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ABSTRACT: The gel formation of the alkali salts of proanthocyanidin polymers from
Pinus radiata bark with calcium(II) and aluminum(III) has been investigated. The
calcium- and aluminum-induced gelation of the hot water extract (HWE) has been
studied by UV spectroscopy as well as through conductivity and rheological measure-
ments. The ability of an HWE to complex was observed to increase significantly as the
solution’s pH became more alkaline, and the conductivity data are consistent with UV
spectra with respect to structural change as metal binding occurs. The addition of the
cationic species Ca®" and Al** markedly increased the elasticity of the extracts, even
at low extract concentration. Rheological measurements of metal binding in the HWE
paralleled the UV spectral and conductivity behavior, thus indicating that the HWE
binds more readily with calcium than with aluminum. In the concentrated HWE sys-
tem, maximum association of the HWE with metal ions was found to appear at the
same molar ratio of 3.6. The addition of such cationic species to the extracts is thought
to reduce their fluidity primarily by increasing the number of physical electrostatic
crosslinks. Such an increase results, in turn, in an increase in the apparent molecular
weight of extract polymers and a decrease in fluidity. © 1997 John Wiley & Sons, Inc. J

Appl Polym Sci 65: 1795-1805, 1997
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INTRODUCTION

Recently the hot water extract (HWE) of Pinus rad-
iata (P.r.) bark was shown to display significant
polyelectrolytic behavior resulting from electro-
static intrachain repulsion and a purely viscous flow
behavior.! The alkaline sequential extract of these
proanthocyanidin tannins demonstrated a highly
viscoelastic behavior with the persistence time
characteristic of a structured liquid or gel state.”
The marked viscoelasticity of the alkaline sequen-
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tial extract appeared to arise from a major contri-
bution by the more highly polymerized water in-
soluble fraction enhanced by colloidal interac-
tions, leading to molecular clusters that could be
significantly reduced in the presence of strong nu-
cleophiles such as urea.? Since such different
characteristics of the extracts are due to the diver-
sity of molecular structures and functional groups
present in various components, a study of the
physicochemical evidence that probes the pres-
ence of these multicharge molecules was under-
taken by examining (1) the physicochemical prop-
erties of HWE polyelectrolytes, which can impart
various charge densities to the molecular chain
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(a) R=H, procyanidin units (PC)
(b) R=0OH, prodelphinidin units (PD)

Figure 1 Structure of proanthocyanidins.

and thereby change the specific mode of interac-
tion, and (2) the physical association that occurs
between extract molecules in the presence of
metal ions such as K*, Ca?*, and Al** at pH val-
ues at which full dissociation of the HWE polyelec-
trolyte species is occurring.

Proanthocyanidin Polymers from Pinus radiata

Proanthocyanidin polymers (condensed polyphenol
tannins) occur in the bark of all conifers and hard-
woods examined to date, and they are frequently
present in the wood itself.* Proanthocyanidin
polymers consist of linear chains of flavan-3-ol
units that have undergone varying degrees of con-
densation,® as illustrated in Figure 1.

Although the majority of proanthocyanidin
polymers consist of both procyanidins and prodel-
phinidins, Czochanska et al.” have shown that P.r.
bark contains these respective analogs in a ratio
of 90 : 10.

Metal Complexation

In contrast to the covalent crosslinking present
in many synthetic polymer networks, biopolymers

usually form physical gels in which the intermo-
lecular forces involved in the junction zones are
often sufficiently weak to allow the system to gel
reversibly. Physical gels consist of chains “physi-
cally” crosslinked into networks, with the cross-
links themselves being of small but finite energy
and lifetime.® One type of such physical associa-
tion is the ionic complexation that occurs between
polyelectrolyte molecules and metal ions. Even
though the interactions of metal ions with poly-
flavonoids have not been researched in detail, con-
siderable information is available in the litera-
ture” on the complexing of model monomeric fla-
vonoids, particularly flavonols, with such metal
ions.

Three possible metal complexing sites within a
flavonol containing hydroxyls at C-3, 5, 3’, and 4’
may be envisaged (Fig. 1). These are between the
C-3 hydroxyl and the carbonyl, the C-5 hydroxyl
and the carbonyl, and the ortho hydroxyls in the
B-ring. It has been determined that the first of
these sites is normally the first occupied, with the
latter two sites having about the same complexing
ability under neutral conditions.® The complexing
ability of a catechol-type B-ring is known to in-
crease as the pH becomes more alkaline.®® Most
studies have been carried out on the monomeric
model compounds involved in polyphenol autocon-
densation; however, there is a relatively large ill-
defined area regarding the basic properties of nat-
ural polyphenolic biopolymeric extracts. Recently,
polyflavonoid tannins have been found by Pizzi et
al.'® to autocondense and gel in the presence of
small amounts of SiO,, H;BOj3, and AICl; at high
pH. The mechanism of tannin autocondensation
and hardening was found to depend on the Lewis
acid behavior of the additives used.

EXPERIMENTAL

Sample Preparation

The principal isolation and purification methods
used to extract the plant materials were similar to
those described previously.? Distilled water (500
mL) at 100°C was added to 100 g of dried P.r.
bark powder. The mixture was stirred vigorously
for 10 min prior to filtering with a Biichner funnel
and No. 41 Whatman filter paper to remove insol-
uble materials and yield the HWE. The pH was
adjusted with concentrated sodium hydroxide so-
lution. The dilute extract solutions were concen-
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trated in a Buchi rotary evaporator at about 70°C.
The aluminum, potassium, and calcium ions were
introduced into the extracts as the respective chlo-
rides.

Measurement of Conductance
Conductometric Titrations of HWE

The total number of acidic groups in the HWE
was determined by conductometric titrations. For
this purpose a 200-mL (0.3% w/v) HWE solution
was placed in a reaction cell and mechanically
stirred at 20°C. Nitrogen was continuously bub-
bled through the system to eliminate carbon diox-
ide. After reaching thermal equilibrium, the HWE
solution was titrated with a volumetric standard
of 2.14N KOH solution in 0.25 mL increments
such that the total volume finally added was 9
mL. The conductivity of the solution was mea-
sured with a Metrohm 644 conductometer. The
molecular weight of the HWE was assumed to be
2600 for the calculation of phenolic groups in the
extract.’ Since the added volume of titrant was
less than 2.5% of the total, volumetric corrections
were unnecessary.

Degree of Complex Formation
of Polyflavonoid Tannin

The conductance of HWE solutions (at constant
concentration) in the presence of AlCl; and CaCl,
at different pH values was determined by titra-
tion. The concentration of aqueous HWE solution
was 0.04% (w/v), and the titrants were 0.1M
AICl; and 0.1 M CaCl,. The pH adjustment of the
HWE solution and the diluent was made with
0.05M NaOH solution. The titrant was added in
10 pL increments, and the conductivity was re-
corded after equilibrium.

Degree of Polyflavonoid Tannin Dissociation

The conductance of HWE solutions (at different
dilutions) in the presence of AlCl; and CaCl, at
different pH values was determined. The concen-
trations of aqueous HWE solution were 0.02% (w/
v) to 0.10%, and the titrants were 0.1 M AlCl; and
CaCl,. The pH adjustment of the HWE solution
and the diluent was made with 0.05M NaOH solu-
tion.

Spectrophotometric Measurements

The concentration of aqueous HWE solution used
was 0.04% (w/v), and the titrants were 0.1M

AICl; and 0.1 M CaCl,. The pH adjustment of the
HWE solution and the diluent was made with
0.05M NaOH solution. The solution to be titrated
(2.9 mL) was pipetted into a specially sealed spec-
trophotometric cell,’® and the spectrum was re-
corded using a Varian Cary 3 UV/Vis spectropho-
tometer. The titrant was then added in 1 yL incre-
ments, and the solution was thoroughly mixed
before measurement was made.

Rheological Measurements

Rheological parameters were measured at 20°C
with a Rheometrics Fluid Spectrometer RFS II
(Rheometrics, Piscataway, NJ) equipped with a
parallel plate geometry (radius: 25 mm). Solvent
evaporation was avoided by covering the edge of
the sample with a low-viscosity silicon oil.

RESULTS AND DISCUSSION

The impact of pH, valence, and the ratio of metal
ions to HWE on the UV absorption spectra was
determined. There were noticeable differences in
the mode of the absorption spectra in aqueous
solution [HWE (pH 3.5) spectra had \,., at 279
nm] and in methanol, which has already been
used for the study of model polyflavonoid spectral
shifts.'* No spectral shift took place for the HWE —
CaCl; and HWE-AICIl; systems in the methanol
medium. Thus, all spectral measurements of
HWE in the presence of metal ions were made in
aqueous medium. For the aqueous HWE—-CaCl,
system, there was no difference in the spectra
compared with the HWE spectra when the mea-
surements were made with pH values of 3.5 and
9.0; whereas, the HWE—-AICI; system produced
substantial spectral shifts with pH variation.
The pH titration of HWE in water caused a
vertical shift in the absorbance band with a mar-
ginal horizontal shift of A ., (281 nm, 283 nm,
and 286 nm at pH values of 2.0, 3.2, and 9.0,
respectively), as shown in Figure 2(a). This may
occur as the HWE undergoes limited rearrange-
ment or irreversible decomposition under increas-
ing alkaline conditions, '*'® but notably it does not
influence the UV absorbance as much as forma-
tion of the HWE-AICl; complex [Fig. 2(b)]. Ti-
tration of the HWE in the presence of AlCl; caused
a more pronounced monotonic vertical shift with
increasing pH, as shown in Figure 2(b). This
finding indicates that the formation of the metal
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Figure 2 The spectra of (a) HWE (4.14 X 107 g/ml)
and (b) HWE + 0.1M AICl; at pH 3.5 (281 nm), pH
7.0 (283 nm), and pH 9.0 (286 nm).

complex is associated with the ionization of at
least one of the dissociable sites shown in Figure
1, such as the phenolic one, and that the stabiliza-
tion of the complex results in the loss of a proton
in the chelation step. Figure 2(a,b) indicates that
high pH is a favorable condition for the formation
of the HWE —metal complex (i.e., the vertical ab-
sorbance shift with the addition of AICl; was most
significant at pH 9.0).

Figure 3 shows a metal-to-ligand molar ratio
M/L (molarity of Al®"/molarity of HWE em-
ploying a molecular weight of 2600 for the
HWE) plot for titration of HWE with AICl; at
different pH values. At the low pH of 3.5, the plot
has an inflection near the M/L value of 6.75, indi-
cating the maximum formation of complex. In
aqueous solutions under different pH conditions,
the HWE appears to form a maximum amount of
complex at a lower molar ratio of 4.34 for both pH
7.0 and 9.0. The difference in the inflection points
of the metal-to-ligand plots (4.34 at pH 7.0 and
9.0, and 6.75 at pH 3.5) indicates that the stoichi-
ometry of the complex favored in the presence of
excess metal varies with solution pH in such a
way that high pH conditions will yield a medium
that increases the degree of dissociation and
forms a more extensive HWE—-AICl; complex.

The UV spectra at different pH conditions
clearly indicate the formation of a metal complex
that is closely related to the dissociation of func-

tional sites in the HWE. Thus, conductometric
measurements were carried out to obtain infor-
mation on the number and nature of ions and
charged groups that take part in metal ion bind-
ing. The deprotonation of phenolic groups was
studied by titration of KOH into deoxygenated so-
lutions of the HWE, which acts as the ligand.

The conductometric titration curve of HWE in
water is shown in Figure 4, where the KOH titra-
tion curve demonstrates a distinct endpoint. Fig-
ure 4 shows an inflection point (1.35 mL of 2.14N
KOH) corresponding to completion of the deproto-
nation of the phenolic groups in HWE. The pheno-
lic groups per monomeric unit of HWE corre-
sponded to 12.5 when the molecular weight of
HWE was assumed to be 2600.'* This value is
about a half of the 23.0 phenolic groups of a P.r.
D. Don bark tannin determined in a water and
organic solvent mixture (1 : 1 Me,SO-H,0) by
Baeza et al.? On the basis of an average relative
molecular mass of 320 for the monomeric unit
(C16H1607 for elemental analysis), a value of only
1.54 OH groups per monomeric unit for HWE was
found. This may be caused by the OH groups in
different units being favorably oriented to pro-
duce internal hydrogen bonding, which causes one
of the hydrogen atoms to become more acidic
while the other decreases in acid strength to the
point that it cannot be titrated, as suggested by
Baeza et al.’?
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Figure 3 Molar ratio (M/L) plots for the titration of
a 4.14 x 107° g/ml HWE solution with AICl;. Plots of
data at 281 nm for pH 3.5, 283 nm for pH 7.0, and 286
nm for pH 9.0.
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Figure 4 A conductometric curve for HWE in an
aqueous medium.

Figure 5(a,b) shows conductance versus the
metal-to-ligand molar ratio for HWE at pH values
of 3.5 and 9.0. As the proportion of metal increases
at the natural HWE pH of 3.5, no inflection in
conductance is observed. The linear increase of
conductance upon the addition of AICl; and CaCls,
may only be caused by the increasing ionic
strength of the electrolyte, whereas the conduc-
tance curve in Figure 5(b) shows clear inflection
points for HWE with CaCl, and AlCl; when the
pH is increased to 9.0. The CaCl,—~HWE system
produces a higher conductance with a higher in-
flection point at a molar ratio of metal to ligand
of 0.77. Figure 5(a,b) again suggests that a me-
dium of high pH increases the degree of dissocia-
tion of HWE and thus favors complex formation
through full dissolution of HWE in this pH region.
The CaCl,—HWE system shows an inflection
point of 0.77, whereas the AlICl;—HWE system
shows an inflection point of 0.58, suggesting that
the stoichiometric molar ratio of metal to ligand
for HWE is much lower for AlCl; than for CaCl,.
The higher conductance value for the CaCly,—
HWE system shown in Figure 5 (b) suggests that
the free ion concentration is much greater in the
CaCl,—HWE system at pH 9.0, since an ionic mo-
bility of Al3* ion, itself at the natural pH of 3.5,
seems to be much higher than that of Ca?* in the
system, as demonstrated in Figure 5 (a) (i.e., for
the conductance values at a molar ratio of 1 the

conductance is 72 uS for the AlCl;—HWE system
and 45 uS for the CaCl,—~HWE system).

The conductance of HWE solution was also
measured at different dilutions in water at a con-
stant metal ion concentration at the pH values of
3.5 and 9.0 to determine the degree of dissociation
(a) of the HWE polyelectrolyte. These results are
recorded in Tables I through IV in which the cal-
culated values of equivalent conductance (A) as
well as the specific conductance () of the HWE
solutions are shown. The deviation from the theo-
retical values of specific conductance calculated
from the separate tannin and background blank
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Figure5 Molar ratio(M/L) plots for the conductome-
tric titration of HWE solution with CaCl, and AlCl; at
(a) pH 3.5 and (b) pH 9.0.




1800  KIM, DON, AND MAINWARING

Table I Conductivity of HWE in Water and 3.3M CaCl, Solution at pH 3.5

k of HWE Sum of « of Equivalent

Concentration and CaCl, HWE and Lowering Conductance
of HWE k of HWE Solution CaCl, Solution of k (A) of HWE a =

(wiw %) (WS m™) (uS m™hH? (uS m™P (%) (uSm™) (A/Ap)°

0.02 12.78 58.72 82.34 28.68 763.17 0.37
0.04 17.59 61.81 87.15 29.08 401.73 0.19
0.06 24.21 68.35 93.77 27.11 296.17 0.14
0.08 28.87 72.33 98.43 26.51 235.08 0.11
0.10 32.63 74.59 102.19 27.01 193.92 0.09

Specific conductivity («) of 3.8M CaCl, blank solution = 69.6 xS m™.

# Observed.
b Calculated.
¢ Ao = 2080 S m™.

electrolyte solution containing calcium or alumin-
ium chloride is also shown as the percentage vari-
ation. When two simple electrolytes are mixed,
the conductivity of the mixture is very nearly
equal to the sum of the conductivities of the indi-
vidual components, provided the solution is di-
lute. However, the calculated sum of the conduc-
tivities of the individual electrolytes (HWE
+ CaCl, or AICly) is found (Tables I-1IV) to be
greater than the conductance of the mixture, indi-
cating metal ion binding to the tannin sites and
that this ion binding is more significant at higher
pH. The conductance characteristics (A versus
c'?) of the HWE given in Tables I through IV are
shown to be hyperbolic. For strong electrolytes,
the relation between A and c'’? is linear, and for
weak electrolytes A tends to show steep hyper-
bolic curves at low molar concentrations of tannin
(c). From all of the tables, it can be seen that in
the beginning there is a slow rise in the value of

equivalent conductance with progressive dilution
of the HWE, whereas towards the end, in the very
dilute range, equivalent conductance increases
rapidly.

The conductance of a solution depends on the
charge, number, and mobility of the ions present.
The equivalent conductance depends upon the
concentration of HWE, since the extent of the dis-
sociation of an HWE polyelectrolyte is also depen-
dent on the concentration of HWE. At a certain
concentration, a polyelectrolyte may only be
partly dissociated, whereas at infinite dilution it
may be completely dissociated.'® Here, the degree
of dissociation («) of a polyelectrolyte can be cal-
culated by the simple relation « = A/A,, where A,
is the equivalent conductance at infinite dilution,
and the results are presented in Figure 6(a,b).
The variation of the degree of dissociation of HWE
with concentration shows that HWE contains
multicharge molecules that increase in charge at

Table II Conductivity of HWE in Water and 3.3M AICl; Solution at pH 3.5

k of HWE Sum of « of Equivalent
Concentration and CaCl, HWE and Lower of Conductance

of HWE x of HWE Solution CaCl, Solution K (A) of HWE a =

(wiw %) (S m™) (uS m™)? (uS m1)P (%) (uSm™) (A/Ao)°
0.02 12.78 94.74 127.16 25.50 1231.58 0.334
0.04 17.59 86.47 131.97 34.48 562.03 0.15
0.06 24.21 84.96 138.59 38.70 368.20 0.10
0.08 28.87 84.21 143.25 41.21 273.69 0.07
0.10 32.63 90.98 147.01 38.12 236.54 0.06

Specific conductivity (k) of 3.8M AlCl; blank solution = 114.38uS m ™.

2 Observed.

b Calculated.

Ao = 3800 uS m.
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Table III Conductivity of HWE in Water and 3.3M CaCl; Solution at pH 9.0

k of HWE Sum of « of Equivalent

Concentration and CaCl, HWE and Lowering Conductance
of HWE k of HWE Solution CaCl, Solution of k (A) of HWE a =

(wiw %) (WS m™) (uS m™hH? (uS m™P (%) (uSm™) (A/Ap)°

0.02 38.50 66.92 137.29 51.26 869.92 0.41
0.04 57.07 77.44 155.87 50.31 503.39 0.24
0.06 83.50 101.50 182.26 44.31 439.85 0.21
0.08 106.02 121.81 204.81 40.53 392.62 0.19
0.10 111.28 129.32 210.08 38.44 336.24 0.16

Specific conductivity (k) of 3.8M CaCl, blank solution = 98.80 xS m™.

# Observed.
b Calculated.
¢ Ao = 2100 pS m™ 1.

alkaline pH [Fig. 6(b)]. The dissolved polyelec-
trolytes have a high charge density on the mole-
cules, which can potentially influence both the in-
ter- and intramolecular interactions.

Figure 6(a) shows that even without the addi-
tion of NaOH, HWE in solution undergoes a de-
gree of dissociation that indicates the presence of
a significant charge on the HWE chains, as pre-
viously found.! The HWE solution at the zero con-
centration limit (intrinsic dilution) has an intrin-
sic dissociation constant pK, of 8.81 based on the
data of Figure 6(b), since full dissolution of HWE
is only possible under such alkaline conditions.
Thus, half the total HWE reactive sites will have
dissociated at pH 9.81. At a pH of 7.53, only 5%
of the total functional groups are dissociated,
whereas at a pH of 10.80, 99% of the HWE is
dissociated.

In polyelectrolyte systems such as HWE, in the
presence of AlCl; and CaCl,, the conductance will

be primarily determined by the number of un-
bound ions present at any particular dilution. The
Ca—-HWE and the AI-HWE systems at pH values
of 3.5 and 9.0 show a similar significant reduction
in the degree of dissociation compared with HWE
across the whole concentration range. The overall
degree of dissociation of the tannin and the tannin
metal complex at pH 9.0 [Fig. 6(b)] was signifi-
cantly higher than at the natural extraction pH
of 3.5. At moderate HWE concentrations, the de-
gree of dissociation of the HWE in the presence
of Ca?* or Al®** will not be appreciably affected by
dilution, and, as a result, the conductance will
rise only slowly with dilution. At high dilutions,
however, the metal ions will escape more easily
from the electrical double layer of charged HWE
polymer and contribute proportionally to the over-
all conductance of the system.

It is well known that many linear biopolymeric
polyelectrolytes have a tendency to form physical

Table IV Conductivity of HWE in Water and 3.3M AICl; Solution at pH 9.0

k of HWE Sum of « of Equivalent
Concentration and CaCl, HWE and Lowering Conductance
of HWE x of HWE Solution CaCl, Solution of k (A) of HWE a =
(wiw %) (S m™) (uS m™)? (uS m1)P (%) (uSm™) (A/Ao)*
0.02 38.50 59.93 118.57 49.46 779.03 0.45
0.04 57.07 81.96 137.14 40.24 532.71 0.31
0.06 83.50 91.73 163.53 43.91 397.49 0.23
0.08 106.02 112.78 186.09 39.39 366.54 0.21
0.10 111.28 121.05 191.35 36.74 314.74 0.18
Specific conductivity (k) of 3.8M AlCl; blank solution = 80.08 uS m™*.
2 Observed.
* Calculated.

©Ap = 1720 S m.
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Figure 6 Degree of dissociation («) of HWE at differ-
ent dilutions in water and in a constant concentration
of CaCl, and AlCl; at (a) pH 3.5 and (b) pH 9.0.

gels owing to the occurrence of ionic complexation
between polyelectrolyte molecules and multiva-
lent ions. Solutions of HWE at high pH (pH 11,
where it was found that full dissociation of HWE
occurred) to which AlCl; is added gelled upon
shearing within seconds at ambient temperature.
Steady shear or large deformation breaks HWE
networks and results in shear thinning. The effect
of CaCl; and AlCl; on the steady low-shear equi-
librium viscosity (equilibrium viscosity at 0.3 s 1)
of HWE is shown in Figure 7. Here, samples are

reported at 13% (w/v) HWE solution at pH 11 in
the presence of CaCl, and AlCl;.

Solutions of HWE were transformed into a
strongly gelled fluid by addition of a critical metal
ion concentration at a similar molar ratio (3.6)
for the Ca—HWE and AI-HWE systems. The low-
shear equilibrium viscosity increased by more
than four orders of magnitude and manifested a
maximum at this critical value, as shown in Fig-
ure 7. At this molar ratio of 3.6, the gel character-
istics were dominant, which may have been due
to the full complexation of metal ions in regular
arrays of electronegative sites formed by HWE
chains. With further increases in molar ratio, the
viscosity decreased marginally for the CaCly,—
HWE system but decreased more significantly for
the AICI;—HWE system (i.e., Ca?* is more effi-
cient than Al®" in the association of cations with
the HWE chain, which is consistent with the de-
creased dissociation of the Ca—HWE system com-
pared with the AIC1;—HWE shown at high pH in
Fig. 6[b]).

To obtain further information about structural
differences between gels made at various CaCl,
and AlCl; concentrations, a microstructural anal-
ysis was made by monitoring the elastic storage
and loss shear modulus (G’ and G", respectively)
from oscillatory deformation at various angular
frequencies w in the linear viscoelastic region. The
CaCl,-HWE and AlCl;—HWE systems (at molar
ratio of 3.6) showed a frequency behavior typical
of a true gel (i.e. the storage modulus dominated
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Figure7 Steady low-shear viscosity of 13% HWE (pH
11) with various molar ratios (M/L) for Ca?* and A1®*.
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Figure 8 Frequency dependence of the magnitude of the elastic storage modulus G’,
the loss shear modulus G”, and complex viscosity for 13% HWE (pH 11) with (a) AlCl;

and (b) CaCls,.

the viscous modulus all over the frequency region
studied [0.1 ~ 100 rad s '], and both moduli were
largely independent of frequency, whereas the dy-
namic complex viscosity was seen to nearly obey
a power law, as demonstrated in Fig. 8[a,b]).
Figure 9 shows the dependence of the complex
viscosity n* and the storage modulus G’ (w = 0.16
rad s ') at various molar ratios of the metal ions.
It can be seen that G’ and n* of the Ca—HWE
and AI-HWE gels pass through a maximum con-
sistent with the steady shear data of Figure 7,
suggesting this maximum may be attributed to
the maximum extent of the network structure
forming at the same molar ratio of 3.6. As the M/
L is increased to 0.2, the G’ and n* of the Ca—
HWE system are similar to HWE, whereas the
G' and n* of the AlI-HWE system exceed those of
HWE. The maximum strength of the 13% Ca-

HWE gel (pH 11) exceeded that of the AI-HWE
gel, as shown by the elastic modulus and complex
viscosity being about one order of magnitude
higher at same molar ratio, whereas further addi-
tion of CaCl, induced weakening (perhaps synere-
sis) of the gel structure. Differences in the struc-
tural ion-binding between the Ca—HWE and Al-
HWE systems may be responsible for this differ-
ent gel network strength. Here, the ability of
HWE polyelectrolyte chains to associate and form
gels is determined by two main chemical parame-
ters: (1) the number of successive negative sites
required to form a junction zone (and hence the
number of such zones within a given HWE chain)
and (2) the relative amount of calcium and alumi-
num cations to HWE present in the system to
form these junctions. The first parameters (intrin-
sic parameters) are known to include the molecu-
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lar weight of the polymer and the number and
distribution pattern of free dissociable functional
groups in the macromolecules. The second param-
eters (extrinsic parameters) are known to include
the polymer concentration, the metal ion con-
centration, the pH, and the background ionic
strength.'”

Cations of different valences were compared in
the formation of HWE complexes at the 13% (w/
v) concentration and pH 11 at an M/L ratio of 5,
which are conditions at which gels of high rigidity
are formed, as shown in Figure 10. This finding
indicates that monovalent metal ions play very
little role in structuring the HWE and remain as
background electrolyte in the HWE solution,
which then acts as a purely viscous liquid with a
frequency dependent storage modulus.

CONCLUSIONS

Ultraviolet spectral studies at different pH values
have clearly indicated that the formation of a
metal complex is closely associated with the disso-
ciation of functional dissociable sites in the HWE
solution from P.r. bark. The HWE solution at in-
trinsic dilution had an intrinsic dissociation con-
stant pK, of 8.81, with most of HWE functional
groups dissociated at a pH close to 11. Hence, the
gel formation of the alkali salts of concentrated
HWE from P.r. bark with calcium(II) and alumin-
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Figure9 Complex viscosity and elastic storage modu-
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Figure 10 Frequency dependence of the magnitude
of the storage modulus and the loss modulus for 13%
HWE (pH 11) with cations of different valences (M/L
=5).

ium(III) has been investigated at pH 11, where
full dissociation of HWE polyelectrolyte is
achieved. The addition of the cationic salts Ca?*
and Al®* markedly increased the elasticity of the
extracts, even at low concentration. Rheological
measurements of metal binding in the HWE solu-
tion showed that aluminum binds less readily
than calcium. In the concentrated HWE system,
maximum association with Ca?" and Al®' ions
was found at the similar molar ratio of 3.6. The
addition of such cationic species to the extracts
is thought to reduce their fluidity primarily by
increasing the number of physical crosslinks.
Such an increase results, in turn, in an increase
in the apparent molecular weight of extract poly-
mers and a decrease in fluidity.

The authors thank Chem. Eng. Contracts Pty., Ltd., for
its generous supply of the Pinus radiata bark powders
used in this study.
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