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ABSTRACT
THE THEORY AND PRACTICE OF MEMBRANE EXTRACTIONS

By
Mark Anthony LaPack

The selection of a membrane for a given separation of a mixture

is generally based upon the "like-dissolves-like" rule, which often

times is an inadequate guide. In this work, membrane extractions
have been studied using silicone membranes and mass spectrometry.
Aqueous and gas samples were exposed to one side of the membrane
while the contents on the other side were analyzed by mass
spectrometry. Predictive permeation models have been developed.
Good correlations are observed between the permeation data,
chromatographic data, a solubility parameter model, and a model
based on the boiling points of the analytes. The effects of
experimental parameters on membrane extractions have also been
examined. The effects of the configuration of the membrane
extractor, membrane dimensions, temperature, sample flow rate, and
other parameters are presented in the context of optimizing the
. separation technique. A membrane extraction mass spectrometric
technique has been developed for on-line analysis of organic
components of multiple liquid and gas streams, and applied in an
aerobic biological wastewater treatment process. Mass balance
determinations were performed by quantitatively measuring organic

contaminants in influent and effluent water and air streams.
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CHAPTER 1

Introduction

The need for real-time trace analysis of air and water streams
has increased in recent years. Methods are being sought for on-line
analysis of process streams for process optimization and control. The
challenge of environmental monitoring of air and wastewater
emissions grows with increasingly stringent government regulations.
In many cases, the extraction, concentration, desorption, and analysis
of organic compounds from air or water streams can be accomplished

in a single step using a membrane extraction device.

BACKGROUND

Membranes have long been used in industry and medicine for
processes requiring purification or enrichment of a gas or liquid
stream (1, 2). These membrane processes include separation of
hydrocarbons, separation of the components of air, purification of
water, and detoxification of blood. The same membranes used in
these industrial and medical processes also may be utilized on a
smaller scale in analytical separations. Terms that are commonly used
by membrane technologists (3) and the analogous terms that may be
used by analytical chemists are summarized in Table 1.1. These terms

may be used interchangeably in this work.
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Table 1.1. Membrane separation terms and some analogous terms
used in analytical chemistry.

membrane technology term alternate terms

membrane stationary phase

feed sample stream, mobile phase

reject waste stream, vent stream

permeate extract stream

permselectivity enrichment factor, concentration
factor

diffusivity diffusion coefficient

permeability permeation coefficient

solubility Henry's law coefficient,

distribution ratio

In general, membrane processes are comprised of the
membrane, the feed stream (sample), the reject stream (waste or
vent), and the permeate stream (sample extract) as shown in Figure
1.1. The permeate stream is enriched in analytes due to the selective
permeation properties of the membrane. The permeation of an
analyte through a membrane is defined by three processes;

1) selective partitioning of the analyte from the sample into the
membrane polymer matrix,

2) selective diffusion of the analyte through the membrane, and

3) desorption of the analyte from the membrane into a vacuum or

sweep gas.

Diffusion through the membrane is assumed to be the rate
determining process, while partitioning at the sample surface and

desorption from the permeate surface are considered to be
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Figure 1.1. The components of a typical membrane extractor.
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instantaneous. A step change in analyte concentration in the sample
results in the typical permeation response curve shown in Figure 1.2.
The sensitivity of a membrane separation technique is determined by
the steady state permeation response, while the non-steady state
permeation characteristics of the analyte in the membrane determine
the response time. These processes will be discussed in detail in the
following chapters.

The development of membrane extraction (ME) techniques
have given birth to a family of powerful hyphenated analytical
techniques, including ME-mass spectrometry (ME-MS) (4, 5), ME-gas
chromatography (ME-GC) (6), ME-flow injection analysis (ME-FIA) (7),
ME-liquid chromatography (8), ME-ion chromatography (9), and
others, including GC-ME-MS (10, 11) and FIA-ME-MS (12, 13). The
membrane extractor is much more than an inlet or sampling system
for an analyzer. Membrane extractors have become indispensable for
techniques that require high specificity, sensitivity, and speed,
particularly for on-line analyses (14-16).

Although applicable to any analytical technique, the membrane
studies and applications described in this work were performed with
analyses of the permeate by mass spectrometry. Historically,
membranes have been used as molecular separators in gas
chromatography-mass spectrometry (GC-MS) to reduce the amount of
helium carrier gas flowing into the mass spectrometer. Llewellen and
Littlejohn (10) have used a flat silicone membrane that is selectively

permeable to organic molecules relative to helium. The GC effluent



flows across one surface of the membrane, through which the organic
molecules permeate into the analyzer while the helium is largely
rejected. Lipsky, Horvath, and McMurray (11) used a heated Teflon
tube to act as a molecular separator interface for GC-MS. In this case,
helium preferentially permeates the porous Teflon membrane,
resulting in an enrichment of the organic analytes flowing into the

analyzer as the stream rejected by the membrane.

Westover, Tou, and Mark (5) evaluated various hollow fiber
membrane materials for MS analysis of organic compounds in air and
water without GC separations. The membrane was the direct interface
between the sample and the analyzer, with the inside of the hollow
fiber exposed to the MS vacuum and the outer surface exposed to the
sample. This particular configuration will hereafter be termed the
"flow-over" hollow fiber inlet. Cooks and co-workers (17) reversed the
configuration such that sample flows through the inner volume of the
hollow fiber while the outer surface is exposed to the MS vacuum.
Hence, "flow-through" will be the terminology describing this
configuration. The two configurations are contrasted and discussed in
detail in Chapter 5. Except where specifically stated, all of the data
reported in the present work were obtained with a flow-through
hollow fiber membrane extractor. There are advantages to analyzing
the sample directly without chromatographic separation. In cases
where interferences between analytes are minimal or can be
accounted for, the analysis or screening of batch samples can be
shortened (12). In addition, transient processes can be much better

studied by direct and continuous analysis (18, 19).



GOALS OF THIS WORK

Much of the literature on the subject of sampling with
membranes is devoted to useful applications. Relatively little emphasis
has been placed on the development of practical models (a) for
predicting the capacity of a membrane to separate two components in
a sample or (b) for choosing the appropriate material for performing a
desired membrane separation. A goal of the present work was to
provide useful models and experimental guidelines for performing
membrane extractions so that the versatility of the technique may be
better exploited.

In Chapter 2, generalized forms of the permeation rate
equation for analytical applications to both air and water samples are
developed. Results and discussion of the effects of various
experimental parameters on permeation rates are presented with
their theoretical bases. A mass spectrometric method for determining
the permeation parameters, including enrichment factors,
permeabilities, diffusivities, and distribution ratios, will be presented.
Many of the results in this chapter have been published (20, 21).

In Chapter 3, a permeation model is developed based on
regular solution theory. Equilibrium partitioning of substances
between the membrane and feed phases results in two phases that
may modeled utilizing Hildebrand solubility parameters. In addition,
the effect on diffusive transport of partitioning a diffusing substance

between a filler and polymer phase in a composite membrane also may



be correlated to solubility parameters. Finally, experimental and
theoretical enrichment factors for a composite membrane are
correlated in the solution-diffusion model. The inforrnation presented

in this chapter has been published (22).

Chapter 4 is a practical extension of the principles developed
in Chapter 3. In Chapter 4, chromatographic separation principles
and data are applied to membrane extractions. Since both techniques
are governed by the same thermodynamic and kinetic factors, a model
is described utilizing well known chromatographic principles. Very
good experimental agreement is observed in correlations made
between the selectivities obtained by membrane extractions and by gas
chromatography. Such correlations become more complicated for
strong hydrogen bonding compounds because the membrane contains
a finely dispersed silica filler to provide it with strength and elasticity.
This silica filler affects both the thermodynamic and the transport rate
properties of the material. Comparisons are made between a simple
boiling point model and the solubility parameter model described in
Chapter 3. The information presented in this chapter has been
submitted for publication (23).

In Chapter 5, guidelines for the construction and use of simple
membrane inlets are presented. Experimental parameters are
discussed in the context of analytical sensitivity and response time.
These experimental parameters include analyte concentration, sample
flow rate, temperature, membrane thickness and surface area,

membrane extractor configuration, and distance of the membrane
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extractor from the analyzer and the sample. Portions of this chapter
have been previously published (20, 21). Much of the additional
information has been submitted for publication (24).

In Chapter 6, the application of an ME-MS technique that was
developed for on-line analysis of organic components of multiple liquid
and gas streams is presented. The silicone membranes are shown to
allow for extraction of organic chemicals from complex and dirty
matrices with no sample preparation. Multiple streams of both air and
water were analyzed on-line with a single analyzer. This method has
been applied in an aerobic biological wastewater treatment process.
Mass balance determinations were performed by quantitatively
measuring the organic contaminants in the influent wastewater
stream, in the effluent water stream, and in the effluent air stream.

The information presented in this chapter has been published (25).
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CHAPTER 2

Permeation Fundamentals

Permeation is a broad term that describes a variety of processes
involving transport of substances across boundaries (1). Many of these
processes have been given specific phenomenological names. For
example, as opposed to gas permeation, the term pervaporation is
often used to describe the penetration of a substance into a polymer
from the liquid phase, diffusion of the substance through the polymer,
and desorption from the polymer into the gas phase (2, 3). It has
been suggested that the term sorption indicates the penetration into
the polymer of a substance from the gas phase while absorption
indicates the penetration from the liquid phase (4). Regarding the
work described in the following pages, the more broadly descriptive
terms, permeation and sorption, will be used in both gas and liquid
applications. The term adsorption will be used in describing the
assimilation of molecules from a gas or liquid phase by an impermeable
surface. The term desorption describes the reverse process of

sorption, absorption, and adsorption.

As introduced in Chapter 1, the permeation of a compound
through an amorphous polymer is governed by sorption of the
compound into the polymer, diffusive transport through the polymer
matrix, and desorption from the downstream side of the polymer.
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This description of the permeation process is generally known as the
solution-diffusion model (5). Sorption and desorption are equilibrium
processes that may be described by classical thermodynamics (6, 7) as
will be discussed further in Chapters 3 and 4. Because it is such a
rapid process, desorption of the permeating compound into a vacuum
or carrier gas is commonly ignored when discussing the permeation of
gases and volatile organic compounds. The diffusion process is driven
by the concentration gradient across the thickness of the membrane.
Quantitative treatments of diffusion in solids under various conditions
have been presented (8, 9). In this chapter, sorption and diffusion are
discussed in regards to the two regions of the permeation rate curve,
steady state and non-steady state (see Figure 1.2), and to their
importance to the selectivity of the permeation process.

STEADY STATE PERMEATION

Steady state permeation is described by Fick's first law

Fj = -AeD; ¢*dc; ¢/0x (2.1)

where F; is the flow rate (permeation rate) of substance i in the

permeate (extract stream), A is the surface area of the membrane, D; ¢

is the diffusivity of the substance in the membrane polymer (stationary

phase), and dc; ¢/0x is the concentration gradient for substance i

across the membrane thickness. For a sheet membrane, Fick's first

law gives

13



Fj = A*D; ¢*(c; 51 - C1,52)/d (2.2)

and for a hollow fiber membrane,

Fy = 2enteLeD; s°(c; 51 - Cj s2)/In(0.d./i.d)) (2.3)

where c; 51 and ¢; g9 are the concentrations of substance i in the feed
surface and the permeate surface of the membrane, respectively, d is
the thickness of the sheet membrane, L is the length of the hollow
fiber, and o.d. and i.d. are the outer and inner radii of the hollow fiber,
respectively. The general components of the permeation process are
shown in Figure 2.1 (for a sheet membrane). If the permeate side of

the membrane is exposed to the mass spectrometer vacuum or swept

with a carrier gas, a concentration gradient is established and cgo;

becomes very small relative to c; ¢; and can be ignored. This

concentration gradient is the driving force for diffusion. The
concentration c; g) is established by the partitioning process and, for

gas samples, is directly proportional to the partial pressure of
component i, p;, in the sample by the Henry's law of solubility

coefficient, S;, such that c; 5; = Sy*p;. However, since the desired

measurement for most analytical methods is concentration and not
partial pressure of a substance in the sample, Equations 2.2 and 2.3

can be rewritten for the sheet as

Fi = AeD; ¢*S;*pt*(pi/pd)/d (2.4)

and for the hollow fiber as

14



Permeation through a Membrane

1) Sorption into the membrane
2) Diffusion through the membrane
3) Desorption from the membrane

sample or feed stream
mobile phase)

Cm

membrane

extract or
permeate stream

F = AsDg*Kecrm/d

Figure 2.1. A cross-section view of the general components of the

permeation process.



Fi = 201t°L°D1'SOSi°pt0(p1/pt)/ln(o.d./i.d.) . (2 . 5)

The substance i partial pressure/total sample pressure ratio,

Pi/Pt, gives the molar concentration of the substance in the feed
(mobile phase), c; ,,. The product, S;*p;, can be rewritten to yield the
ratio of the concentration in the membrane, c; g1, to the concentration
in the feed, ¢; ,,, which is defined as the concentration distribution

ratio, where K| = ¢; 51/¢; ;- The distribution ratio provides a more

generalized form of the permeation rate equation, where for the sheet

Fl = A.Dl.S.Kl.ci.m/d (2 . 6)

and for the hollow fiber

Fl = 2.1t.IJ.D1’S.Kl.Ci'S/1n(O.d./i.d.) (2.7)

This form of the permeation rate equation is also readily applied
to aqueous samples where the membrane/water distribution ratio for
the substance and the concentration of the substance in the aqueous

sample are used (10). The product of diffusivity and distribution ratio
is the permeability (P; = D; ¢*K;). Typically, membrane technologists

utilize the Henry's Law coefficient (P; = D; ¢*S;) and the units
cm3ecm/[secm2ecm-Hg] for gas permeabilities. Since the distribution

ratio has no units, the units for permeability will be given as

cm?2/[sec; )] where appropriate in the present work.

16



At a given temperature and pressure, the permeability and the

dimension factor (A/d for the sheet, 2 ® L/In(o.d./i.d.) for the hollow

fiber) are constants. The permeation rate and therefore the analytical

signal, 1, is directly proportional to the sample concentration, where

I = Qi°F; = rfyec; (2.8)

where Q, is the absolute instrumental response factor and rf; is the

analytical response factor for compound i. Depending upon the
application, the sample concentration may, in fact, be expressed in
any useful units to obtain an analytical working curve. For example,
organic contaminants in aqueous samples are often expressed in units
of mg/L, while organic contaminants in air may be expressed in units

of L/L or mole/mole.

The linear relationship between permeation rate and sample
concentration is exhibited over a wide dynamic range, as shown in
Figure 2.2, in which the response is directly proportional to the
permeation rate. The upper limit of this range is determined by the
maximum amount of analyte that the analyzer will tolerate for linear
response and/or the swelling of the membrane due to high sorption of
organic analytes. Aqueous samples generally provide a wider dynamic
range because the low end of the range is extended. The detection

limits for aqueous samples are generally lower than for air samples.

17
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Effects of membrane dimensions

It is apparent from Equations 2.6 and 2.7 that increasing the
surface area of the sheet and the length of the hollow fiber
proportionally increases the permeation rate. Membrane thickness
has an inverse effect on permeation. For a sheet membrane, the
permeation rate is simply proportional to 1/d. For a given length of
hollow fiber, the effect of hollow fiber radial dimensions on
permeation is given by 1/In(r,/r)). A comparison of signals obtained
from the analysis of organic compounds in air with two hollow fibers of
approximately equal lengths, but different radial dimensions, is shown
in Table 2.1. Experimental and theoretical response ratios show
reasonably good agreement for individual components as well as for

the total gas throughput indicated by the analyzer pressure.

Table 2.1. Effect of hollow fiber membrane radial dimensions on
analytical response. The silicone hollow fibers were 2.5-cm long.
Temperature = 23 °C.

response, (arbitrary units)

membrane 1 membrane 2 response

1.d.=0.0305 cm 1.d.=0.147 cm  ratio, I;/I
compound 0.d.=0.0635 cm 0.d.=0.196 cm exp. theor.
dichloromethane 2.8 5.5 2.0 2.5
1,1-dichloroethene 0.6 1.3 2.2 2.5
chlorobenzene 1.2 2.4 2.0 2.5
acetone 0.8 2.0 2.5 2.5
analyzer pressure 6.2x10-8 1.4x10°7 2.3 2.5

(torr)
analyzer base pressure = 2.0x10-9 torr.
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Effects of temperature
Permeation is a temperature-dependent phenomenon obeying

the Arrhenius relation:

P, = P, geexpl-Ep*(1/RT-1/RT,)] (2.9)

where the initial permeability of substance i, P; ,, is given at some
initial temperature, T,, the activation energy for permeation, Ep;, is
the sum of the activation energy for diffusion, Ep;, and the difference
in heats of solution between the membrane and the sample matrix,
AHg; = Hgj(membrane)-Hg;(matrix) for substance i. Substituting

D; s*K| = P; into Equation 2.9 gives

Dl.S.Ki = Dl.SO.Ki,O.exp[-(EDi + AHSi)’(l/R'I" 1 /R’I‘O)] (2. 10)

The activation energy, Ep,, is greater than zero, while in

general, AHg; is less than zero. The direction for the change in

permeability with changing temperature is dependent upon whether

the change in diffusivity or distribution ratio dominates, as determined
by the relative magnitudes of Ep; and AHg;.

The relative trends for the permeabilities of air, water, and
organic compounds with increasing temperature are shown in Figure
2.3. At higher temperatures, permeabilities of air and water increase

because increasing diffusivities dominate their permeability-
temperature relationship. Organic permeabilities from water samples

also increase largely due to increasing diffusivities. In contrast to
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Table 2.2. Survey of temperature effects on detection limits (S/N =
2) for organic compounds in air and water. The membrane is a 2.5-

cm long, 0.0305-cm i.d., 0.0635-cm o.d. silicone hollow fiber.

compound

chloromethane
dichloromethane
chloroform

carbon tetrachloride
chloroethene
1,1-dichloroethene
trichloroethene
tetrachloroethene
dibromomethane
bromoform

benzene

toluene
ethylbenzene
chlorobenzene
1,3-dichlorobenzene

1,2,4-trichlorobenzene

50
84
83
117
62
61
128
166
172
171
78
91
106
112
146
180

detection limit (ppb)

22

in air
26 °C

325
669
182
130
269
101
30
29
28
14
42
31
45
12
3

3

45 °C
368
742
233
163
301
125

39
34
36
21
54
38
57
14

3

5

in water
26°C 45°C
6 5
7 5
18 13
6 5
29 25
32 25
106 93
62 34
3 2
2 2
5
7
23 16
51 29



aqueous samples, air samples show a decrease in permeabilities for
organic compounds due to their reduced partitioning into the
membrane at higher temperatures. This effect will be discussed
further in the following chapters. Since, as shown in Table 2.2,
organic permeabilities decrease for air samples with increasing
temperatures, their detection limits increase. Because of the greater
permeabilities of organic compounds from water at higher
temperatures, their detection limits improve. However, organic
enrichments decay at higher temperatures, as discussed below.
Further observations on these temperature-related phenomena are
presented below in the discussion on organic enrichment and their

implications in chemical analyses are discussed in Chapter 5.

NON-STEADY STATE PERMEATION

Non-steady state permeation is governed by Fick's second law:

aCLs/at = -Dl's-(a2ci's/ax2). (2 1 1)

The mathematical solution for diffusion through a membrane of

thickness d following a step change in sample concentration is (11)

Fy(t) = Fi(ss)®{1 + [2¢Z(-1)?eexp(-(nen/d)2 D; got)]}. (2.12)

where Fy;) and Fj(ss) indicate the permeation rate of substance i at time

t and at steady state conditions, respectively. The permeation process

exhibits an asymptotic approach to steady state, thus the time

23



required to achieve steady state, or even 95% steady state, tgs, may be

difficult to determine. It is convenient, therefore, to relate response

time to the time required to achieve 50% steady state permeation, tg,

which is more easily determined. The first order approximation at
tso, neglecting all but the first exponential term (n=1), can be used to

determine the diffusion coefficient (12), where

Di.s = 0.14°(d2/t50) (2. 13)

Further evaluation yields a tgs/tsg theoretical ratio of 2.7. Good
agreement is obtained for times greater than tsg when the first

approximation is applied to experimental response curves, as shown
in Figure 2.4. Thus, the response time approximation tgg = 2.7etg( is
valid. For times less than tgg, additional terms in the polynomial are
required for a good fit. Response times are reported in this work in

terms of t5p measurements.

Effects of membrane dimensions
Since diffusivity is a constant for a given substance in a given
polymer and at a given temperature, the response time-thickness

relationship can be expressed as follows:

tis0)2/t50)1 = (d2/d;)2. (2.14)

The increase in response times for organic gases permeating a
hollow fiber membrane with a 0.0216-cm wall thickness compared
with that for a 0.0165-cm wall thickness is shown in Table 2.3. As
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described in the Appendix, the experimental measurement of tgg is

dependent upon errors in defining the steady state permeation
response and in establishing the time when the sample makes initial
contact with the membrane, ty. Thinning of the membrane caused by
the pressure difference between the inside and the outside of the
hollow fiber also may result in the deviations between the

experimental and theoretical response time ratios in Table 2.3.

Table 2.3. Effects of membrane thickness on response time for gas
phase organic compounds. The membranes are 2.5-cm long
silicone hollow fibers. Temperature = 23 °C.

response time (minutes) ti50)2/t(50)1

compound d;=0.0165 cm d,=0.0245 cm exp. theor.
dichloromethane 0.38 0.60 1.6 2.2
1,1-dichloroethene 0.28 0.48 1.7 2.2
chlorobenzene 0.72 1.60 2.2 2.2
acetone 1.88 3.02 1.6 2.2

Effects of temperature

Diffusivity obeys the Arrhenius relation given by

D; ¢ = Dy go*exp[-Ep;*(1/RT-1/RT,)]. (2.15)

Higher temperatures result in increased diffusivities and therefore
shorter response times. The permeation rate response curves for a

step change in sample concentration at various temperatures are

shown for 1,2,4-trichlorobenzene in Figure 2.5. The tgg values for
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trichlorobenzene as a function of temperature.
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Table 2.4. Survey of temperature effects on response time, tg,, for

organic compounds in nitrogen. The membrane is a 2.5-cm long,
0.0305-cm i.d., 0.0635-cm o.d. silicone hollow fiber.

compound

chloromethane
dichloromethane
chloroform

carbon tetrachloride
chloroethene
1,1-dichloroethene
trichloroethene
tetrachloroethene
dibromomethane
bromoform
benzene

toluene
ethylbenzene
chlorobenzene

1,3-dichlorobenzene

1,2,4-trichlorobenzene

response time, tgg, (minutes)

26 °C

0.23
0.34
0.42
0.52
0.25
0.36
0.41
0.78
0.57
1.30
0.43
0.59
0.86
0.93
4.40
8.70

45 °C

0.19
0.30
0.36
0.38
0.20
0.30
0.35
0.55
0.40
0.88
0.32
0.46
0.60
0.63
1.70
4.60

65 °C

0.18
0.24
0.30
0.32
0.18
0.25
0.28
0.41
0.33
0.62
0.26
0.35
0.42
0.45
1.00
3.00



several gas phase organic compounds at different temperatures are
given in Table 2.4. Aqueous sample response times mimic gas samples
when the transport-rate through the sample is negligible, as discussed
in detail in Chapter 5.

ORGANIC ENRICHMENT

The relative permeability through the membrane for one
compound over another determines membrane selectivity. The
enrichment factor, €;/j, of one component, i, over another, j, (e.g., an
organic compound over the sample matrix) is defined by the ratio of

their permeabilities;

81/] = (Di,S.Ki)/(Dj.S.Kj) = (Fi/cl.m)/(Fj/cj.m) (2. 15)

Effects of membrane dimensions

The enrichment factor is independent of membrane
dimensions, as seen in Equation 2.15. Increasing the length or
number of the hollow fiber will increase permeation rates of all
components proportionally, with no effect on observed organic
enrichment, if c,; does not change over the length of the hollow fiber.
Typically, increasing the membrane surface area will be more
efficiently accomplished by increasing the number, rather than the
length, of hollow fibers exposed to the sample.
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Effects of temperature

With increasing temperature, the enrichment factors for organic
components are reduced because the permeabilities for air and water
increase more than the permeabilities for most organic compounds
studied, as shown in Figure 2.3. For trace level organic samples, the

analyzer pressure follows the permeabilities of the air or water.

Based on steady state response data used to determine the
detection limits in Table 2.2, permeabilities from aqueous samples
increased an average 35% (range = 14-83%) when the temperature
was increased from 26 °C to 45 °C for the compounds analyzed in
water. Diffusivities through the membrane for these same organic

compounds increased an average 46% (range = 13-159%) based upon
the response time data in Table 2.4, where [Dg(45 °)-Dg(26 °)]/Dg(26 °)

= [1/t50(45 °)-1/t50(26 °)]/[1/t50(26 °)]. Although the organic
permeabilities increased, water permeability increased 130% for the

same temperature change.

For air samples, organic responses decreased an average 20%
(range = 10-33%) when the temperature was increased from 26 °C to
45 °C, even though diffusivities increased an average 43% (range = 13-
159%). Therefore, the decrease in the membrane/air distribution
ratio dominates the permeabilities for these compounds. While the
organic permeabilities decreased, the nitrogen permeability increased
29%. Enrichment factors relative to nitrogen and water for several

organic compounds are given in Table 2.5.



Table 2.5. Survey of temperature effects on the enrichment over
the sample matrix for organic compounds in nitrogen and water.

enrichment factor

relative to nitrogen

compound 26°C 45°C
chloromethane 40 27
dichloromethane 48 33
chloroform 91 58
carbon tetrachloride 110 74
chloroethene 37 26
1,1-dichloroethene 57 35
trichloroethene 140 81
tetrachloroethene 310 180
dibromomethane 84 50
bromoform 320 170
benzene 170 110
toluene 380 230
ethylbenzene 450 280
chlorobenzene 550 330
1,3-dichlorobenzene 520 350

1,2,4-trichlorobenzene 780 400

31

relative to water

26°C 45°C
1900 1100
2100 1100
1800 1100
3300 1800
970 530
600 360
190 100
570 330
2600 1400
2300 1300
2200 1200
1300 730
470 300
450 390



Most of the permeation parameters (permeability, diffusivity,
solubility, and enrichment factors) reported in the literature are for
simple gases such as hydrogen, nitrogen, oxygen, argon, and light
hydrocarbons and alcohols (15-20). Very few studies have been
performed to determine these parameters for the more complex
organic compounds that are of interest to analytical chemists (21, 22).
A mass spectrometric technique developed for obtaining the
permeation parameters reported in this work is described in the

Appendix.
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CHAPTER 3

The Correlation of Permeability
with Hildebrand Solubility Parameters

In addition to guiding the selection of liquid extraction solvents,
the "like-dissolves-like" rule is commonly used to guide the selection
of membrane materials. For example, the extraction of non polar
organic compounds from an aqueous matrix can be accomplished with
a silicone membrane because of the tremendous selectivity this
polymer exhibits for the permeation of the non polar materials (Table
2.5). However, this simple rule does not predict nor explain the fact
that, in the gas phase, 1-propanol permeates this same silicone
membrane nearly two times better than pentane and methanol
permeates over forty times better than methane. In addition,
membrane extractions are kinetic, as well as thermodynamic,
processes such that the effects of selective diffusivities in the
membrane become important, not only for the separation efficiency,

but also for the analytical response time.

A fundamental understanding of the membrane extraction
process, facilitated by a simple model, can help to generate more
versatile separation techniques and perhaps a wider selection of
membrane materials. In this chapter, a permeation model is

developed based upon Hildebrand solubility parameters. A correlation
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of this model is made to the partition selectivity, to the diffusion
selectivity, and to the permselectivity or enrichment factor.

THE SOLUBILITY PARAMETER

As discussed in Chapter 2, the solution-diffusion permeation
model assumes that a permeating substance is in equilibrium at the
interface between the feed and membrane phases. This equilibrium,
in combination with a vacuum or sweep fluid at the permeate side of
the membrane, establishes a concentration gradient across the

membrane that results in diffusive flow. For component i, the

permeation coefficient, P;, is given by the product of the diffusivity,
D; s, and the Henry's law solubility coefficient, S;,

P; = Dy g°S; (3.1)

The permselectivity or enrichment factor, €; /> of a membrane for one

substance, i, relative to another, j, is defined as

8i/j = (Dl.s/Dj,s)‘(Si/Sj) (3.2)

By assuming that the sorption of a gas into a polymer phase may
be modeled as a solution process, a correlation of solubility parameters
to the solution-diffusion permeation model arises naturally.

Hildebrand solubility parameters have been used in estimating the
compatibility of polymers with solvents, additives, and coatings (1-6).
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The solubility parameter, §;, (7, 8) for substance i is the square root of

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