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Phase behaviour and sol-gel transition of poly (vinyl alcohol) (PVA) aqueous solutions in the presence
of borate ions were investigated. PVA molecules are known to form charged complexes with borate ions
in aqueous solutions containing borax (Na,B,0- . 10H,0) or a mixture of boric acid and sodium hydroxide.
These complexes show the following viscosity and phase behaviour as a function of the concentrations of

boric acid, sodium hydroxide, and salt.

1. At a given combination of PVA concentration and ionic strength, the system underwent a
clear—opaque—clear transition with increasing boric acid concentration.
2. The intrinsic viscosity [#] decreased first and then increased with increasing boric acid concentration

in alkaline solution.

3. The opaque region grew to some extent with time and/or by adding salt (i.e., NaCl).
4. When the polymer concentration increased, a thermoreversible sol—gel transition took place without
phase demixing. The gelation concentration was close to the chain overlap concentration estimated

from [n].

All the above phenomena can be explained by a balance of the excluded volume effect due to intra- and

inter-chain crosslinks and electrostatic potentials.

(Keywords: phase behaviour; poly(vinyl alcohol); complexes)

INTRODUCTION

The gelation of poly(vinyl alcohol) (PVA) has been
studied extensively in recent years'~'!. Several gelation
mechanisms have been reported, such as chemical
reactions with various ions (borate!?, titanate!3,
cupric'4, antimonate', etc.) and crystallization in spite
of the atactic nature of PVA. The mechanism of
ion-assisted crosslinks of PVA is believed to be a so-called
‘di-diol’ complexation, which is formed between two diol
units and one borate ion'?,

Recently, we proposed an alternative model for this
complex based on !B-n.m.r. experiments®. Sinton* and
Pezron et al.'®'”7, however, supported the ‘di-diol’
complex model from their '!'B-n.m.r. work. In both
models, it appears that two diol units of PVA chains
react with one borate ion to form a crosslink. This
phenomenon depends on the concentrations of the
reactants, such as PVA concentration, C, borate ion
concentration, b, and temperature, T. In our previous
paper’, the gel melting temperature of PVA/boric
acid/NaOH aqueous solutions was evaluated as a
function of C, b, the degree of polymerization of PVA,
P, and pH. It was found that two moles of diol units of
PVA react with one mole of borate ions, and the gel
melting temperature, T, satisfied the following
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equation :
In[CPb] = (constant) + AH/RT,,,
+In{([H* 1+ K)/K,) (1)

where AH,[H"], K,, and R are the enthalpy of crosslink
formation, the proton concentration, the ionization
constant of boric acid, and the gas constant, respectively.
It should be noted here that T, is identical to the sol—gel
transition temperature in this particular case because the
system undergoes a thermoreversible sol-gel transition
without significant thermal hysteresis.

The PVA-borate crosslinking mechanism is divided
into two reactions, as shown in Figure I; a monodiol
complexation (reaction I) and a crosslink formation
(reaction II). Once a borate ion is attached to a polymer
chain (reaction I), the polymer chain behaves as a
polyelectrolyte unless the borate ion is removed from the
chain or is bound to another diol unit as a crosslinking
point. In this case, a significant contribution of
clectrostatic repulsion between monodiol units is
expected, resulting in an expansion of the individual
polymer chains. In reaction I, the dimension of the chain
is lowered due to crosslink formation, and a collapse
transition may also be expected if the polymer—polymer
attractive interaction is greater than the polymer—solvent
interaction. In other words, the chain dimension and the
stability of the system is ruled by these two antagonistic
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Figure 1 PVA-borate crosslinking mechanism : reaction I, monodiol
complexation ; and reaction II, crosslink formation

reactions. Hence, the PVA—borate ion systems provide
several interesting problems: solubility; complexation
equilibria ; polyelectrolyte effects ; reversible crosslinking,
and so on. Leibler et al.*® discussed these problems based
on Ochiai’s data'® on a PVA-borax system, and
proposed a theory to predict the equilibrium size of the
individual polymer chain. They showed that the
dimension of the individual polymer chain was given by
a balance of the elastic energy, the excluded volume effect,
and the electrostatic potential. Pezron et al.*® studied
the phase behaviour and obtained C* (chain overlap
concentration) for a galactomannan—borax system,
which is also a polyhydroxy polymer capable of
complexation.

In this paper, we will consider: the relationship
between the gelation concentration and C*; the
clear—opaque—clear transition; and the effect of added
salt on phase behaviour, in terms of viscometry and phase
diagrams. The spatial inhomogeneity in PVA/boric
acid/NaOH systems was investigated by small angle
neutron scattering, and the results will be reported
shortly?!-22,

EXPERIMENTAL

Samples

Re-saponified poly(vinyl alcohol)s (PVAs) with
degrees of polymerization, P, of 1100 and 1800 were used.
For both samples, the degrees of saponification were
more than 99.9 mol%. The details of the microstructure
of PVAs have been described elsewhere’.

Viscosity measurements

Viscosity measurements were carried out using a
Ubbelohde capillary viscometer at 60 + 0.05°C. This
temperature was relatively high compared with the
conventional viscosity measurement for PVA, i.e., 30°C.
The temperature was chosen to avoid phase demixing
during measurement, and to lower the viscosity of the
sample solutions particularly for semi-dilute solutions
(>5gl™1).

Phase diagram

The desired amounts of PVA, boric acid, NaOH
aqueous solutions were mixed in a test tube and heated
in a water bath at 95°C until a homogeneous solution
was obtained. Most of the samples, except those
containing a high concentration of added salt, gave

homogeneous, clear solutions. The samples were then
kept in a temperature controlled chamber at 17°C. The
sol—gel transition was determined by inverting the test
tube after 30 min of sample preparation. The samples
were retained in the chamber until phase behaviour had
been examined. The demixing transition was detected for
some samples by visual observation after a given time.
Demixed samples differed from the others in being
opaque during the time period of observation.

RESULTS AND DISCUSSION

Phase diagram

Figure 2 shows the phase diagram of PVA (P = 1100)
aqueous solutions containing NaOH and B(OH); at
17°C. The parameters C and b denote the concentrations
of PVA and boric acid, respectively. The NaOH
concentration was 0.167 mol 17!, which was sufficiently
high to maintain the system pH at around 13. Most of
the boric acid molecules ionize since the pK, is ~9.0. The
times of observation after sample preparation are given
in the figure, i.e., 48 and 150 h. A clear—opaque—clear
transition was observed when the boric acid concentra-
tion was increased at C >5gl1~'. The opaque region
grew with time to some extent. Although observation was
continued for 330 h, no further change in the demixing
line was detected.

The sol-gel phase boundary was determined before
demixing occurred. After demixing, the sol-gel boundary
shifted to the lower polymer concentration side in the
demixing zone. However, it was difficult to distinguish
sol from gel since a syneresis was observed, and two
phases were present in the system, i.e., an opaque
polymer-rich gel region and a clear dilute polymer
solution. The sol-gel phase boundary that was
determined before demixing may be explained by taking
account of C* at which the polymer chains start to
overlap each other. The boundary after demixing could
be explained by the gelation behaviour induced by
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Figure 2 Phase diagram of PVA (P = 1100) aqueous solutions at
17°C. NaOH concentration = 0.167 mol 17!, O, Clear system; @,
opaque system ; ——, phase mixing lines at given times; ———, sol—gel
transition line observed after 30 min of sample preparation
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Figure 3 Plots of y,,/C versus C for PVA (P = 1800) aqueous
solutions containing different concentrations of boric acid, b: O,
0.00208 ; [, 0.00417; A, 0.00833; ©, 0.0167; O, 0.0250; 1, 0.0333;
A, 0.0417; ¢, 0.0500 mol 17!
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Figure4 Boric acid concentration b, dependence on intrinsic viscosity,
[#3. P = 1800; NaOH concentration = 0.167 mol 17!

liquid—-liquid phase separation®?3. In this paper, we will

not discuss the sol—gel phase boundary after demixing
since it could not be determined precisely, but we will
focus on the phase boundary before demixing and the
demixing behaviour of this system.

Viscosity behaviours

Figure 3 shows the plot of n,,/C versus C for PVA
solutions having different boric acid concentrations, b,
where 7, is the specific viscosity. The concentration of
NaOH was fixed at 0.167 mol 17! and the degree of
polymerization of PVA was 1800. At low PVA
concentrations, there is no significant difference in #,/C.
However, at C > 10gl™!, the viscosity behaviour
depends on b. For solutions having low b values, the
increase in 7,/ C with C is relatively slow, whereas those
having b > 0.0083 mol 17! show some divergence.
Viscosity measurements at higher PVA concentrations
were not studied due to the limitations of the
capillary-type viscometer.
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The intrinsic viscosity, [#], was estimated by
extrapolating the #,,/C versus C curves to C = 0. Figure
4 shows the dependence of b on [#]. It is interesting
that [#] decreases at low b and then increases with b. A
similar phenomenon was reported by Ochiai et al.'®, and
was explained by Leibler et al.'® in terms of the free
energy change of a polymer chain capable of intra-chain
crosslinking in the presence of an electrostatic potential.
At low values of b, each PVA chain tends to contract or
collapse, due to the formation of intra-molecular
crosslinking. Since the number of monodiol complexes on
a chain increases with an increase in b, Coulombic
repulsion between borate ions tagged on a PVA chain
expands the chain. This behaviour is related to the
clear—opaque—clear transition shown in Figure 2.

C.. Wwas estimated by assuming a power law
divergence, i.e.

n= A[(Cgel - C)/Cgel]_t (2)

where A and t are constants. We expect that values of
C,.: are given as concentrations where chains start to
overlap each other (C*). Since the chain overlap
concentration, C¥*, is given by

C*~1/[n] (3)

both C,., and C* can be estimated from viscosity
measurements using equations (2) and (3). Figure 5
shows the dependence of b on C,,, and C*. At low boric
acid concentrations (b < 0.00833 mol 171), C,,, diverges
because the concentration of crosslinkers is not high
enough. At b > 0.00833 mol 171, the values of C,., tend
to remain constant rather than to follow the values of
C*. The constant value can be regarded as identical to
that of C* at b = 0. As can be seen in equation (3), C*
is estimated from [#], i.e., the chain dimension at the
infinite dilution of the polymer concentration. In the case
of neutral polymers, the lowest polymer concentration
at which the system undergoes gelation, i.e., C,;, might
be identical to C*. On the contrary, in the case of ionized
polymer chains, intra- and inter-chain interactions
including crosslink formations disturb the chain
dimension, resulting in some deviation of C,, from C*.
Hence C,, may deviate from C* to some extent. The
results shown in Figure 5 indicate that the dimension of
a chain that is in a semi-dilute region is not very sensitive
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Figure 5 Boric acid concentration, b, dependence on gelation
concentration, C,,;, and chain overlap concentration, C*. P = 1800;
NaOH concentration = 0.167 mol 1™1; O, C*; O, C,q
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to changes in boric acid concentration, although the
number of individual chains in the dilute polymer region
changes drastically with boric acid concentration.

The exponent ¢ was estimated to be ~0.7. This value
seems to be in good agreement with that predicted by
the percolation model**. The main purpose of this work,
however, is not to discuss the critical phenomenon of this
system. More precise experiments to estimate the
exponent and C,,, are now in progress.

Demixing transition

The demixing transition of polymer aqueous solutions
was studied by Pezron et al.?°. They worked on
galactomannan aqueous solutions containing borax.
They observed a clear-opaque transition. We will
now discuss the clear—opaque—clear transition more
quantitatively based on the theory of a polymer chain
dimension capable of complexation, which has been
proposed by Leibler et al.'®.

This system can be treated as a random copolymer
composed of borate-free diol units and borate-bonded
diol units. The fraction of the borate-free and
borate-bonded diol units are f, and f,, respectively,

Jo=GCp/C, f1=Cpm/C (4)
where
Cem = K CpCy (5)
Comp = K1K2C|§CM (6)
C=Cp+ Cpy + 2Cppp (7)
b=Cy+ Cpm+ Comp (8)

Cp, Cpy, and Cpyp are, respectively, the concentrations
of the borate-free diol units, monocomplexes, and
crosslinks. C denotes the concentration of the diol units
of PVA. b and Cy, are the total borate ion concentration
and the free borate ion concentration, respectively. K,
and K, are the monocomplexation and dicomplexation
constants, respectively. Note that both K, and K, are
assumed to be independent of the conditions of the
system, for example, the polymer concentration, ionic
strength and so on. As stated previously!®25 the
apparent complexation constant decreases with increasing
borate ion, especially in a low ionic strength region
(<1072 mol 17!). In this work, however, the system
contains relatively high concentrations of ions (>107!
mol 171). Therefore, the complexation constants can be
regarded as constant values.
The free energy of the system per chain is given by

F/KT = (1/2)v(N?/r*) + (1/6)W*(N3/r®)  (9)
where

Verr = Uf 5 + tfof1 +0fT — 2(AH/KT)K fof1 (')

r, N, and k are the dimension of a polymer chain, the
number of segments of a chain and the Boltzmann
constant, respectively. v and w? are monomer virial
coeflicients of second and third orders. v" and AH denote
the excluded volume with additional Coulombic
interaction, and the enthalpy of crossiink formation,
respectively. The first, second and third terms of the
right-hand side (RHS) of equation (9’) contribute to an
expansion of the chain, if v > 0. The excluded volume
parameter between the diol unit and the monocomplex
unit was assumed to be the same as that between two
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Figure 6 Boric acid concentration dependence on (v./v) for different
values of C

diol units. The value of ¢’ is obtained by!®
v~ 4nQx 2 (10)
k? = 87N, QI (11)

where k™!, Q, and N, are the Debye screening length,
the Bjerrum length, and Avogadro’s number, respectively.
I is the ionic strength consisting of the salt concentration,
Cs, and the free borate ion concentration, Cy, as follows,

In this particular system, NaOH, which was added in
order to adjust pH, should be considered as the salt. Q
was chosen to be 7 A as a typical value for the Bjerrum
length in water at 25°C.

The phase stability can be predicted by taking the
second derivative of F with respect to r, ie.,
(d3F/dr?) = 0. Hence

(Vere/0) + (7/6) (0 /0)(N/r*) = 0 (13)

In a good solvent, the term (w?/v)(N/r®)is of the order
of the monomer volume fraction, and gives negligible
contribution to equation (13).

Figure 6 shows the boric acid concentration dependence
of (vee/v) for several cases having different polymer
concentrations. K, was chosen'® to be 11 1 mol ™. Since
K, was unknown, it was chosen as a fitting parameter,
and determined to be 0.02 1 mol ~*. v was estimated from
the following equation,

v=a(1-2y) (14)

where y is the Flory interaction parameter. The value of
¥ at room temperature was determined by a set of small
angle neutron scattering (SANS) measurements of PVA
aqueous solutions without borate ions. The value was
found to be 0.477 (ref. 26). The segment length, a, should
be based on the diol unit instead of the monomer unit
of PVA. Hence, we employed a =2'%a  ome, and
Amonomer Was chosen to be the value (5.96 X ) evaluated
by a SANS experiment?’. The enthalpy of crosslink
formation, AH, has been reported previously*’. A value

of AH = 8 kcal mol ™! was used in this work.

At b=0, fo=1, and f, =0, hence the RHS of
equation (9’) becomes unity. By increasing b, the fourth
term of the RHS of equation (9') becomes dominant,
resulting in v /v < 0. By further increases in b, a positive

POLYMER, 1992, Volume 33, Number 10 2185
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Figure 7 Comparison of phase diagrams of PVA/B(OH);/NaOH
system: ——, observed ; ———, calculated

value results, due to domination of the repulsive
interaction between monocomplexes, i.c., the contribution
of the third term of the RHS of equation (9'). The
demixing line thus estimated is shown in Figure 7. The
calculated demixing lines reproduce the clear—opaque—
clear transition, although some deviations from the
observed line are seen at low values of b and C. The
discrepancy at low b and C values may be explained as
follows. At low polymer concentrations (C « C*), each
PVA chain is localized, since the envelopes of the PVA
chains can not fill the whole space of the system.
Therefore, the free energy expression based on a mean
field assumption as given by equation (9) can not apply
to such a low concentration. In reality, the local polymer
concentration, Cigc,, i given by

Ciocal =~ C* (inablob containing a polymer)
Clocal =0

According to this localization of the polymer concentra-
tion due to the type of connectivity, the other parameters
must be re-estimated and the concentration dependence
of equation (9) should be modified. The effect of
concentration dependence of the crosslinking formation,
which reaches C*C instead of C? at the dilute limit, is
not taken into account. This may be the reason why the
observed and calculated curves disagree at low
concentrations. Since the concentration localization
effect appears gradually by lowering the polymer
concentration in a real system, we have not discussed
this effect in detail. As a result, the clear—opaque line
merges into the opaque—clear line at low concentrations.
This is observed experimentally but can not be predicted
theoretically. Based on the simulation of the demixing
transition as discussed above, however, we would
conclude that the clear—opaque—clear transition is
governed by ionic circumstances as well as C and b.
The essential difference between the results of Pezron
et al.2° (the clear—opaque transition ) and those presented
in this paper (the clear—opaque—clear transition) is the
difference in the ionic strength. The ionic strength of this
work is of the order of 0.1 mol 171, which is much lower

(otherwise) (13)
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than used in ref. 20 (i.e. 1 mol 17!). The weaker ionic
circumstances bring a clear region at high b as a result
of the strong repulsive interaction between monodiol
complexes.

Added salt effects

The phase diagram shown in Figure 2 may be changed
by adding 1 mol 17! of NaCl, which is shown in Figure
8. The opaque region dominates most of the diagram.
Figure 9 shows the same phase diagram as Figure 8, with
the ordinate expanded 10-fold. This change is explained
as follows : the repulsion effect due to monocomplexes is
screened by the added salt, resulting in a contraction of
PVA chains. In equation (9') and Figure 6, a large
amount of added salt reduces v' and the resulting v /v
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Figure 8 Change in phase diagram of PVA (P = 1100)/B(OH);/
NaOH system by addition of 1 mol 17! NaCl. Comparison should be
made with the demixing line in Figure 2 (150 h)
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Figure 9 Change in phase diagram of PVA (P = 1100)/B(OH),/
NaOH system by addition of 1 mol 17! NaCl. (Ordinate is ten times
that in Figure 8)
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Figure 10 Change in intrinsic viscosity, [#], with NaOH concentration.
P = 1800
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Figure 11 Phase diagram of PVA (P = 1100)/B(OH);/NaOH system.

NaOH concentration = 0.333 mol 17!. Comparison should be made
with the demixing line in Figure 2 (150 h)

remains negative even at high values of b because the
recovery from a negative to a positive value of v /v is
due to the contribution of the term v'.

Figure 9 is very similar to Figure 2 of ref. 17, and shows
a clear—opaque transition instead of a clear-opaque-
clear transition. It is worth noting that the phase
behaviours of each system are very similar, although the
polymers are different.

Finally we examine the role of NaOH in this
PVA /boric acid/NaOH system. Originally, NaOH was
added to control pH so as to obtain an adequate
concentration of borate ion. As was discussed earlier,
NaOH should also be regarded as an added salt which
screens the electrostatic interactions between mono-
complex charges. Figure 10 shows the NaOH dependence
of the intrinsic viscosity of PVA aqueous solutions. The
intrinsic  viscosity does not change with NaOH
concentration. This resuit indicates that NaOH does not
have any thermodynamic effects on the PVA aqueous
solution.

Figure 11 shows the phase diagram of PVA aqueous
solutions containing NaOH and B(OH); at 17°C. Each
solution contains 0.333 mol 17! of NaOH, which is
double the value used in Figure 2. A wider opaque region
can be found by comparing Figure 11 with Figure 2,
particularly at high concentrations of b. This fact
supports our supposition that NaOH plays a role as an
added salt as well as a reagent for adjusting pH.

Instead of a mixture of NaOH and B(OH),,
borax (Na,B,0,-10H,0) also produces borate ions.
Historically PVA/borax systems have been studied
rather than PVA/boric acid/NaOH systems*!7-1°
However, the ionic strength of the PVA /borax system is
not strong enough to screen out the electrostatic potential
between monocomplex charges. No opaque region was
observed in the scale of this phase diagram, unless any
kind of salt was added to the system.

CONCLUSION

The phase behaviour of PVA aqueous solutions in the
presence of boric acid and sodium hydroxide varies with
the concentrations of boric acid, PVA, NaOH, and added
salt. A clear—opaque—clear transition was observed by
increasing boric acid concentration. At PVA concentra-
tions close to the chain overlap concentration, C*, a
sol-gel transition was also observed. The sol-gel
transition was found to be very close to C* by comparing
the results of sol-gel transition and intrinsic viscosity
measurements. The individual PVA chain dimension and
the phase behaviour are governed by complexation of
PVA chains and borate ions. At low boric acid
concentrations, intra-chain crosslinking formation is
dominant, resulting in chain contraction. By further
increase in b, monodiol complexation becomes dominant,
which leads to chain expansion due to repulsive
interactions between the monodiol complexes in a chain.
The electrostatic repulsion was removed by adding sait
to the system.

A direct evaluation of the individual chain dimension
at the demixing zone by means of small angle neutron
scattering is now in progress.
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