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Phase separation temperatures, each corresponding to lower critical solution temperature (LCST) for
solutions of poly(ethylene glycol) (PEG) in water—sodium chloride (NaCl) and in water—propionic
acid—sodium salt {Pro—Na), have been determined for PEG with molecular weights of M,, = 2.18 x
103, 8 x 103 and 719 x 103 over concentration ranges from 0—1.09 M {mol/1000 g solvent) NaCl and
1.02 M Pro—Na. The phase separation temperature decreases with an increase of salt concentration
and depends on polymer molecular weight. The thermal pressure coefficient, thermal expansion co-
efficient, and density have been determined from 20° to approximately 60°C for ethylene glycol—
water solutions over the entire concentration range and also for aqueous salt solutions over the con-
centration ranges from 0—1.7 M NaCl and 0—0.5 MPro--Na. The excess thermal pressure coefficient,
75, excess thermal expansion coefficient, af, and excess of temperature dependence of vy, [{3yy/d T)f;] ,
for the EG—water system are all positive, while the excess volume of mixing VE is negative. The ther-
mal pressure coefficient and thermal expansion coefficient for aqueous salt solutions water—Pro—Na
and water—NaCl increase with an increase of salt concentration. The behaviour of the two polymer—
salt—water solutions is discussed in terms of a thermodynamic equation of state, and a shortcoming
of the usual formulation of the corresponding states theory of polymer solutions is pointed out.

INTRODUCTION

Investigations of solution properties of water soluble non-
electrolyte polymers in water and organic solvents have been
made by the determination of vapour pressure'>?, phase equi-
librium®*® and heat of mixing®, and by gas—liquid chromato-
graphy®®. The theories of polymer solution thermodynamics
due to Patterson”® and Flory®'!* have been applied to non-
polar polymer solutions*!~!7 and water soluble polymer—
organic solvent systems such as PEG solutions®>%¢, These
theories give semiquantitatively good prediction for the
phase separation behaviour at the upper critical solution
temperature (UCST) associated with endothermic behaviour
of solution and the LCST associated with the exothermic
behaviour®!! 716, Pressure dependence of the LCST and
UCST'® % associated with the excess volume of mixing can
also be represented by the Patterson and Flory theories.
However, these theories based on the van der Waals model
for interaction between molecules and the corresponding
states principle cannot explain phase separation behaviour
of the ‘closed loop’ type with the UCST and LCST observed
in aqueous polymer solutions such as poly(ethylene glycol)—
water"3 and poly(riboadenylic acid)—water??. Solutions of
PEG in water provide typical examples of polymer solutions
in which strong association and clustering of solvent mole-
cules may occur and in which orientation-dependent inter-
actions are dominant. A theoretical prediction for the phase
diagram of the ‘closed loop’ type has been suggested by
Barker and Fock?® with the introduction of molecular inter-
actions depending on the relative orientation.

In this work we examine the salt effect on solubility of

* Present address: Chemical Engineering Department, Texas A & M
University, College Station, Texas 77843, USA.

PEG in water through the phase diagram of PEG in water—
NaCl solution and in water—Pro—Na solution. We also ana-
lyse the temperature and concentration dependence of vy,
density and o for water—NaCl, water—Pro—Na and ethylene
glycol-—-water systems, using recent theories of polymer solu-
tion thermodynamics.

EXPERIMENTAL

Poly(ethylene glycol) samples used in this work were obtain-
ed from fractionated samples® of Union Carbide Polyox
WSR 301, Nakarai Chemicals poly(ethylene glycol) 20 000
and Wako Pure Chemical Industries poly(ethylene glycol)
4000. Reagent grade sodium chloride and propionic acid
sodium salt were obtained from Wako Pure Chemicals and
Nakarai Chemicals, respectively. Fractionally distilled water
was obtained using a specially designed distillation apparatus,
which was repeatedly washed by steam for seven years. The
thermal expansion coefficients and densities for water—NaCl,
water—Pro—Na, and ethylene glycol—water systems were de-
termined using a modified dilatometer with a reservoir of
about 6 cm3 and capillary (10 cm length, 0.2 mm i.d.). The
dilatometer was calibrated by making use of pure mercury
over the temperature range of 20° to approximately 50°C.
Values of the thermal expansion coefficient for pure water
measured by the variation of meniscus height with a slight
increase of temperature (0.05°-0.4°C) under the closed
system with the use of pure mercury agree with literature
values®* below 30°C within 1% and within 1 to 3% at tem-
peratures higher than 30°C. Thermal pressure coefficients
(yp) for the salt solutions and ethylene glycol solutions have
been determined over the temperature range 30°—60°C by
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Figure 1 Temperature/weight fraction of polymer (w;) phase

diagram for the poly {ethylene glycol) samples (M, Mp=218 X 103;
My, Mn = 8 X 10%; M3, My = 719 X 103} in water—sodium chloride
{NaCl) and water—propionic acid sodium salt (Pro—Na) at salt con-
centrations: O, 0.2998 M NaCl; ®, 1.015 M Pro—Na; — — —, 0.0 M
salt concentration. A, My; B, Ma; C, M3

the use of a constant volume thermometer described in detail
elsewhere?!. Accurate values of vy for these systems were
obtained by correcting for the thermal expansion coefficient
and isothermal compressibility of the glass cell and mercury
by procedures described in detail elsewhere?!. The values of
vy for pure water measured in this work agree with reported

values® within 0.8% over the temperature range of 30°—60°C.

Cloud point temperatures for the solution of PEG in salt
solution were determined optically with a precision of
+0.05°C as described elsewhere 3.

RESULTS

Typical phase diagrams for solutions of PEG in water—NaCl
and water—Pro—Na are shown in Figure 1. The diagrams
indicate significant variation of the LCST with an increase
in salt concentration, without change in the shape of the
phase diagrams. An upper critical phase diagram was not
observed at temperatures up to 220°C in the low molecular
weight PEG—water—salt systems. Although the minimum
points of the cloud point curves for the solution of PEG in
water—salt deviate slightly from the critical points because
of polydispersity of the samples?>2% and salt concentration,
the deviations from the critical points should be quite small
in relation to polydispersity because of the polymer samples
being obtained by the solution fractionation technique. The
0 temperature, estimated experimentally from the maximum
and minimum point in the separation temperature versus
concentration plot for the solution of poly(riboadenylic
acid) of the well defined molecular weight in sodium chloride
solution??, coincides well with the value obtained from the
vanishing of A, the second virial coefficient. Since we are
mainly interested in qualitative features of miscibility, the
minimum temperatures in the phase diagrams are taken as
the critical solution temperatures, or LCSTs.

The lowering of the LCST with an increase of salt con-
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centration in the vicinity of zero salt concentration depends
on polymer molecular weight. The LCST is lowered 144°C/M
with Pro—Na and 364°C/M with NaCl in aqueous PEG

(M, = 2.18 x 103) solution; 39°C/M with Pro—Na and 58°C/M
with NaCl in aqueous PEG (M, = 8 x 103) solution, and
25°C/M with Pro—Na and 34°C/M with NaCl in aqueous
PEG(M,, = 719 x 103) solution. The results indicate that a
large variation of the LCST occurs with a decrease of mole-
cular weight of polymer and that a larger variation of the
LCST occurs in the water—NaCl system than in the Pro—Na
system.

Plots of vy against weight fraction of ethylene glycol
(w») for water—ethylene glycol and against (M) for the
water—NaCl and water—Pro-Na solutions are shown in
Figure 2. The vy of the ethylene glycol—water system at
concentrations higher than 40—60 wt % is larger than that
of pure ethylene glycol, so 7{5 is positive and large. Theyy
values of both salt solutions increase monotonically with an
increase of concentration. It was also observed that the
temperature functionality of vy for the water—Pro—Na
system at concentrations lower than 0.079 M is expressed
by a nearly parabolic temperature dependence with a maxi-
mum similar to that for pure water. On the other hand, the
functionality of yp in the water—Pro—Na system for con-
centrations higher than 0.26 M and in the water—NaCl
system for the concentration range of 0.27 to 1.42 M is ex-
pressed by a nearly parabolic temperature dependence with
a minimum.

In Figure 3, the thermal expansion coefficients for the
water—NaCl, water—Pro—Na and water—ethylene glycol
solutions are plotted against salt concentration (M) and
against weight fraction EG over the temperature range 25°
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Figure 2 Concentration dependence of thermal pressure coefficient
of water—ethylene glycol (E), water—NaCIo(N), andowater—Poro—Na
(P)osystems at various temperatures: O, 60 C; ®,50 C; X, 40 C; +,
30°C
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Figure 3 Concentration dependence of thermal expansion coeffi-
cient of water—ethylene glycol (O}, water—NaCl (®) and of water—
Pro—Na {X) at various temperatures: A, A, T; = 50°C; B, B', T, =
40°C; C,C', T3=30°C: D, D', T4 = 25°C

to approximately 50°C. The values of « for the ethylene
glycol—water system have maximum values at about 90 wt
% ethylene glycol. The « values are larger than the « values
of pure ethylene glycol. This indicates that the excess ther-
mal expansion coefficient (af) for EG—water system is
positive and large. The value of & in both salt solutions
increases with an increase in salt concentration.

The plot of solution specific volume (¢cm3/g) against con-
centration of EG is shown in Figure 4 and is a nearly para-
bolic curve with a minimum corresponding to a negative
excess volume of mixing in the EG—water system over the
temperature range of 30°—60°C. The values of V£ (cm3/g)
for EG—water at a concentration of 60 wt % EG are
—0.0080 to —0.0095 (cm3/g) over the temperature range of
60°—30°C. These results compare with the V£ values of
—0.021 (cm3/g) at 65°C and concentration of 60 wt % PEG
observed in the poly(ethylene glycol) (M, = 5000)—water
system!. It was also observed that the plots of aqueous
solution specific volume against concentration (M) of Pro—
Na and NaCl shown in Figure 4 are nearly parabolic curves
with maxima; the maximum deviation from the straight
line is 0.0035 (cm3/g) for NaCl and 0.0020 (cm3/g) for
Pro—Na.

DISCUSSION

The Prigogine—Patterson® and Flory theories'® of polymer
solution thermodynamics lead to essentially the same expres-
sion for the polymer—solvent interaction parameter x; as a
function of temperature. The Patterson theory”® yields:

X1 = —(U1/RTY? + (Cp,1/2R)72 (1)

The term — Uy is the energy of vaporization of the solvent,
Cp 1 is solvent configurational heat capacity, and R is the
gas constant. The v2 parameter is related to the difference
of cohesive energy and segmental size between the solvent
molecules (notation 1) and polymer segments and therefore
is related to the difference of specific volume and thermal
pressure coefficient of the two components. The 7 para-
meter reflects the free volume change which occurs on
mixing the dense polymer with relatively expanded solvent
and is related to the difference of the thermal expansion
coefficient of the polymer and solvent.

It is convenient to rewrite equation (1) when applying
it to polymer solutions and discussing the phenomenon of
solubility using a thermodynamic equation of state or the
difference between the heat capacities at constant pressure
(Cp) or at constant volume (Cy):

~Ur=yyaT 2)
Cp1=vv1V1Toy (3

where vy {(8P/8T)y ], a[1/V(8V/3T)p] and V are the ther-
mal pressure coefficient, thermal expansion coefficient, and
specific volume, respectively. According to the correspond-
ing states theory of Patterson. the solubility of two com-

ponents would be good if the P— V—T behaviour of the two
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Figure 4 Concentration dependence of specific volume of water—
ethylene glycol (O}, water—NaCl (®) and of water—Pro—Na (X} at
various temperatures: A, A’, T; = 60°C; B, B, T, =50°C; C, C',
T3=40°C;D, D', T4 =30°C
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components is such that values of vy, @ and ¥ of two com-
ponents are quite similar to each other, because the para-
meters v2 and 72 approach zero, and the value of x; then
would approach zero.

The values of 7 in most organic liquids decrease mono-
tonically and isothermal compressibility, f7, and « increase
with increasing temperature, which is in agreement with the
theoretical prediction from the reduced equation of state
of the van der Waals model. However, the mechanical
properties of pure water?, such as vy, f7 and a, are in ex-
treme contrast with those of many organic liquids. For
example, the temperature dependence of vy for pure water
is expressed by a parabolic-like temperature dependence
with a maximum at ~150°C, and the temperature depen-
dence of 7 is given by a parabolic-like temperature depen-
dence with a minimum in the vicinity of 45°C. The value
of « for pure water is very small compared with that of
most organic solvents and has a negative value in the vicinity
of 4°C. It would be unjustified to use equation (1) in dis-
cussing solubility or phase separation of aqueous polymer
solutions because equation (1) applies only to non-polar
solutions.

It is of interest to discuss the phenomenon of solubility
of any type of polymer solution, including the system in
which orientation-dependent interactions are dominant,
with the aid of the temperature derivative of the thermody-
namic equation of state. From thermodynamics:

dE = TdS - PdV+ZuidN,- @)
i

where y; and N; are chemical potential and number of mole-
cules of component i. Now,

QE/dV)r,N; = T@S/0V)T,N; — P (%)
Taking the limit as pressure goes to zero
(0E/oV) T(BS ) T(aP)
TN; =1 — =1 6
! avlr N; oT V,N; ©)

But yy = (3P/dT)y,n; so at low pressure the thermodynamic
equation of state is:

V@E/oV)r,N; = VTvy 7
and its temperature derivative is:

[ AVQRE/IV)T N;

ST ] =yyV+yyT@V/aT)p N, +
N

VT(3y V/aT)P,Ni (8)

| 2YCELPY) i

=yyTV(1 +al)+
or ] PN;

VT Xdyy/aT)p n; ©)
where & = 1/V(3V/8T)p y;.

Equations (8) and (9) give a general formulation for the
energy of the solution, apart from the energy due to ideal
entropy of mixing or to combinatorial contributions, and
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also for the energy of pure liquids. The excess energy or
excess heat of vaporization estimated from the values of

vy VT, vy VT2a and VT2 (3yy/dT)p using equation (9)
would be consistent with the value of x or excess chemical
potential [(ig — u(l))E/R T¢%] . The first and second term
(derived with yy constant) in equation (8), or the first term
in equation (9), correspond to the two terms in equation (1)
coupled with equations (2) and (3). The last term in equa-
tions (8) and (9), originating from the temperature derivative
of vy, is new. The disappearance of the (3yy/dT)p term in
equation (1) is caused by the assumption that the inter-
molecular energy can be expressed by a van der Waals type
of volume dependence (—U< 1/V). This means that the
energy taken into account in the expression for ¥ is restrict-
ed to a volumetric contribution characterized by the internal
pressure contribution (yy TV) and by a volume expansion
term (yy TV Ta), or the first term in equation (9). The third
energy term in equation (8) is directly related to the temperature
derivative of y. The contribution of (3+/dT)p to vapori-
zation energy or negative configurational energy is negative
for most organic liquids and for water at temperature higher
than ~150°C. On the other hand, that of (3yy//aT)p for
water is positive below ~150°C. The contribution of the
second term 7y, VTa in equation (8) for water is a much
smaller positive value than for most organic liquids below
~150°C and is negative in the vicinity of 4°C. The behaviour
of water at temperatures lower than ~150°C can be ascribed
to strong orientational interactions such as hydrogen bond-
ing. The positive value of (3v,,/dT)p is related to the energy
of orientational ordering or orientation-dependent interaction
energy, which cannot be taken into account in the van der
Waals model.

It is useful to examine the variation of vy, a, and
(37y/8T)p in the systems EG—water, Pro—Na—water and
NaCl—water and compare them with the behaviour of LCST
phase separation in the PEG—water—salt system. In the
EG—water system the excess thermal pressure coefficient,
'yf;, and excess thermal expansion coefficient, o, are posi-
tive, while the excess volume of mixing, V£, is negative.

The values of (9yy/dT)p for the EG—water and aqueous salt
solutions are plotted against concentration in Figure 5. The
values of (3yy/0T)p for EG—water form a nearly parabolic
curve with a maximum at EG concentrations (wj) of less
than 0.6—0.8, while at the higher concentrations than 0.6—
0.8 the values of (aw/argp are almost zero and become
negative (—0.01 bar/(deg)®) for pure ethylene glycol. The
behaviour of (37y/0T)p at concentrations higher than 0.6—
0.8 corresponds to the result that the values of yy at con-
centrations higher than 0.4—0.6 are larger than those for
pure ethylene glycol (shown in Figure 2).

The excess vaporization energy for EG—water system,
determined from plots of Yy VT, yyVT2%a, and VT2(3yy/3T)p
against concentration of EG according to equation (9), is
positive because all excess terms are positive. For example,
the calculated excess values of yp VT, vyyVT2a and
VT2(dv/0T)p for the EG—water system at an ethylene glycol
concentration of wo = 0.3 and temperature of 50°C are 6.6
x 102 bar cm3/g for (v VT)E, 1.9 x 102 for (yy VT 2a)f and

17 x 102 for [VT%3vy/dT)p]£. The value of [VT2(dyy/dT)plE

is much larger than the others. The temperature dependence of
the excess vaporization energy, estimated from the tempera-
ture dependence of (yy VT)E, (yyVT?a)f and
[(3yy/0T)pVT2)E, is positive and dominated by the strong
temperature dependence of [(3yy/dT)pVT2]£ and
(VT2

The positive excess vaporization energy and the increase
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Figure 5 Concentration dependence of (3y//3T)p of water—

ethylene glyco! {O), water—NaCl (®) and of water—Pro—Na (X) at
various temperatures: A, A', T; = 556°C; B, B’, T, =50°C; C,C, T3 =
45°C; D, D', T4=35°C

of excess vaporization energy of the system with an increase
of temperature estimated from equation (9) suggest that the
system changes to a more stable state or lower energy than
estimated from additivity of energy upon mixing EG and
water and that the positive excess vaporization energy in-
creases with an increase of temperature. On the other hand
the excess heat of mixing of the poly(ethylene glycol)—
water system over the entire concentration range at 80.3°C
is negative', and phase separation behaviour of the LCST
sort is also observed in the PEG—water system. There is a
strong correlation between the positive excess vaporization
energy calculated from the values of VypT, 7VVT2a and
VT2(dyy/dT)p by equation (9) and the negative heat of
mixing or phase separation behaviour of the LCST.

The great increase of vy [=(3S/8V)7] with an increase of
temperature at constant concentration or with an increase
of concentration at constant temperature in the Pro—Na—
water and NaCl—water, as shown in Figure 2, indicates that
the ratio of entropy change to enlargement of volume in-
creases greatly in the salt solutions (as compared to pure
water) as temperature or concentration increases. In Figure
5, the values of (3yy/dT)p for both solutions increase with
an increase of concentration at 55°C, while the values de-
crease at a temperature of 35°C. This behaviour is consistent
with a contribution to the entropy originating from a break
down of the structure of water caused by temperature or
salts and is related to the lowering of the LCST observed in
PEG—water—salt systems. There is a clear difference in
phase separation behaviour in aqueous solutions of NaCl and
PEG and in aqueous solutions of Pro—Na and PEG. We can-
not at this time explain quantitatively the reasons for the
differences in behaviour.

CONCLUSIONS

In this work we have examined the phase separation beha-
viour of the LCST and the lowering of the LCST in the
poly(ethylene glycol)—water system by adding salts and
taking into account the thermodynamic and mechanical pro-
perties of the ethylene glycol—water system and of water—
sodium chloride and water—propionic acid sodium salt sys-
tems. We discussed the phase separation behaviour of the
LCST in the poly(ethylene glycol)—water salt systems with
the aid of the x; expression derived by Patterson and the
thermodynamic equation of state and its temperature deriva-
tives in which the contribution of the term (3yy/9T)p to
the vaporization energy is taken into account.
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