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Abstract—A unified physico-chemical model, based on a modified Hendersofi- Hasselbaich equation, for. .
the analysis of ion complexation reactions involving charged polymeric systems is presented and verified. - -
In thismodel pH = pK,, + p(AK,) + log(e/1 — ) where K, is'the‘intrinsic acid dissociation constant of the
ionizable functional groups on the polymer, AK, is the deviation of the intrinsic constant due to -
electrostatic interaction between the hydrogen ion and the polyarion,‘and alpha () is the polyacid degree
of ionization. Using this approach pK, values for repeating acidic units of polyacrylic (PAA) and
polymethacrylic (PMA) acids were found to be 4.25 £ 0.03 and 4.8 £ 0.1, respectively. The polyion
electrostatic deviation term derived from the potentiometric titration data(i.e. p(AK,)) is used to.
calcnlate metal ion concentration at the complexation site’ n the surface’ of the polyanion. Intrinsic
. cobalt-polycarboxylate binding constants (7.5 for PAA and 5,6 for PMA), obtained using this procedure,

& are consistent with the range of published binding constants for cobalt-monomer carboxylate complexes.
In two phase systems incorporation of a Donnan membrane, potential term allows determination of the
intrinsic pK, of a cross-linked PMA gel, pK,, = 4.83, in excellent agreement with the value obtained for the - -
linear polyelectrolyte and the monomer. Similarly, the intrinsic stability constant for cobalt ion binding to

a PMA-gel (Bcopma+ = 11) was found to be in agreement with the linear polyelectrolyte analogue and the
published data for cobalt-carboxylate monodentate complexes. - ER
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words: Donnan potential, heterogeneity,_2-diniénsi6nal, 3-dimensional aggregate (gel),

polyelectrolyte, complexation, electrostatic potential.

INTRODUCTION

An important component of natural organic com-
plexing materials are the weakly acidic high molecu-
lar weight humic and fulvic -acids. Their chemical
properties, in particular their acid-base behavior and
their ability to bind metal ions are of major import-
ance in natural processes such as rock weathering,
soil formation, and metal transport in the biosphere
(Stevenson, 1982; Saar and Weber, 1980). Moreov-
er, characterization of ion-binding in organic-rich
sediments and soils, such as those in acid precipita-
tion impacted regions of the northeastern United
States, requires an accurate description of the proces-
ses involved in these polyelectrolyte reactions.
Until recently understanding of metal ion binding
to weak acid organic natural polyelectrolytes has
suffered from the lack of a generalized thermodyna-
mic treatment. Techniques useful for characteriza-
tion of mixtures of metal ions and discrete ligands
have been reported to be unsuitable for use with
these materials (McCarthy and Mark, 1976). Several
recent studies have reported jon association con-
stants for metal ions bound to these natural polyacids
which vary over several orders of magnitude during
the course of a single experiment. Moreover, metal
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stability ¢onstants g}éhibit marked dependence upon
experimental conditions (e.g. solution ionic strength
and total acid concentration). In addition, compari-
sons of ‘published acid dissociation and metal ion
binding constants for natural polyacids show no
systematic variation’ from one metal or acid to
anothé_r. Nor do these results exhibit any concord-
ance with the well-established literature for simple
organic ion-metal ion compiex formation (Florence
and Batley, 1980; Jackson et al., 1978; Ryan and
Weber, 1982; Stevenson, 1982). ‘

In part deficiencies in the tréatment of data for
natural-organic polyion-metal ion complex forma- '
tion'arise from an ‘inability to assess the concentra- -

tions of the metal ion at a complexing site located ona )

charged’ organic: polyelectrolyte, In addition, there
has been . difficilty -in assessment of ligand” and
ligand-metal complex species concentrations. Gre-
gor et-al. (1955), employing synthetic polyelectro-
lytes, sought to-ovecome the second of these prob-
lems. by using an ‘extended Henderson-Hasselbalch
equation for the dissociation of a weak acid (HA)
intoa (hydrated) proton and its acid anion [A7]’

o)

The usual fpfr‘r‘luo_fitﬁg ‘Henderson-Hasselbalch equa-
tion,” * .o .

b = pK, + log (HAJIAT]) =

- pK, —log((1 — o)/a) )
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where the square brackets are used to designate
species concentrations and « is the degree of neutra-

lization of the acid, was modified (Gregor and  p(4

: " coworkers, '1955) by adding a constant (n) to the
~ second term on the right hand side of equation (2) as
shown below:

pH = pK, —nlog((1 — a)/o) @

This equation provides empirical representation of
the titration curves of many polyelectrolytes, K,

corresponding to the intrinsic dissociation constant of .

the polyacid functional groups and the constant
" corrective parameter, n, accounting for deviation of
the system from ideality at a selected acid concentra-
tion and ionic strength as the degree of dissociation of
the acid is varied.
’ Mandel and Leyte (1964) used a more direct
- approach to the evaluation of [A™]. A titration curve
of the polyacid in the presence of neutral salt was

transformed into a plot of P([H*J/[HA]) versus
p[A~]. This plot was then used to estimate the -

" concentration of [A™] for the metal containing solu-
tions at the polyacid and neutral salt concentratlon of
the reference system.

Inability to analyze the effect of the electric field at
the surface of the polyion on the activity of the
complexing metal ion has limited interpretation of

~ metal ion binding in polyelectrolyte systems such as
“those -examined by Gregor et al. (1955), and by
" Mandel and Leyte (1964). Scatchard et al. (1964) in

their studies of the binding of small ions to proteins -

attempted to correct for such perturbations by esti-
mating the electrical field at the surface of the
protein. In this approach they assumed charge to be
-uniformally distributed- over a spherical surface to

facilitate computation of the effective concentration

of mobile ions at the site of complexation. Since such
an estimate was not usually representative of the
.actual conformational . properties of the macro-

e - molecule, the utility of this method of site concentra-

. tion analysis was limited. Manning and Holtzers’

(1973) proposal to use the Henderson-Hasselbalch
-+ equation for determining an.apparent average value
- for the acid- dissociation constant of weak acid

e polyelectrolytes provided no real solution to this

problem as well.
An experimental method to determine the dis-

. tribution of mobile metal ions at the sites of com- -

" plexation was proposed by Marinsky (1973). This
technique, which utilizes potentiometric titrations of
‘weakly acidic organic polyelectrolytes in the pre-
sence and absence of metal ions, provides the most
reliable data for stability constant determinations in
- these complex systems. The method was based on the
- following logic: The neutralization of a weak
polyacid can be described by the following modifica-
tion of the Henderson-Hasselbalch equation
(Arnold and Overbeek, 1950) -

pH = pK, + p(AK,) + log(e/l—c)  (4)

J. A. MarinskyY and M. M..‘REDDY

where K, is the intrinsic acid dissociation constant of
the 10mzable funcnonal groups on the polyion and
'in its value due to the -elec-
‘the simplei ions in'solution and
yion surfa'ce*;‘ '

; nd T'the absolute temperature
5 4 alue of zero, §, and consequently
proach zero as their limiting .

lué. Thus'a plot of
when. extrapolated to 1ntercept the ordinate axis at
alpha’'="0. yields the intrinsic pK (pK,) of the
metal-free system at the point of intersection.

Parallel analysis of the metalion (M"*) containing,
. :herw1se equlvalent polyacid system by
measurement of both free H* and M*" permitted
assessment of 0.4343(ey/kT) at each experimental
condmon 'Correct ‘assignment of the metal-binding -

, reactlons permttted accurate assessment-of A™ and.

HA in‘the systems so that the resultant plot of pH —
log [A ~J[HA] versus [A~] over the range of study;
when’ extrapolated to [A™] = 0 yielded the pK,, value
previously assigned to the polyacid from such a plot
obtained w_ith_the- metal-free, but otherwise equiva-
lent system (Marinsky, 1982). The vertical displace- -
ment of the ordinaté from the intercept value could
theri be used to prov1de anumerical assignment of the
exponential term at'each experimental situation. By
presuming: Possxon—Boltzmann statistics to apply to .
these systems the; coricentrations of ions at the site of
reaction (M, "*) were computed by multiplying the -
measured (bulk) ion concentrations (M"*) by the
exponentialterm, thevalue of efs/k T being multiplied
by the ion valence as shown :

(M”+) exp (0. 4343 n ex];/kT) (6) -
y"stems an acroscoplc or m1croscop1c second
phase exists and a Donnan membrane potential term
has.:to  be: lncluded ‘in the computatton as well
(Marmsky, 1973) :
It is our: ‘objective: in this manuscnpt to demon-
strate. expenmentally the validity of the approach -
proposed by Marinsky (1982) for the accurate assess-
f-stability- conistants characterizing the com-
ple d species med by metal ions with repeating

B mfnds of polyel trolytes and their gel analogs. The .

synthetlc orgamc polyelectrolytes selected to demon- .
strate th1s are descnbed in Fig. 1. :

o MATERIALS AND METHODS

The synthe c polyac1ds employed (polyacryhc
acid, PAA, and polymethacryhc acid, PMA) were .
gifts of the Rohin & Haas Company. A molecular .
welght of 5000 was specified by the manufacturer for
each product.. An earlier publication gives details of

— log(a/1—a) versus alpha; - - -
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Fig. 1. Synthetic .polyelectrolytes  used for ionAbinding.» .

studies.

puriﬁcatién and preparation of these materials for

' study (Torrence et al., 1971). Analytical reagent

grade chemicals and grade A glassware were used in
all experiments. Special precautions were taken to

_ prevent carbon d_i_oxidé ‘contamination of the stan-

dard sodium hydroxide used in the investigation. The

~ preparation of sodium perchlorate for use as back-

ground electrolyte is described elsewhere (Travers

* and Marinsky, 1974).

Sodium-form ion exchange resin (Dowex 50-8X,
BioRad) used in the cation-exchange distribution
studies had an exchange capacity of 4.56 m-equiv/g of
dry resin. Solvent and electrolyte imbibement were

_ compensated for when necessary.

Radioactive isotopes—cobalt-60 and zinc-65—

were from the Radioisotope Division of the Oak

Ridge National Laboratory.

Potentiometric, and cation-exchange distribution
measurements were made concurrently to quantify
metal ion binding to the weak polyacids. Batch
equilibration techniques were used in two configura-
tions (Helfferich, 1962). In one configuration metal

ion présent at trace-levél concentrations in back-

ground electrolyte (sodium perchlorate), contained
polyacid at a fixed concentration while its degree of
neutralization was varied by appropriate addition of
sodium hydroxide. Alternatively, with trace metal
ion contained in the background electrolyte at a fixed
concentration, the polyacid concentration (at a fixed
degree of neutralization) was varied. In both experi-
ments polyacid-free, but otherwise equivalent, con-
trols were 4lso équilibrated with the resin. Measure-
ment of cation-exchange distribution in the controls
facilitated ' estimate of free hydrated ion in the
polyacid systems. ’ A

The pH of solutions at equilibrium was typically
determined using 2 Radiometer Model 4 pH meter
with a standard calomel electrode (separated from
the solution by an ammonium nitrate-agar salt
bridge) and a Beckmann glass hydrogen electrode.
Both measurements and standardizations with refer-
ence buffers (pH’s of 4.008, 6.865, and 9.18 at 25°C)
were performed in a nitrogen atmosphere.
Complexation of macro quantities of divalent ions
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by PMA and its gél* analog, Amberlite IRC-50, 2
m & Haas, was studied in a
designed.to be comparable.
or-usg in: the acid form by "
nspach and Marinsky, 1975),
e background electrolyte
fie'degree of polyacid neutra-
he. metal;ion to resin ‘molar
of éach neutralization series,

measurément of the system pH at equilibrium was
made after.at least 40 days of reaction. The concen-
tration-of metal iori ‘témaining in the solution was
measured polarographically at this time as well.

* In.the parallel experiments with the polyacid the

* potentioretric measurements of pH were made on a

single samiple aftereach addition of standard base,
carbon - dioxide ‘being ‘excluded by blanketing the -
solution .with- a- stream  of nitrogen gas. In these
systems the quantity of free metal ion in the solution
was deduced from comparison of pH measurements
obtained with the metal-containing and metal-free.
but otherwise équivalent.controls during neutraliza- ’
fom:: e T
An Amberlite TRC-50 resin was used'to demons-
trate, for the first time, an accurate method for the
measurement of Donnan membrane potential terms
encountered with-gels (Slota and Marinsky, 1980).

" RESULTS AND DISCUSSION

(1) Single phase.systems

(A)- Potentiometric properties of synthetic
polyelectrolytes. Potentiometric titration data
obtained during the neutralization of polyacrylic and
polymethacrylic acids have been interpreted with the
Henderson-Hasselbalch equation (equation 4) rear-

j = pK, — 0.4343 ey/kT
Spkapp). ()

Plots of the left hand side of this equation versus
alpha, ‘extrapolated to ‘zero .alpha, yield as the

* ordinate intercgpt’ value the intrinsic microscopic '
nstant, K;, of the repeating. -

acid’ ‘dissociz
functional group as
Fig. 3-for PMA -7 o

Aswe have pointed out earlier graphical resolution .
of pK,, in this mannet is valid since ey/kT approaches
zero.ifi value as.o approaches zero and .

shown in‘Fig. 2 for PAA and in

= Iog(a/l-a)uo = PKs . (®)

Titration behavior for the PAA is consistent with

‘expectation over the entire neutralization range. The

PMA, on the other hand, undergoes a conformation-
al transition near alpha = 0.3; this results in a plateau

study. The potentiometric .~ "



210
60—
" 58
‘X
g H
50
x -
S
c 45
. o Ca®¥(Trace)
"0zn?*(Trace)
L a0 Ll L ' j

00 02z 04 06 08
v ‘a

" Fig. 2. Henderson—Hasselbalch function plotted versus
degree of neutralization, «, for polyacrylic acid (0.03 M) in
. the presence of trace concentrations of cobalt and zinc ions

i - -and 0.1 M sodium perchlorate solution, where pX + p(AK)

- = pH — log(e/(1 — e)) (Travers and Marinsky, 1975).
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Fig. 3. Henderson-Hasselbalch function plotted against
degree of neutralization, «, polymethacrylic acid (0.04 M)

. in the presence of trace concentrations of zinc ions and 0.1-
- - M sodium perchlorate solution. Error bars encldse data for

other experiments with trace cobalt and zinc ions over a
- range of acid concentrations from 0.02 to 0.05 M. Upper
_ and lower portions of the curve are shown extrapolating to

. the same ordinate intercept (i.e. the same intrinsic' binding .

constant) (Travers and Marinsky, 1975).

in the cufve until an alpha value of about 0.5 is
" redched. "The intercept of the curve extrapolated

.« fromthe two slopmg portions of the plotintérsect the -

“ordinate at the same point as they should. The pkK,
values of 4.25 + 0.03 and 4.8 % 0.1 resolved in this
- 'way for the respective repeating acidic units of PAA.
" .and PMA are in good agreement with the literature

~ values of 4.258 (25°C, zero ionic strength, propenoic -
. acid) and 4.849 (25°C, zero ionic strength, 2-methyl -

" propanoic acid) for the monomer acids they most'

" closely resemble.
This result is to-be expected wrth a sufﬁment'

. number of identical sites in the molecule since each
" should behave in an equivalent manner from a

‘be formed so-that . (Dg—D)/(D [A

J. A. Marinsky and M, M. Reppy..

statistical point of view. The accessibility ratio of
these ac1dlcun1ts AT and HA are thus equal and the

entrat1ons of metal ions can be .
1 thlS purpose (Helffench 1962;

ion assessment i the study of complex equilibria in
solutlon has been ; given by Ringbom (1979).

The distribution coefficient for a metal fon at trace
level..' conc’entratl §: between .a “solution and ion-
exchange’ resm,- i the presence’ and absence of a
complexmg hgand can be expressed as

9) .

: Df 'Da.,/i(i'as_:.{i' MA',,/,M»

where D and Do are the metal dlstnbutlon coet-
ficients in the ° presence and absence of complexing
organic poly10n Mf is the concentration of uncom-
plexed metal joni in solution, and MA,, is the solution
concentratmn of the.nth complexed metal species.
Conversion. of -the free metal ion concentration
deduced for ‘the bulk solution in this way to its
_concentratlon of the. complexing site on the polyion
surface is-then facilitated by employing the Bolt-
zmann statlstlcal term.(i.e. ey/Kt) obtained from the
potentxometnc titration data. The polylon correction
term derived from the, potentiometric titration of the
weak polyac1d (equatlons 4 and 5) multiplied by the
Valence of the metal ion determines the non-ideality
of the metal jon. at the- b1nd1ng site ad]acent to the = -
polylon : -

Incorporatlo of this term into &q. 9 Ieads to the
followmg express1on '

._'(1('))

i _DA(ApK):A_' ':n_él B(HA),,V(A)

where"—-Bn 1s the overall polylon—metal ion complex

1llustrates in mb
: tlometncally based méthod for convertmg bulk soli-
tion- metal ion concentratlons to their concentration
at the site of complexatlon adjacent to the charged
surface of. the pol ymer. For cobalt ions binding to
PAA" and PMA in 0:1 molar sodium- perchlorate
solution only the monohgated species is presumed to

AR = By,
Employment of thé polyion correction term (AK,)"
completely-removes" this: otherwise strong depend- -
ence of -the b1nd1ng constant upon the degree of
polyion neutralization (column 3 for PMA and

ously the validity of the poten- R
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Table 1. Trace concentration level cobalt (*°Co) bmdmg functlons for polymethacryhc

acid (PMA) in 0.1 M sodium perchlorate solutlon (Travers and Marinsky, 1975)

0.8 881 4.5

.~ 0.05M PMA
Dy-D _ _Dy—D
“DlAT].  D[AT][AKTTP
01 298 60
02— _
03 " 1042 10.9
06 . 439 - 53
07 . - 5704 42

_f)‘-'ébl-lll'l'ln 5 for PAA): This result provides strong
.- support for our assumption that the polyion potential

seen by the proton is experienced by the divalent

- . metal ion as well.
<. An alternative. approach to evaluation of the
“ " intrinsic polyion-metal ion binding constant is

graphical. When the logarithm of the metal-ion
)/D(A'))) ‘is plotted
versus alpha and the resultant curve is extrapolated
to- the ordinate axis at alpha = 0 the intrinsic metal

. ion binding constant is resolved in much the same
. way as pK,'is (i.e. from .a plot of the modified.
- Henderson-Hasselbalch function versus alpha.)

“Such plots are presented in Figs 4 and 5 for the

cobalt-PAA and cobalt-PMA systems, respectively.
The -values resolved in this way for the intrinsic
formation constants in these two systems (logBcopaa+

— 088 BCOPAA + = 7.5 and log BCOPMA + =0. 75
Beopmat = 3. 6) agree with-the average intrinsic

Bmat values obtamed for these respective systems

log B+ +2p A K)
| P L N
T

0. 02 04 08 08

o F1g 4. Cobalt (at trace level concentrations) ion binding
__function versus degree of neutralization, a, for 0.03 M
*" polyacrylic acid in 0.1 molar sodium perchiorate solution,

“where log B; + 2p(AK) = log( (Do —

v D)/(D [A7]) (Travers
and Marinsky, 1975).

 lating to the $ame ot

Fig. 5 Cobalt (at trace. level concentratlons) ion binding
function versus degree : -of neutralization, o, for polymeth-
acryhc acid (0.04 M) in 0.1 M sodium perchlorate solution.
Asin: Flg 3;etror bats enclose data for other experiments
over a range of ‘acid. concentranons from 0.03 to 0.05 M.
Upper and lower portlons of theé curve are shown ex trapo—
ate mtercept (i.e. the same intrinsic
bmdmg constant) (Travers and Marinsky, 1975).

(BCDPAA+ 9 9 and BCQPMA+ = 5 4) by our earlier -
approach. Tms good agreement between .intrinsic
stability constant signments’ dernonstrates clearly.

. that the proton and-divalent metal ion do indeed
Aexpenence the same. ¢lectrical potentlal at the reac-

tion site on the surface of the polyion.

- Additional. support for. the use of ‘the (ApK) o
- correctioti term to caleulate metalion concentrations

at the site of Teaction is most effectively. shown by a
plot of log( (Do'= D)/D (A™) Pua+ versus pH —
log(a/1—a)— pK,.-Since it is assumed that log( (Do —
DID (A7) Bua+ =2 p(AK,) and that pH — log
(/1~a)=pK,= p(AKa) such a plot, on the basis of the
above assumption, must yield a straight line of slope
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relationship is shown'to be valid, within experimental

“fPAA and PMA respectlvely
(II) Two phase (gel) systems

polyelectrolyte gels. If there is a macroscopic gel
phase present, then the influence of this second phase
upon the ion'distribution within the solution must be
considered in addition to the polyion effect. For
’ example in a system containing a-solution and a gel
potentlometnc data will differ from that obsérved for
similar single phase solutions. For a single phase
solution the Henderson-Hasselbalch function plotted

3l »
: /./
. , 1
. g Al /./
LS e
X oW
<
], S
= _/‘-\swps:z.oz
/
L
1 1 1
o 05 10 15

pPLAK) hydroqsn

F1g 6. Modified cobalt ion binding function plotted versus

the modified Henderson-Hasselbalch expression for 0.03M
polyacrylic acid in 0.1 M sodium perchlorate solution,
where p(AK)cobalt is log ( (Do — D/(D [AT] B4)) ) and
(AK)hyd,ogm ispH - log(ee — /(1 — o) — pK) (Travers and
Marinsky, 1975). ]

20—
15
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g
X
L4l
ator
“1‘0'5 _" N :
L /~=—Slope = 194+ 0.33
: [ ] ,
o . . 05 1.0 15

P (AK) hydrogen

Flg 7."Modified cobalt jon binding function plotted against-
the modified Henderson-Hasselbalch term for polymeth-
acrylic acid in 0.1 M sodium perchlorate solution, where
: (AK)cobalt Is IOg (DO D)/(D [A ]Bl) and p(AK)hydrogen 15
pH — log (a/(l — @)) — pK (Travers and Marinsky, 1975).

2.0 which intersects the origin. In Figs 6 and 7 this -

error, for trace concentration of cobalt ion bmdmg to -

(A)"Potentzometrzc properties of synthetzc . Tg

J. A. MariNsky and M. M. REbDY .

versus degree of polyacid neutralization over a range
of polyac1d concentratlons, or solution -ionic

gree of neutrahzauon mcreases
gence 1ncreases wrth decreasmg

pha value approaches zero,
pproaches zero,.and the Hen— L

ric properues has. had to be based upon the pH of the
sohition phase-in. (Donnan membrane) equilibrium
W1th the gel phase 1n questron A result of this -

: t1ometrlc characterlstlcs are a sensmve function of:

(1) the water content of the gel (whlch is regulated in

: yt
the: nic; strength of the aqueous solution in equ111b-
riuf’ w1th the gel :

Fora synthenc organic gel at a fixed ionic strength
and’ alpha’ Value, the pK-of the repeating monomer
unit’ appears to. increase with the matrix rigidity,
which i is'in’ turn’,controlled by the quantity of cross-

: hnklng agent used ini the gel manufacture. The effect

of increasing’ ionic strength on the other hand, is to
_decrease the'measuréd pK This behavior will also be -
seen - for. natural. organic polyelectrolyte gels with
matrix - n01d1ty (i.e. network crosslinking) being ‘

regulated by the souree of the orgamc material andits . -

subsequent diagenesis.

Plots "of pK'(pH = log((x/l - a)) versus alpha
calculated from "directly measured solution concen-
trat1ons over a range of solution ionic strengths or
gel crosslmkmg valués, parallel each other. The value
of pK detemlned. this’ way is a function of alpha
lower the ionic strength and the

h1gher the rigidity: (crosslmktng) of the gel. Unlike
the smgle phase lmear polyelectrolyte, no converg-

l‘nlCI'OSCOplC p'K cannot be resolved for the repeatmg
functlonal umt_lof the gel macromolecule

‘in_the solution phase. In this way

tric: easurements in the solution can be

apphed 0. calculate"terms needed for plotting the
Henderson—Hasselbalch function of the gel phase.

ThlS result ‘was demonstrated for the first time by
Marmsky and.Slota (1980) who employed the Don- .

nan” membragie ‘model to relate the equilibrium

distribution of _d1ffus1ble components,; water, a fully




e :“show that,

',where a

jonized acid and its salt, in the gel and solution
phases. By usmg this approach they were able to

pH - pM* = pH, - pM*,  (11)

' The 1ntrms1c microscopic dissociation constant-of the

- repeatmg functional group in the gel was-then

S redefined. correctly. in the modification of equatlon
G shown o :

pH log(a/l a) +0. 4343 (e\b/kT) = pK (12)

the subscnpts g and sg referring, respectively, to the
gel bulk solution and the solution immediately adja-

“cent to the charged surface of the polymer matrix. By

substituting (pH — pM* + pM* ) for pHjin equatron

(12) to yield equat1on (14)

pH — pM* + pM™,
- 1'og‘(a'/1—a) + 0.4343(el/kT) = pK, (14)
for analysis of ‘potentiometric data in gel systems
repeating functional unit could be expected.
The value of the free métal ion concentration

within the gel phase (M*,), like the value of the gel
phase hydrogen ion concentration, is not amenable

. to direct measurement. However, its value can be

computed in the following way: The volume of the gel
phase can be measured and a charge balance, based
upon (1) the stoichiometry of the. neutralization
reaction and, (2) the requirement that the condition
of electroneutrality be satisfied, defines the quantity

‘of mietal jon entering the gel phase during neutraliza-
_thIl of the acid groups. A simple Donnan equilibrium
- corrected for the introduction of additional metal ion

by gel phase imbibement of salt. The total quantity of
metal ion'within the gel phase calculated in this way is
divided by the ‘gel volume to obtain the gel phase

(bulk) concentration for use in equation (14).

This procedure applred to the crosslinked
polymethacryhc acid gel, using dilute sodium poly-
styrenesulfonate solution in place of simple dilute
electrolyte, resolved.an intrinsic pK, value of 4.83, in

“excellent agreement with the pK,, value obtained for

the (smgle phase) linear analogs. The validity of this
approach is firmly established by this result.

The dlscrepancy between pK values computed
directly from measured solution pH, and values

" computed using the appropriate, model- deduced gel

phase pH can be substantial. For example, Two sets
of pK values, one using the solution pH values and
the other using the appropriate gel phase pH, for the

“polymethacrylic acid gel system are plotted in Fig. 8

pH, + 0.4343(ey/kT) = pHL (13)

unique resolution of the pK, characteristic of the:
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Fig, balch funcnon plotted asa  func--
tion alization, «, for'a cross-linked
polyme cid IRC-SO) in"-0.03 normal sodium
polystyre

he:lower linear plot is calculated em-
e .within the gel phase, (Slota and
Mannsky, 1980).

the solution pH
ploymf! the pH

as afunctlon f alpha and demonstrate differences in
calculated pK values between the two procedures of
more than tw ers of magnitude.

(B). ‘Divalent:metal-ion binding to a cross- lmked
PMA gel Earher studies of the binding of cobalt and
nickel to polymethacryhc acid had demonstrated the
existence-of one- complexed species, MA™ the com-
plex formation” ‘réaction was written as follows to
facﬂltate analysrs o

M+2+2HA MA++A‘+2H+ (15)'

W1th thls reactlon the mass action expressron is .

K (MA)( +>2(A JMHAY  (16)

-The (AK “1)2 terms ‘applicable to the hydrogen ion

and the metal jon concentratrons within the gel phase
cancel;’ the’ Donnan membrane potential -term to
transform bulk ion’concentrations in the solution'to
the correspond1 concentratrons within the gel
phase- ‘canoe] .
measured solutlon concentrations can be used direct-
ly in the equation as shown; and finally, V,, the gel
phase volume term:required to determine the molar .
tration of MA,A, and HA cancel so that the

total quantmes of ‘each may be employed in the -

equatlon Since | -

| "'<17>

multlplym the experxmentally observed K by BHA
(log B.=4. 8) squared led'to the.value of Bya. Good-
agreement ‘between the values for Bya+ in: the gel
phase. and the. polyelectrolyte was obtained after.
correction forion pair formation of the divalentionin
the sodrum sulfate ‘Tedium used in the gel studies:
The’ monodentate cobalt—PMA (gel) stability con-
stant valué (BCOPMAJ, = 11) is in agreement with the
value obtainéd forthe linear polyelectrolyte -ana-
logue (Anspach and’ ‘Marinsky, 1975).

well so that the ‘experimentally .
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.* CONCLUSION -

The results presented here demonstrate that mass
action equations, suitable. for
trolyte equilibria in aqueous olution, may be mod-
ified to apply" to “:containing soluble
polyelectrolytes and he r. hydrogen. ion
- dissociation from, :
. polyelectrolytes th
“corporation of a ter

ion electrostatic effects at’the"site of. complexation.
This electrostatic correétion’term,’ p(AKa), can be
+ calculated directly form p
for the weak acid polyelec
riately modified mass actlon _xpressmn polyion in-

trinsic acid dlssomatlon constants ‘and metal ion

binding constants are 1ndependent of expenmental
conditions and exhibit the expected-correspondence

with the simple electrolyte ‘carboxylate-metal ion
onstrate the soundness.

complexes. These results dethor
of this technique for " describing polyelectrolyte

equilibria. With this understanding; polyelectrolyte

effects encountered in niatural polyacids (e.g. humic

and fulvic acids) can be quantitatively incorporated

into mathematical modvelvs of solution equilibria.
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