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The paper describes the application of vapor pressure osmometry (VPO) to determine solvent/polymer
interaction parameters for various polymer solutions containing high-molecular weight polymers in the
semi-diluted concentration range. The theoretical basis for the data evaluation is the Flory-Huggins (FH)
model and a virial expansion up to the third virial term. For validation already well characterized
polymer/solvent systems poly(vinylpyrrolidone)/water, polysulfone/N,N-dimethylformamide (DMF), and
poly(ether sulfone)/DMF were investigated. In the second part interaction parameters of poly(ether

Keywords: R imide) (PEI) in solvents with technical relevance for membrane formation (DMF, N-methylpyrrolidone
Immersion precipitation . . . . .
Thermodynamics (NMP), N,N-dimethylacetamide (DMAc)) were examined at different concentrations and temperatures.

The results document that VPO is a fast and promising method for characterization of semi-diluted
polymer solutions containing polymers with higher molecular weight. Results confirm the decrease of
solvent power for PEI in the series: NMP > DMAc > DMF.

Solvent/polymer interaction
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1. Introduction

The immersion precipitation process, in which a homogeneous
polymer solution is separated by the addition of a nonsolvent
through solvent/nonsolvent exchange into two phases (a polymer-
rich and a polymer-lean phases), is the most commonly used one to
fabricate polymeric membranes with various morphologies for
different applications. The diffusive exchange between both liquid
phases through the interface leads to changes in the composition
resulting in a phase demixing. Besides the kinetics of the phase
separation process, the thermodynamic state of the ternary non-
solvent (1)/solvent (2)/polymer (3) system plays a crucial role in the
creation of a specific morphology.

The classical Flory-Huggins (FH) model [1] is commonly used
for the thermodynamic analysis of the phase behavior during
membrane formation. The model results in an expression for the
Gibbs free energy of mixing of the system per mole of segments. For
a ternary system, the Gibbs free energy of mixing AGy can be
presented in form of Tompa'’s extension [2] as

AG
M —nyIngy +np In gy + 13 In g3 + x12(U2) N1 62

RT
+x23(¢3)M2h3 + X131 03 (M
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where R is the gas constant, T is the absolute temperature, n; and ¢;
are the number of moles and the volume fraction of components i,
respectively, and x; are the ifj interaction functions. uy is the
volume fraction of solvent in a pseudo-binary nonsolvent/solvent
mixture defined as: uy = ¢,/(¢1+ ¢2). The application of Eq. (1)
requires three precisely and independently determined (binary)
interaction parameters or interaction parameter functions. Know-
ing the interaction parameters between the three components, it is
possible to calculate binodal, spinodal, tie lines, and critical points
for the ternary system. More information about the mathematical/
numerical treatment may be found, e.g., in Ref. [3].

The solvent/polymer interaction parameter x»3 is one of these
three essential parameters. It is often assumed as concentration
dependent. The physical basis of its experimental determination is
the measurement of the reduced solvent vapor pressure above
a binary polymer mixture with respect to the state of pure solvent.
Experimental data can be found either for the diluted concentration
range (c3 <2.0 wt.%) of the polymer, measured with osmometry,
light scattering, or viscosimetry [4], or for a very high concentration
range (>50 wt.%), derived, e.g., from sorption experiments [5,6].
However, for the typical concentration range of membrane for-
mation (polymer concentration between about 10 and 30 wt.%)
only very few suitable y»3 data (not to mention their concentration
dependencies) can be found. Recently, Barth and Wolf [7] in-
troduced headspace gas chromatography as a method to measure
partial pressures of volatile components (solvents) in different
homogeneous binary systems. However, precise measurements
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Nomenclature and abbreviations
Abbreviation

DMAc  N,N-dimethylacetamide

DMF N,N-dimethylformamide

FH Flory-Huggins

NMP N-methylpyrrolidone

PEI poly(ether imide)

PES poly(ether sulfone)

PSU polysulfone

PVP poly(N-vinylpyrrolidone)

VPO vapor pressure osmometer
Nomenclature

¢ volume fraction

G Gibbs free energy (J mol™!)

“w volume fraction in binary system
T absolute temperature (K)

R gas constant (8.314 Jmol ' K1)
n number of moles

X interaction parameter

P vapor pressure (Pa)

X mole fraction

AH enthalpy difference (])

AvH heat of vaporization

Ade voltage difference (V)

v molar volume (cm® mol 1)

v partial molar volume (cm®mol 1)
p density (gcm 3)

m osmotic pressure (Pa)

M molecular weight

c concentration (g/ml)

A virial coefficient (cm® mol g—2)
1% volume (cm?)

Au chemical potential differences
a activity

K calibration constant (V g mol™!)
Index

1 nonsolvent

2 solvent

3 polymer as well as order of virial coefficient
M mixture

require concentrations higher than 25 wt.%. These concentrations
lie already on the upper limit, applied for membrane formation.

The experimental determination of solvent/polymer interaction
parameter for the typical concentration range of the polymer
membrane formation was carried out by high-pressure membrane
osmometry [8,9] or light scattering [10,11]. Practically, these (lim-
ited) data are the basis of all reported thermodynamic studies of
membrane formation in ternary systems. Most recently, Wei et al.
[12] estimated interaction parameters on the basis of solubility
parameters, but the relevance of the obtained x»3 values is ques-
tionable because of the data precision.

The vapor pressure osmometry (VPO) is a method that operates
typically (i.e., with high precision) in the infinite diluted concen-
tration range for polymer solutions containing polymers with
molecular weights significantly smaller than 10 000 Da. Despite
that Burge [13] showed that the thermoelectric differential vapor
pressure method is valid for a wide variety of electrolytes up to
moderate concentrations, VPO methods have obtained only a little
attention [14] as a source for thermodynamic data in the range of

semi-dilute polymer solution and polymers with molecular weight
M,, = 10 000 Da typical for VPO. The quickness and convenience of
this measurement make the method very promising in studies,
where isopiestic methods are too time consuming, in general. In
contrast to other techniques, very small pressure differences can be
detected and transformed into relatively large temperature differ-
ences making VPO beneficial in comparison to direct measure-
ments of the pressure difference. The open question is: Is the
application of VPO also successfully possible in the range of mod-
erately concentrated polymer solutions containing polymers with
high molecular weight, which are commonly investigated by
membrane osmometry? Obviously their application in the range of
infinite diluted polymer solutions is not possible because of the low
pressure difference between polymer solution and solvent. As
a consequence, the precision of the osmotic data is too low. How-
ever, the pressure difference rises rapidly as a function of polymer
volume fraction [15,16] and one may expect a successful application
of VPO in the range of moderately concentrated polymer solutions.
Therefore, the VPO technique may allow a new pathway to data for
solvent/polymer interaction parameters in the moderate concen-
tration range applied, e.g., for membrane formation.

In the present work, vapor osmotic pressure data are reported
for moderately concentrated binary polymer solutions containing
polymers with high molecular weight. Based on the data, the sec-
ond and third virial coefficients for these binary polymer solutions
are extracted and the FH interaction parameters are calculated. The
aim of this investigation is the development of experimental data
sources for the thermodynamic analysis of phase demixing pro-
cesses during membrane formation. Also, these data are interesting
for a completion of the concentration dependence of solvent/
polymer interaction parameters in the (limited) concentration
range between diluted and high where the standard experimental
techniques do not work precisely. In realization of this aim the first
part discusses the concentration dependency of the interaction
parameter in well-investigated semi-diluted polymer solutions.
With it, both the experimental technique and the principal data
evaluation shall be validated. The second part presents solvent/
polymer interaction parameters for poly(ether imide) (PEI) in dif-
ferent solvents including their concentration dependencies.
According to the obtained results, VPO is applicable and represents
a promising high precision technique for an inexpensive and quick
determination of the solvent/polymer interaction parameter y2s3.

2. Background of vapor pressure osmosis (VPO) and data
evaluation

2.1. Vapor pressure osmometry (VPO)

The equilibrium vapor pressure p; of a solvent over a solution is
lower than the vapor pressure pJ over the pure solvent at the same
temperature and pressure. If x3 is the mole fraction of the polymer
component in a binary solution, the pressure difference can be
expressed via Raoult’s law as pg —p2 = Apy = x3p(2’. This pressure
difference can be detected easily by a VPO device. In a VPO device,
two thermistors are placed in the measuring chamber. These
thermistors, forming two arms of a Wheatstone bridge, are sus-
pended in a saturated solvent atmosphere of a closed chamber,
whose temperature is carefully controlled. This chamber contains
a reservoir of solvent and two wicks to provide a saturated solvent
atmosphere around the thermistors. Under these conditions, if pure
solvent is placed on both thermistor surfaces with the same tem-
perature, the bridge can be adjusted to 0 to establish the reference
condition. Then the solvent on one thermistor is replaced by a drop
of solution. Condensation from the saturated atmosphere warms the
thermistor resulting in a change of its resistance and an unbalance of
the bridge. The condensation will continue until the thermistor
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temperature is raised enough to bring the solvent vapor pressure of
the solution up to that of the pure solvent at the surrounding
chamber temperature. The experimentally observed quantity is the
amount of resistance change required to rebalance the bridge, which
can be related to the temperature change of the thermistors. Thus
a temperature difference will be attained between the two therm-
istors which is according to the Clausius-Clapeyron equation
directly related to the vapor pressure of the solution by

dp, _ pAvH
dT ~ RT? )
where p» is the vapor pressure of the solvent and AyH is the heat of
vaporization of the pure solvent at this temperature and the am-
bient (atmospheric) pressure p. For the very small temperature
changes that are associated with VPO, it is assumed that T, AyH, and
p are constant and Eq. (2) can be integrated to yield the tempera-
ture difference

AT = (RT2 /pAVH>Ap2z (RT2 /AVH>X3 (3)

which is proportional to the pressure difference.

In the operating range of the osmometer, |AT]| is always small
enough so that the temperature dependence of AyH is negligible
with respect to other sources of uncertainties. Thus, the constancy
of AyH is justified. The temperature difference AT is transferred into
a voltage difference A®g| (application of the Wheatstone bridge
principle). On the basis of thermodynamic equilibrium consider-
ations, Burge [13] as well as Brown [17] showed that the measured
voltage is proportional to the chemical potential difference be-
tween states of pure solvent and of solution, A®g < Auy. This
chemical potential difference of the solvent can be expressed by the
osmotic pressure m as Auy = —mvy, Where vy is molar volume of the
solvent. Therefore, the measured voltage difference has the fol-
lowing relation to the osmotic pressure =

T ADep
RT ~— 1000K (4)

where p; is the density of solvent and K is a calibration constant.

2.2. Data evaluation

VPO is a standard method if infinite diluted polymer solutions
containing low-molecular weight polymers are investigated. In-
sofar the data evaluation of VPO can be realized similar to the
established data evaluation technique applied for low-molecular
weight polymer solutions [18]. However, the influence of additional
interactions has to be considered [19]. Herein two data evaluation
techniques are used: virial expansion and Flory-Huggins model. It
will be turned out that the obtained values of the solvent/polymer
interaction parameters depend on the applied model. Therefore, we
think that it is necessary to evaluate the data due to both models
and to show briefly the underlying model assumptions.

2.2.1. Virial expansion
The chemical potential (u2) and the solvent activity (ay) in the
solution are related to the osmotic pressure = by

Ay = pp — S = RTlnay = —vyw (5)

The osmotic pressure of polymer solutions can be described by
virial coefficients, which may be evaluated from cluster expansion
methods [20] as

™ l 2 3
RT = M—3(,‘3 +Aycs +Ascs + - (6)

where c3 is the concentration of the polymer (expressed in g/ml),
M3 is the molecular mass of the polymer, and A; and As are the

second and the third osmotic virial coefficients of the polymer in
the solvent, respectively. c3 can be related to ¢3, the volume frac-
tion of the polymer, by ¢3 = v3c3/M3, in which v3 is partial molar
volume of the polymer in the solution. The partial molar volume
can be obtained through v3=(dV/0n3)rp,,, where V is the total
volume and n; is the number of moles of component i. Commonly,
the higher order of virial coefficients (As,...) are neglected and
their contributions become part of an effective second virial
coefficient. This model is the basis of data evaluation in diluted
regimes.

2.2.2. Flory-Huggins model

A statistical thermodynamic approach, such as this model
[21,22], provides a good description of the steeply increasing
osmotic pressure with polymer concentration. The basic relation
may be obtained by deriving Auy, the excess chemical potential of
component 2 in the binary solvent (2)/polymer (3) system, from
Eq. (1) assuming ¢ =0 and calculating the first derivative of the

Gibbs free energy of mixing with respect to np, i.e,
Apy = [0(AG)/0na]r p p,- It results

A

% = Ingy + (1 - v2/v3)¢3 + X2303 (7)

where v, /v3 =0 is the ratio of molar volumes of solvent and poly-
mer. Using Eq. (7) the measured solvent activity from VPO data can
be used to calculate the solvent/polymer interaction parameter
according to

In(ay/¢,) — ¢3
¢3

The interaction parameter 3 is obtained as slope of a fitted
straight line if (In(ay/¢2) — ¢3)/¢3 data are plotted versus ¢s. This
model is the basis of data evaluation in concentrated polymer
solutions.

Polymer solutions, located in between the both regimes, behave
differently. Usually, the FH model is also applied to describe semi-
diluted polymer solutions, investigated herein. However, it has
been recognized [23] that the FH model neglects certain correla-
tions between adjacent (and even more distant) monomer units
resulting in density fluctuations. How two monomer units on the
same chain are spatially correlated is described with monomer
density correlations [24]. Therefore, the FH model gives an
inaccurate description of the virial coefficients for moderately
concentrated polymer solution.

For the description of especially semi-diluted solutions,
a virial expansion series with higher order interactions was
proposed [19,25]. Due to this model, the basic equation for the
thermodynamic properties is a power series for the osmotic
pressure.

= Xx23¢3 (8)

1
Ina = —v (,,37(;)3 + p3A205 + P§A3¢§) 9)

M;
where p3 is the density of the polymer which is assumed to be
equal to the partial density of polymer, p3. The third term in Eq. (9)
represents three-body interactions not considered in the FH
model.

To find the “true” interaction parameter in semi-diluted region,
it is assumed that the concentration dependency of the interaction
parameter includes both; two and three-body interactions. Several
theories exist for the description of this dependence. The following
is used here [8]

x23(¢3) = a+ b3 (10)

where a and b are adjustable parameters. According to Eq. (1) the
chemical potential of solvent 2 in binary mixture of a solvent (2)/
polymer (3) system can be represented by



2590 M. Karimi et al. / Polymer 49 (2008) 2587-2594

M2 “ina = In(1 - g3) + (1 - u/v3)dy
(o) - (1= o) (P20 |2 an

With Eq. (10) follows then

Ina = In(1 - ¢3) + (1 = va/v3)$s3 + (a— b)¢3 + 2b$3 (12)

To express Eq. (12) as virial expansion series, a linear approxima-
tion In(1 — ¢)= — ¢ — (1/2)¢? — (1/3)¢> should be used. This ap-
proximation is valid in the semi-dilute regime. Accordingly, the
virial expansion (Eq. (6)) completely has been identified with FH
model (Eq. (12)). However, it has been recognized that the FH
model cannot explain osmotic pressure of polymer solution in
semi-dilute regime precisely. In principle, the osmotic pressure ()
in the semi-diluted regime measures the number of contacts. Thus,
according to virial expansion, the second and higher order virial
coefficients are involved in the energetic interaction of contacts. On
the other hand, the first two terms in the right hand side of Eq. (12)
show entropy contribution of chemical potential in which they are
disappeared if a linear approximation In(1 — ¢)= — ¢ is used. This
approximation is valid if  — 0. The second virial coefficient which
shows the interaction of contacts is equal to X/p%vz. In conse-
quence, the interaction parameter is 0 if the solution behaves ide-
ally. Traditionally, a linear approximation In(1 — ¢)= — ¢ — (1/2)¢?
is used to present the FH model as virial expansion. Based on this
point, the second virial coefficient is expressed by (x — 0.5)/p3v. It
means that the interaction parameter is equal to 0.5 if the solution
behaves ideally. We would accept this agreement and employ two
terms of Taylor series in order to transfer the FH model to virial
expansion. Therefore, by considering the third virial term in Eq. (5)
as a contribution of three-body interactions, the concentration
dependency of the interaction parameter will be included. The
adjustable parameters of the interaction function (10) result from
a comparison of Egs. (9) and (12)

(1/2)+b — p%vaz

a
b= — (1/2)pdusA3 (13)

3. Experimental
3.1. Material

The following polymers were investigated: poly(ether imide)
(PEI), type Ultem® 1000 (General Electric, USA); polysulfone (PSU),
type Ultrason® S3010; poly(ether sulfone) (PES), type Ultrason®
E6020 (both BASF, Germany) as well as poly(N-vinylpyrrolidone)
(PVP) (Sigma-Aldrich, Germany). Polymers were dried before use
for 4 h at 100 °C in an oven. N,N-Dimethylformamide (DMF), N,N-
dimethylacetamide (DMAc) and N-methylpyrrolidone (NMP) were
obtained from Sigma-Aldrich as water-free solvents and applied as
received. Ultrapure water was purchased by Merck, Germany.
Benzil (Merck, Germany) was applied as calibration substance for
organic solvents and recrystallized twice from ethanol before ap-
plication, whereas urea (p.a.) (Merck, Germany) was used (applied
as purchased) for aqueous solvents. Characteristic data of the
polymers and solvents are listed in Table 1.

3.2. Methods

3.2.1. Preparation of polymer solutions

The polymers were dissolved in solvents using closed bottles.
Depending on the kind of polymer, solvent, or concentration, the
solutions were prepared either at room temperature (22 °C) or in
an oven at 80 °C under gentle stirring until a clear polymer solution

Table 1

Characteristic data of the solvents and the polymers investigated

Materials Molar volume Molecular Density
(cm?/mol) weight (g/mol) (g/cm?)

Benzil - 210.23 -

Urea - 60.06 -

NMP 96.52 99.13 1.027

DMAc 92.98 87.12 0.937

DMF 7734 73.09 0.945

Water 18.05 18 0.997

PEI 25486 328007 [26] 1.287 [28]
13986 18000° [27]

PSU 31452 39000° [7] 124 [7]

PES 35766 49000P [7] 137 [7]

PVP 310345 360 000° 1.16 [29]

2 Weight average.
b Number average.
¢ Data of the supplier.

was obtained (usually over night for 12 h). After that the polymer
solutions were cooled down and degassed by standing for a longer
time at room temperature.

3.2.2. Vapor pressure osmometry

A Vapor Pressure Osmometer, Model 833 (U.LC. Inc., USA), was
assembled to measure temperature differences between pure
solvent and polymer solutions of various concentrations. For each
experiment with a certain solvent and at each temperature, the
measuring chamber was filled with the solvent (about 20 ml) and
then equilibrated. The vapor/solvent equilibrium was reached in
the measuring chamber after about 8 h. The reproducibility of the
instrument was frequently checked with pure solvent. Differently
concentrated solutions of urea in water (0.21-0.78 wt.%) and of
benzil in DMF (0.12-0.82 wt.%), DMAc (0.1-0.82 wt.%) and in NMP
(4.9-9.8 wt.%) were prepared to calibrate the instrument. The
obtained A®e values for the various solution concentrations and
the pure solvents were divided by the concentration (A®ej/c) and
plotted versus the concentration c. Then the best straight line fit
was used for extrapolation to zero concentration. This extrapolated
value of Adg|/c was used to calculate the calibration constant K (Eq.
(4)) by multiplying it with the molecular weight of the used cali-
bration substance. To obtain correct A®g| values, measurements at
five concentration steps were repeated 8-10 times then averaged
(standard deviation: +2%). A straight line was fitted by linear
regression through the five concentration values and finally ex-
trapolated to zero concentration to get the calibration constant.
Additionally, calibrations were repeated after one or two weeks if
experimental investigations of a polymer/solvent system exceeded
this period of time. The values for the calibration constants used in
this work are listed in Table 2.

Measurements for the different binary polymer/solvent systems
were performed in the concentration range from 5 to 30 wt.%
polymer in the solution. After every fourth or fifth measurement,
a reference measurement with pure solvent was carried out to
check the baseline for the potential measurement. Under these
conditions, the measured voltages (and thus the osmotic pressures
of the solutions) differed within +1% from their mean value.

Table 2
Calibration constants K (Vgmol~') (see Eq. (4)) for the used vapor pressure
osmometer
Solvent Temperature (°C)

25 50 70 90 110
NMP - - 685 1246 1744
DMAc - - 3919 2978 -
DMF - 1373 2394 4977 -
Water 509 832 - - -
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Fig. 1. Dependency of the activity on the polymer fraction of aqueous PVP solutions at
25 and 50 °C, according to the FH model (Eq. (8)).

4. Results and discussion
4.1. Reliability of the method

At first the VPO technique was applied to determine the in-
teraction parameter 3 for water/PVP (a system which is well
reported in the literature for different concentration ranges, in-
cluding the semi-diluted range [9]). Various concentrated aqueous
PVP solutions (concentration range: 5-25 wt.%) were investigated
at 25 and 50 °C. Results and typical data evaluation diagrams are
presented in Fig. 1 on basis of the FH and Fig. 2 on basis of the virial
expansion truncated at different virial terms.

The analysis leads in the semi-diluted regime to the following
x23 Vvalues: 0.54 +0.01 (FH model) and 0.415 £ 0.01 (virial expan-
sion) (see Tables 3 and 4). According to the literature [30] the
second virial coefficient of aqueous PVP solution (with the same
characteristic data) was reported: 6.53 x 10~ cm® mol g2 (mea-
sured at 25 °C), which is in agreement with our measurements:
5.024 x 10~* cm® mol g2 at 25 °C and 6.78 x 10~* cm® mol g2 at
50°C.

Within the accuracy of the VPO method, for both models
a constant interaction parameter was found for all investigated
concentrations. In general, x23 values derived from the virial ex-
pansion with higher order interaction are considered as more re-
liable in comparison to the FH model (see discussion later).

For the water/PVP system some parameter values are reported
for different concentration ranges. For infinite diluted solutions,
Cerny et al. [31] obtained a value of 0.48 (virial expansion truncated
at second virial term) using membrane osmometry. Boom et al. [9]
found in the concentration range of 2.5-30wt.% a linear de-
pendency of the interaction parameter on the concentration with
parameter values between 0.475 (infinite diluted) and 0.63
(30 wt.%) at solution (FH model) using high-pressure membrane
osmometry. A recalculation of the parameter with the procedures
proposed herein using the data of Boom et al. [9] leads to x23 = 0.59
(FH model), and to x23 =0.47 (virial expansion truncated at third
virial term) with concentration dependency of —0.014¢3. Des-
brieres et al. [32] reported from light scattering a water/PVP in-
teraction parameter for infinite diluted solution of 0.49 (virial
expansion truncated at second virial term). Sen et al. [33] as well as
Kaplan and Giiner [34] determined the interaction parameter for
this system to 0.49 (no description of concentration range and used
experimental technique). Rodriguez et al. [6] reported water/PVP
interaction parameters in a range of 0.2-0.3 for 60-80 wt.% poly-
mer “solutions” based on sorption measurements and data

A7
A,=0.678 L.mol.kg?
| A;=3.235 LZmol kg®

(m/RT)/c (x10%)

0 . 1 . 1 . 1
0.0 0.1 0.2 0.3

c (g/cm3)

B 25
A,=0.678 L.mol.kg?
A,=3.235 LZmol.kg™

(R/RT) (x10%)

0.0 0.1 0.2 0.3
c (g/cm?)

Fig. 2. Comparison of experimental osmotic pressure data (@ ) with calculations using
the osmotic virial expansion truncated at the second virial coefficient term (----) and
truncated at the third virial coefficient term (—) for PVP aqueous solution at 50 °C. (A)
Plotting (w/RT )/c against concentration, c; (B) plotting =/RT against concentration, c.
The virial coefficients are calculated from Eq. (6).

evaluation with the FH model. Finally Baulin and Halperin [35]
discussed a constant water/PVP interaction parameter of 0.48 (two
state models) in a concentration range up to 40 wt.%. At still higher
concentration the parameter got a bit smaller. There is a good
consistency between all these data, except Rodriguez’s result, but
their concentration range is outside of the semi-diluted regime in-
vestigated here. The sorption method has the principal drawback
that for high partial water pressures, corresponding to the semi-
diluted concentration regime, the equilibrium water uptake cannot

Table 3
List of solvent/polymer interaction parameters x,3; evaluated from VPO measure-
ments on the basis of FH model (see Eq. (8))

System Temperature (°C)

25 50 70 90 110
PEI/NMP - - 0.56 0.57 0.58
PEI/DMACc - - 0.55 0.57 -
PEI/DMF - 0.59 0.59 0.58 -
PSU/DMF - 0.55 0.54 0.57 =
PES/DMF - 0.47 0.47 0.48 -
PVP/water 0.53 0.56 - - -
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Table 4
List of solvent/polymer interaction parameters x,3 evaluated from VPO measure-
ments on basis of the virial expansion (see Egs. (12) and (13))

Systems Temperatures g(¢p)=a+be
a b
PVP/water 25 0.417 -0.071
50 0.437 —0.046
PSU/DMF 50 0.443 -0.017
70 0.446 —-0.003
90 0.477 —0.008
PES/DMF 50 0.366 —-0.061
70 0.365 —-0.05
90 0.363 -0.057
PEI/DMF 50 0.498 0.008
70 0.496 0.007
90 0.494 —-0.003
PEI/NMP 50 0.387 -0.11
70 0.409 —0.089
90 0.428 -0.071
PEI/DMACc 70 0.449 —0.024
90 0.446 —0.026

be reached using water-soluble polymers. It can be expected that
the water/PVP interaction parameter obtained by vapor sorption
technique is increased with higher water uptake, as Chang et al [36]
have shown for other polymer systems. By comparing the result, it
is clear that all data are very similar.

According to statistical mechanics the second virial coefficient is
a measure for the two-body interactions, while the higher order
virial coefficient accounts for three-body interactions. The funda-
mental concept of this consideration suggests that the behavior of
a solution can be described with only binary interactions if the
second virial coefficient has a higher (or comparable) value com-
pared to the next higher virial coefficients. In contrast, when in the
solution the interacting pairs are affected by a third particle, then
the third virial coefficient becomes higher. Plotting («/RT )/c against
¢, a linear behavior should result if three-body and higher order
interactions do not exist. It can be seen in Fig. 2 that there is a de-
viation from the linearity which is related to three-body in-
teractions. By considering the third virial coefficient in virial
expansion, a good agreement is found between experimental
osmotic pressure and calculations.

As second step, PSU and PES were investigated in the solvent
DMF at different temperatures. The studied solvent/polymer sys-
tems are identical to systems investigated by Barth and Wolf [7] at
concentration higher than 25 wt.% by headspace gas chromatog-
raphy and at infinite diluted concentrations using light scattering.
Therefore, the additional data can be included in the reported data
to assess the concentration dependency of solvent/polymer in-
teraction parameter in the semi-diluted regime. Data of in-
vestigation are summarized in Tables 3 (FH model) and 4 (virial
expansion).

The results document the following:

e For PSU the interaction parameter, 3, calculated from VPO
measurements is between 0.44-0.47 (virial expansion) and
0.54-0.57 (FH) and for PES between 0.36-0.34 (virial expan-
sion) and 0.47-0.48 (FH). Data are practically identical with the
data of Barth and Wolf [7] for infinite diluted solution (PSU:
0.46; PES: 0.37) and the lowest concentrated solution (25-
30 wt.%) (PSU: 0.46) if data evaluation is based on virial ex-
pansion truncated at second virial term.

e The interaction parameter, x»3, for PSU is constant in the in-
vestigated concentration range, but not for PES. The tempera-
ture dependency can be neglected, which is also in accordance
with Barth and Wolf [7].

e Data evaluation using the FH model results in higher parameter
values for x,3 compared to the virial expansion.

best fit by FH model in whole range

0.15 | =--= best fit by FH model in semi-diluted
concentration

015}
S
£ 0.000
030 0,004 \
-0.008 PSU/DMF
045+
-0.012
-0.60 0.00 0.05 0.10 0.15 0.20 0.25 0.30
1 n 1 n 1 n 1 n 1
0.0 0.2 0.4 0.6 0.8
03

Fig. 3. Comparison of experimental reduced equilibrium vapor pressure with calcu-
lation using the FH model PSU/DMF system in which the interaction parameter has
been obtained by means of FH model (- - -) and osmotic virial expansion truncated at
third virial term (-) in semi-diluted regime. (@) Experimental data obtained from
Ref. [7]; (@) experimental data obtained in this work. (The insert enlarges the semi-
diluted concentration range.)

In summary, all obtained values based on VPO measurements
are in good agreement with literature data if the evaluation was
carried out with the virial expansion truncated at the third virial
term. Up to about 25 wt.%, the concentration dependency is mar-
ginal when the solution behaves nearly ideal, and also the tem-
perature dependence of the interaction parameter is very small.
Differences are observed if different theoretical models are applied
for the data evaluation. In general, the virial expansion gives
a lower value for the solvent/polymer interaction parameter than
the FH model.

4.2. Concentration dependency of the interaction parameter in the
whole range

Fig. 3 displays, as an example, the experimental equilibrium
vapor pressure of DMF as a function of the volume fraction of PSU,
in both the semi-diluted and the concentrated regimes. Data in the
semi-diluted regime were obtained in this work while for the
concentrated regime experiments of Barth and Wolf [7] were used.

With the interaction parameter obtained from the viral expan-
sion in the semi-diluted regime, the experimental data in the whole
range of concentration can be well described. As expected the
thermodynamic properties in the concentrated regime are better
described by the FH model than by the virial expansion. An “ac-
curate” interaction function for DMF/PSU is obtained by superpo-
sition of both approaches, virial expansion in semi-diluted regime
and FH model in concentrated regime: x23(¢3)=0.45 — 0.02¢3. If
the FH model is extended to the semi-dilute regime, the obtained
interaction function is quite different: y23(¢3)=0.66 — 0.25¢3. By
employing this interaction function, the calculated curve does not
match the experimental data in the concentrated regime, as can be
also seen in Fig. 3.

4.3. Determination of solvent/PEI interaction parameters in
different solvents by VPO

PEl, an often used polymer for membrane formation by im-
mersion precipitation, is almost not characterized with respect to
their thermodynamic solution properties. The only experimentally
determined values for solvent/polymer interaction parameters are
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reported for NMP/PEI and methylene chloride/PEI by Young et al.
[37] measured with membrane osmosis at infinite diluted con-
centration regime. (The correctness of these values is questionable,
because, due to the common experience, NMP is a good solvent for
PEI and that suggests solvent/polymer interaction parameters in
the range of about 0.3.)

Therefore, in this part of our study, the interaction parameter
%23 was determined for PEI in three solvents (NMP, DMAc, and
DMF), which have high relevance in practical membrane formation
by VPO, at different temperatures. The measured data of the os-
motic pressure are plotted in Fig. 4 in dependence on the solvent
fraction in accordance to the virial expansion (truncated at third
virial term) at different temperatures in the solvents NMP (A),
DMACc (B) and DMEF (C).

As can be seen, in all three cases a good fitting result with virial
expansion was obtained in which it truncated at third virial term. In
the case of NMP/PEI, the considerable value of third virial co-
efficient documents a dependence of the interaction parameters on
the concentration in the range of moderately concentrated polymer
solutions. In contrast, for DMF/PEI, the contribution of three-body
interaction is not considerable so that the interaction parameter
shows a concentration independency. For DMAc/PEI, the osmotic
pressure scatters in the concentration range of 0.04-0.15 wt.% (see
Fig. 4B). The reason is unknown; experimental errors can be ex-
cluded. Therefore, these data were not included in the data evalu-
ation. For all three systems, the resulting values for the interaction
parameters are listed in Tables 3 (FH model) and 4 (virial expansion
truncated at third virial term).

According to these data, it can be clearly seen that NMP is
(in difference to Ref. [37] but in accordance with experimental
experience) a good solvent for PEI (x23=0.57+0.01 (FH);
x23 = [0.35, 0.42] (virial expansion)) while DMF is like a theta sol-
vent (x23 =0.56 +0.01 (FH); x23=0.540.005 (virial expansion)).
The solvent DMAc possess a better solvent quality than DMF but it
is not as strong as solvency of NMP. The value of x»3 for DMACc/PEI is
0.56 +0.01 (FH) and 0.45 + 0.01 (virial expansion). Based on these
x23 values the solvents can be sorted according to

NMP >DMAc >DMF.

This is a ranking for the solvent power in interaction with PEI in
the solution state, valid for the moderately concentrated regime.
(With FH model there differences between DMFand DMAc could not
verified; only the virial expansion allows this conclusion.) An iden-
tical classification was reported in Ref. [38] based on solubility pa-
rameters. The strong interaction between PEI segments and NMP
molecules causes the polymer chain to expand and to find a larger
volume than ideal volume. In contrast, the interaction between PEI
and DMF shows that the volume of a polymer chain is identical with
the one of an ideal chain (theta condition). Therefore, it can be de-
duced that the system PEI/DMF has the potential to break down into
two phases by decreasing the solvent quality only slightly, which is
in strong accordance with the experimental experience. For in-
stance, by cloud point measurements, it is clearly documented that
the water tolerance (water is a strong nonsolvent for PEI) in DMF
solutions is considerably lower than in NMP solutions [39].

5. Conclusions

The solvent/polymer interaction parameter y»3 characterizes
the thermodynamic state of a polymer solution and is one of the
three key parameters necessary to describe the thermodynamic
behavior of phase demixing in a ternary nonsolvent (1)/solvent (2)/
polymer (3) system. In this paper, vapor pressure osmometry (VPO)
was introduced as an experimental technique for the y3 de-
termination in, e.g., membrane forming polymer systems contain-
ing high-molecular weight polymers in the (semi-diluted)
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Fig. 4. Dependency of the osmotic pressure on the polymer fraction of PEI solutions at
different temperatures in the solvents NMP (A), DMAc (B) and DMF (C). The virial
coefficients are calculated from Eq. (6).

concentration range, typical for membrane preparations by non-
solvent-induced phase separation. The results lead to the following
conclusions:

¢ Investigations on the determination of solvent/polymer in-
teraction parameters by VPO for systems, reported in the lit-
erature (such as water/PVP, DMF/PSU and DMF/PES), verify that
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VPO is a fast and promising technique for the characterization
of semi-diluted polymer solutions. Due to the principle of VPO
the precision of measurement depends on the heat of con-
densation of the investigated solvent and the temperature of
measurement. The selection of an optimal temperature in the
experiment can be used for an increase in accuracy, because 23
shows nearly no temperature dependence.

Based on the documented accuracy of VPO, we found for
infinite diluted and semi-diluted polymer solutions (up to
30 wt.%) for the solvent/polymer interaction only a marginal
concentration dependency. Therefore, the application of
a constant solvent/polymer interaction parameter, determined
at infinite diluted concentration, is an good approximation if
phase demixing of ternary systems is modeled as part of
thermodynamic studies of membrane formation.

The value of x»3 depends on the theoretical model applied for
data evaluation. In this work two models have been considered,
the FH and the virial expansion with contribution of third virial
term. It can be expected that the “real” parameter value be
obtained from the virial expansion model. Generally, the values
obtained from the virial model are smaller than from the FH
model. As a consequence of model assumptions and simplifi-
cations slightly different numeric values are obtained.

The x»3 results for the polymer PEI in different solvents result
in a series of decreasing solvent powers according to
NMP >DMACc >DMF. This series is in accordance with our ex-
perimental experience at membrane formation [39] and an in-
dependent assessment on the basis of solubility parameters [38].
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