(n=6)

Ad = Mmax{]—

”n:l

A 1 exp| -2
(2n-1) P 2

Pl: AAnqax
P2:D

P3: t1in sec.
P4: d(cm)
X: cm

Bulk?2
(n=6)

AA = Mrnm({l_

”n:l

A5 1
(2n-1) P

Pl: AAnax
P2:D

P3: tin sec.
P4: d(cm)
X: um

Bulk3
(n=11)

M=ad 1-25 1 __ex
x4 (2n-1)

4 1

Pl: AAnax
P2:D
P3:tin sec.
P4: d(cm)
X um
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APPENDIX B. COMPUTER PROGRAMS FOR
NUMERICAL SIMULATIONS

Several FORTRAN programs have been written to simulate solutions of the
diffusion equation in Chapter 2. PROGRAM B.I can be used to calculate the
analytical solution, equation 1.13, while PROGRAMS B.2-B.6 can be used to
simulate the numerical solutions. Examples of the calculations are given as

follows:

Program B.1

> To calculate the analytical solution of

o), 4= 1 D,(2n-1)*x%t| . (2n—-1)nx
C,(x,t)-—C,{l nngl——(zn_l)exp[— e sin ; (1.13)

1. Run the program ABXT.FOR by typing the following at the DOS
command prompt:

ABXT > (FILENAME TO BE SAVED) N

2. Input the parameters successively :

n, C? (in any units desired), D (cm?/s), t (second), / (cm)
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3. Press ENTER to start the calculation. The calculated result will be saved
as a text file which can be imported to an Origin file for the display of the
result.

Programs B.2, B3, BS & B.6
» To simulate the numerical solution (Scheme I):

1. First you save the parameters in file DATA. Input the parameters by
typing the following at the DOS command prompt:

EDIT DATA -

2. Type the values of the parameters in the following sequence:

so (mM), C} (mM), D (cm?/s), C¢q(x=0) (mM), Cgq(x=/) (mM)

I (cm), # of data point, C(t=0) (mM), t (s)
final time (s), how many curves to save
times for each curve

2

(note that: Tt < 5 is requried)

For example:

50.8, 45.8, 1.5E-6, 2900., 2900.

0.0827, 101, 0.0, 0.34

432000., 8
600.,1800.,3600.,10800.,21600.,43200.,86400.,172800.
(The positions of . and , are critical.)

3. Save the DATA file and quit.

4. Start the simulation by typing the following at the DOS command prompt:
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ZHONGI1 -

The calculated curves will be saved in a single text file named RESULT,
which can be imported to an Origin file for the display of the result.

Programs B.4
» To simulate the numerical solution (Scheme II):

1. First you save the parameters in file DATA. Input the parameters by
typing the following at the DOS command prompt:

EDIT DATA =

2. Type the values of parameters as the following sequence:

50 (mM), Cf (mM), D (em?/s), Cq(x=0) (mM), Ceq(x=1) (mM),

Ceq(x=0) (mM), C,(x=/) (mM), D3 (cm?/s)
!/ (cm), # of data point, C(t=0) (mM), < (s)
final time (s), how many curves to save
times for each curve

2
(note that: t <

5 is requried)

For example:

50.8, 4.1, 1.5E-6, 190., 190., 500., 500., 1.0E-10
0.0200, 26., 0.0, 0.050

86400., 7

600., 1800., 3600., 7200., 14400., 21600., 43200.
(The positions of . and , are critical.)
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. Save the DATA file and quit.

. Start the simulation by typing the following at the DOS command prompt:
ZHONG3 -

The calculated curves will be saved in a single text file named RESULT,
which can be imported to an Origin file for the display of the result.
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PROGRAM B.1:

C
C FORTRAN FILE: ABXT.FOR

C THIS IS A FORTRAN PROGRAM TO SIMULATE THE ANALYTICAL

C SOLUTION OF INFINIT SERIES (equation 1.13) WHEN THE PARAMETERS
C ARE GIVEN.

C Created by: Zhong Li
C October, 1993
C

PROGRAM REFINDEX

parameter(pi=3.14159)
real*8 Ab0,d,D1,t,x1 x2 dltx, Abxt
C d in cm; tin sec; x in cm; x1=0; x2=/
write(*,*)' Please enter n:'
read(*,*)n
write(*,*)' Please enter the A b0, d, D, t'
read(*,*)Ab0,d,D1,t
write(*,*)' Please enter the range of x:'
read(*,*) x1,x2
dltx=(x2-x1)/1000
do 1=0,1000
x=x 1+i*dltx
Abxt=0
doj=1,n
n2=2%j-1
Abxt=Abxt+1./n2*dexp(-(n2*pi/d)**2*D1*t)*dsin(n2*pi*x/d)
enddo
Abxt=Ab0*(1-4* Abxt/pi)
c write(*,'(a,8.3,10x,a,f8.3)")' x='x,'A_b(x,t)=",Abxt
write(*,'(f9.3,10x,{8.3)")x,Abxt
enddo
stop
end



PROGRAM B.2:

PROGRAM MAIN

FORTRAN File: ZHONGI1.FOR

THIS A FORTRAN PROGRAM TO SIMULATE THE NUMERICAL RESULTS
OF DUAL-SORPTION MODEL FOR BULK REGION WITH A VARYING
SURFACE CONCENTRATION (SCHEME I)

ol oNoNoNe!

@]

Created by: Zhong Li
Feburary, 1994

0

DIMENSION C(10000),C1(10000),SK(20)
OPEN(6,FILE=DATA")
OPEN(7,FILE=RESULT")

READ(6,*) A,B,D,G1,G2
WRITE(7,100) A.B,D,G1,G2
READ(6,*) X.NX,CL,TH
WRITE(7,200) X,NX,CL,TH
READ(6,*) TO,NT
WRITE(7,300) TO.NT
READ(6,*) (SK(I),I=1,NT)
WRITE(7,500) (SK(I),I=1,NT)

T=0.0
=X/(NX-1)
DO 10 I=1,NX
10 Cl(1)=CI
1  T=T+TH
DO 20 I=1,NX
IF(1.EQ.1) THEN
IF (MOD(INT(T/TH),1000).EQ.0) WRITE(0,50) T
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TT=T/10000.
C(1)=G1*(1.0-EXP(-TT))
ELSE IF(I.EQ.NX) THEN
TT=T/10000.
C(NX)=G2*(1.0-EXP(-TT))
ELSE
DD=D*TH/(H*H)
F1=A*C1(I-1)/(C1(I-1)+B)
F2=A*C1(I)/(C1(1)+B)
F3=A*C1(I+1)/(C1(I+1)+B)
CC=DD*(F1-2.0*F2+F3)+F2+C1(I)
S=A+B-CC
SS=S*S+4.0*B*CC
C(1)=0.5*(-S+SQRT(SS))
END IF
20 CONTINUE
IF(T.GE.TO) THEN
WRITE(7.400) T.(C(I).]=1,NX)
ELSE
DO 30 I=1 NX
30 C1(1)=C(I)
50 FORMAT(1X,'T="E20.5)
J1=0
DO 40 J=1 NT
IF (ABS(T-SK(J}).LE.0.17) J1=J1+1
40 CONTINUE
IF(J1.EQ.1) WRITE(7.400) T,(C(1).I=1,NX)
GO TO 1
END IF
C
100 FORMAT(1X,'A="F15.9.2X,'B="F15.9,2X,'D="[E15.9,2X,'G1=",
* F15.9.2X.'G2="F15.9)
200 FORMAT(1X.'X="F15.9,2X,'NX="15,2X,'CI="F15.9,2X,'TH="
* F15.9)
300 FORMAT(1X.'T0="F15.9.2X,NT="I5)
400 FORMAT(5X./CONCENTRATION VALUE *,'T="E20.9/(2X,F15.9))



500 FORMAT(1X,'SPECIFIC TIME TO PRINT OUT/4(1X,E20.9))
STOP
END

v
»
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PROGRAM B.3:

PROGRAM MAIN

FORTRAN File: ZHONG2.FOR

THIS A FORTRAN PROGRAM TO SIMULATE THE NUMERICAL RESULTS
OF DUAL-SORPTION MODEL FOR BULK REGION WITH A CONSTANT
SURFACE CONCENTRATION (SCHEME I)

ool ooy

0O

Created by: Zhong Li
Feburary, 1994

@]

DIMENSION C(10€00),C1(10000),53;20)
OPEN(6.FILE='DATA")
OPEN(7.FILE=RESULT')

READ(6,*) A.B.D.G1.G2
WRITE(7,100) A.B,D.G1.G2
READ(6.*) X,NX,CI.TH
WRITE(7,200) X,NX,CL,TH
READ(6.*) TO,NT
WRITE(7,300) TO,NT
READ(6,*) (SK(I),]=1,NT)
WRITE(7,500) (SK(1),I=1,NT)

T=0.0
H=X/(NX-1)
DO 10 1=1,NX
10 CIl()=CI
1  T=T+TH
DO 20 I=1,.NX
IF(1.EQ.1) THEN
IF (MOD(INT(T/TH),1000).EQ.0) WRITE(0,50) T



C TT=T/10000.
C(1)=G1
ELSE IF(1.EQ.NX) THEN
C TT=T/10000.
C(NX)=G2
ELSE
DD=D*TH/(H*H)
Fi=A*C1(1-1)/(C1(I-1)+B)
F2=A*C1(I)/(C1(I1)+B)
F3=A*C1(I+1)/(C1(1+1)+B)
CC=DD*(F1-2.0*F2+F3)+F2+C1(I)
S=A+B-CC
SS=S*S+4.0*B*CC
C()=0.5*(-S+SQRT(SS))
END IF
20 CONTINUE
IF(T.GE.TO) THEN
WRITE(7,400) T,(C(1),I=1,NX)
ELSE
DO 30 I=1,NX
30 C1(D=CQd)
50 FORMAT(1X,T="E20.5)
J1=0
DO 40 J=1,NT
IF (ABS(T-SK(J)).LE.0.17) J1=J1+1
40 CONTINUE
IF(31.EQ.1) WRITE(7,400) T,(C(1),I=1,NX)
GO TO 1
END IF
C
100 FORMAT(1X,'A="F15.9,2X,'B='F15.9,2X,'D=",E15.9,2X,'G1=',
* F15.9,2X,'G2="F15.9)
200 FORMAT(1X,'X="F15.9,2X 'NX="15,2X,'CI="F15.9,2X,'TH=',
* F15.9)
300 FORMAT(1X,TO="F15.9,2X,'NT="15)
400 FORMAT(5X,'/CONCENTRATION VALUE ''T=",E20.9/(2X,F15.9))
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500 FORMAT(1X,'SPECIFIC TIME TO PRINT OUT'/4(1X,E20.9))
STOP
END
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PROGRAM B.4:

PROGRAM MAIN

FORTRAN File: ZHONG3.FOR
THIS A FORTRAN PROGRAM TO SIMULATE THE NUMERICAL RESULTS

OF DUAL-SORPTION MODEL WITH SURFACE ALWAYS ASSOCIATED
(SCHEME II).

O06000

O

Created by: Zhong Li
Feburary, 1994

0

DIMENSION C(10000).C 1(10000),SK(20).W(10000),W 1(10000)
OPEN(6.FILE='DATA")
OPEN(7,FILE=RESULT")

READ(6,*) A.B,.2,G1,G2.P1,P2,D1
WRITE(7,100) A,.B,D,G1,G2,P1,P2,DI
READ(6,*) X,NX,CI,TH |
WRITE(7,200) X,NX,CL,TH
READ(6,*) TONT

WRITE(7,300) TONT

READ(6.*) (SK(I),I=1,NT)
WRITE(7,500) (SK(1),]=1,NT)

=0.0
H=X/(NX-1)
DO 10 I=1,NX
WI1(1)=0.0

10 CIl(1)=CI

1 =T+TH
DO 20 I=1,NX
IF(1.EQ.1) THEN
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30
50

40

IF (MOD(INT(T/TH),1000).EQ.0) WRITE(0,50) T
=T/12551.
W(1)=P1*(1.0-0.6*EXP(-TT/1.4))
C(1)=G1*(1.0-0.75*EXP(-TT))+W(1)
ELSE IF1.EQ.NX) THEN
TT=T/12551.
WNX)=P2*(1.0-0.6*EXP(-TT/1.4))
C(NX)=G2*(1.0-0.75*EXP(-TT))+W(NX)
ELSE
DD=D*TH/(H*H)
DW=D1*TH/(H*H)
W(D)=DW*(W1(I-1)-2.0*W1(D+W1(I+1))+W1(I)
F1=A*C1(I-1)/(C1(I-1)+B)
F2=A*C1(I)/(C1(I)+B)
F3=A*C1(I+1)/(C1(1+1)+B)
CC=DD*(F1-2.0*F2+F3)+F2+C1(l)
S=A+B-CC
SS=S*S+4.0*B*CC
C(1)=0.5*(-S+SQRT(SS))+W(I)-W ()
END IF
CONTINUE
IF(T.GE.T0O) THEN
WRITE(7,400) T,(C(1),I=1,NX)
ELSE
DO 30 I=1,NX
C1()=C(1)
W1(1)=W()
FORMAT(1X,'T="E20.5)
J1=0
DO 40 J=1 NT
IF (ABS(T-SK(J)).LE.0.17) J1=J1+1
CONTINUE
IF(J1.EQ.1) WRITE(7,400) T,(C(1),I=1,NX)
GOTO1
END JF
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100 FORMAT(1X,'A="F15.9,2X,'B="F15.9.2X,'D="E15.9,2X.'G1=",
* F15.9.2X'G2="F15.9.2X,P1="F15.9,2X,'P2="F15.9,.2X,
* DI=E15.9)
200 FORMAT(1X,'X="F15.9,.2X 'NX="15,2X,'CI="F15.9.2X,'TH=",
* F15.9)
300 FORMAT(1X,TO="F15.9.2X ,NT='15)
400 FORMAT(SX,'"CONCENTRATION VALUE ','T='E20.9/(2X,F15 9))
500 FORMAT(1X,'SPECIFIC TIME TO PRINT OUT'/4(1X,E20.9))
STOP
END
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PROGRAM B.5:

PROGRAM MAIN

FORTRAN File: BLOCKI1.FOR

THIS A FORTRAN PROGRAM TO SIMULATE THE NUMERICAL RESULTS
OF DUAL-SORPTION MODEL WITH ONE SIDE OF SURFACE BLOCKED
(SCHEMEI).

O0O00a0n

.

Created by: Zhong Li
Feburary, 1994

O

DIMENSION C(10000),C1(10000),SK(20)
OPEN(6,FILE='DATA")
OPEN(7,FILE='RESULT")

READ(6.*) A.B.D,G1,G2
WRITE(7,100) A.B,D,G1,G2
READ(6,*) X,NX,CI,TH
WRITE(7,200) X,NX,CI, TH
READ(6,*) TO,NT
WRITE(7,300) TO,NT
READ(6.*) (SK(I),]I=1,NT)
WRITE(7,500) (SK(1),I=1,NT)

T=0.0
H=X/(NX-1)
DO 10 I=1,NX
10 CI()=CI
1  T=T+TH
DO 20 1=1,NX
IF(1.LEQ.1) THEN
IF (MOD(INT(T/TH),1000).EQ.0) WRITE(0,50) T
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30
50

40

C
100

TT=T/24000.
C(1)=G1*(1.0-EXP(-TT))

ELSE IF(I.EQ.NX) THEN
DDD=D*TH/(H*H)
FF1=A*C1(NX-1)/(C1(NX-1)+B)

FF2=A*C1(NX)/(C1(NX)+B)
CCC=DDD*(FF1-FF2)+FF2+C1(NX)
SS=A+B-CCC
SSS=SS*SS+4.0*B*CCC
C(NX)=0.5*(-SS+SQRT(SSS))
ELSE
DD=D*TH/(H*H)
F1=A*C1(I-1)/(C1(I-1)+B)
F2=A*C1()/(C1(I)+B)
F3=A*C1(I+1)/(C1(I+1)+B)
CC=DD*(F1-2.0*F2+F3)+F2+C1(l)
S=A+B-CC
SS=S*S+4.0*B*CC
C(1)=0.5*(-S+SQRT(SS))
END IF
CONTINUE
IF(T.GE.T0) THEN
WRITE(7,400) T,(C(I),]=1,NX)
ELSE
DO 30 I=1,NX
C1()=C()
FORMAT(1X,'T=",E20.5)
J1=0
DO 40 J=1,NT
IF (ABS(T-SK(J)).LE.0.17) J1=J1+1
CONTINUE
IF(J1.EQ.1) WRITE(7,400) T,(C(I),]I=1,NX)
GO TO 1
END IF

FORMAT(1X,'A="F15.9.2X,'B="F15.9.2X,'D="E15.9.2X,'G1=',
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* F15.9,2X,'G2="F15.9)
200 FORMAT(1X,'’X="F15.9,2X,'NX="15,2X,'CI="F15.9,2X,'TH=",
* F15.9)
300 FORMAT(1X.'T0="F15.9,2X 'NT="15)
400 FORMAT(5X,/CONCENTRATION VALUE ','T='[E20.9/(2X,F15.9))
500 FORMAT(1X,'SPECIFIC TIME TO PRINT OUT/4(1X,E20.9))
STOP
END
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PROGRAM B.6:

PROGRAM MAIN

FORTRAN File: BLOCK2.FOR
THIS A FORTRAN PROGRAM TO SIMULATE THE NUMERICAL RESULTS

OF DUAL-SORPTION MODEL WITH ONE SIDE OF SURFACE BLOCKED
(SCHEME II).

OO0 0

@)

Created by: Zhong Li
Feburary, 1994

0

DIMENSION C(10000),C1(10000),SK(20),W(10000),W 1(10000)
OPEN(6,FILE='DATA")
OPEN(7.FILE=RESULT")

READ(6,*) A.B,D,G1.G2,P1,P2.D1
WRITE(7,100) A.B.D,G1,G2,P1,P2,DI]
READ(6,*) X,NX,CI, TH
WRITE(7,200) X,NX,C!,.TH
READ(6,*) TO,NT

WRITE(7,300) TO,NT

READ(6,*) (SK(I).I=1,NT)
WRITE(7,500) (SK(I),I=1,NT)

T=0.0
H=X/(NX-1)
DO 10 I=1,NX
W1(1)=0.0

10 Cl()=CI

1 =T+TH
DO 20 I=1,NX
IF(1.EQ.1) THEN



IF (MOD(INT(T/TH),1000).EQ.0) WRITE(0,50) T
TT=T/12551.
W(1)=P1*(1.0-0.6*EXP(-TT/1.4))
C(1)=G1*(1.0-0.7S*EXP(-TT))+*W(1)

ELSE IF(1.EQ.NX) THEN

DD=D*TH/(H*H)
DW=D1*TH/(H*H)
WNX)=DW*(W1(NX-1)-WI1(NX))+W1(NX)
FF1=A*C1(NX-1)/(CI1(NX-1)+B)
FF2=A*C1(NX)/(C1(NX)+B)
CCC=DD*(FF1-FF2)+FF2+C1(NX)
SS=A+B-CCC
SSS=SS*SS+4.0*B*CCC
C(NX)=0.5*(-SS+SQRT(SSS))+W(NX)

ELSE
DD=D*TH/(H*H)

DW=D1*TH/(H*H)

W()=DW*(W1(I-1)-2.0*WI(I)+ W1(I+1))+W1(l)
IF(C(1).LT.G1) THEN

F1=A*C1(I-1)/(C1(I-1)+B)
F2=A*C1(1)/(C1(I)+B)
F3=A*C1(I+1)/(C1(I+1)+B)
CC=DD*(F1-2.0¥F2+F3)+F2+C1(l)
S=A+B-CC

SS=S*S+4.0*B*CC
C(1)=0.5*(-S+SQRT(SS))+W(I)-W1(I)
ELSE

C()=W()-W 1(1)+C1(J)

END IF

END IF
20 CONTINUE

IF(T.GE.T0) THEN
WRITE(7.400) T .(C(I).J=1,NX)

ELSE

, DO 30 I=1,NX

C1(D)=C()
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30 WI(D)=W()

50 FORMAT(1X,'T="E20.5)
J1=0
DO 40 J=1,NT

IF (ABS(T-SK(J)).LE.0.10) J1=J1+1
40 CONTINUE
IF(J1.EQ.1) WRITE(7.400) T.(C(1).I=1,NX)
GOTO 1
END IF
C
100 FORMAT(1X.'A="F15.9.2X,'B="F15.9.2X,'D="[E15.9.2X.'G1=",
* F15.9,2X,'G2="F15.9.2X,'P1="F15.9,2X,'P2="F15.9,2X,
* 'DI1='E15.9)
200 FORMAT(I1X.'’X="F15.9,2X,'NX="15,2X.'CI="F15.9.2X.'TH='
* F15.9)
300 FORMAT(1X,'T0="F15.9.2X NT="15)
400 FORMAT(5X,/CONCENTRATION VALUE ''T="E20.9/(2X.F15.9))
500 FORMAT(1X,'SPECIFIC TIME TO PRINT OUTY4(1X,E20.9))
STOP
END



