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ABSTRACT: Hydrogels containing tetraprotic acid moi-
eties sensitive to pH changes of the swelling medium were
prepared from the ternary systems acrylamide/ethylene
diamine tetraacetic acid/water by irradiation with y-rays at
ambient temperature. Gel compositions of poly(acrylamide-
g-ethylene diamine tetraacetic acid) [P(AAm-g-EDTA)] hy-
drogels were determined by using a differential pulse po-
larography technique. Equilibrium swelling behavior of
these hydrogels was studied using an equation, based on the
Flory—Huggins thermodynamic theory, the phantom net-

work theory of James—-Guth, and the approaches of Brannon-
Peppas and Peppas, which was modified by the authors for
determination of M, and y parameters. The equation modi-
fied by the authors for the determination of M, and y pa-
rameters were observed to describe very well the swelling
behavior of the charged polymeric network. © 2003 Wiley
Periodicals, Inc. ] Appl Polym Sci 91: 21682175, 2004
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INTRODUCTION

Hydrogels are hydrophilic polymeric networks that
absorb enough water to cause macroscopic changes in
the sample dimension. The most important property
of the hydrogels is its swelling degree because of its
practical applications, such as in switches, drug deliv-
ery systems, recyclable adsorbents, sensors, and sep-
aration systems.'® The swelling and mechanical
properties of hydrogels can be controlled by the mod-
ification of the polymer backbone structure or the
crosslinked density. Many research groups have pre-
sented theoretical models for network structure prop-
erties of hydrogels.” ™' o

The molecular weight between crosslinks (M,) for
highly swollen networks is one of the basic parameters
that describes the structure of electrolyte and nonelec-
trolyte-type hydrogel networks. This describes the av-
erage molecular weight of polymer chains between
two consecutive junctions. These junctions may be
chemical crosslinks, physical entanglements, crystal-
line regions, or even polymer complexes.® Several the-
ories have been proposed to calculate the molecular
weight between crosslinks in polymeric networks. The
earliest theory to describe the equilibrium swelling
characteristics of networks was developed by Flory
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and Rehner”'® for a crosslinked polymer system
where the polymer chains are reacted in the solid
state, and the macromolecular chains exhibit a Gauss-
ian distribution. This theory describes the molecular
weight between crosslinks for only nonionic polymer
networks, as expressed in the following equation'":

_ (1= 2/ Vv v
MC T ’Z_][ln(]- - VZm) + Vo + X]/%m] (1)

where M, is the average molecular weight between
crosslinks, o is the specific volume of the polymer, V;
is the molar volume of the swelling agent, v,,, is the
polymer volume fraction in the equilibrium-swollen
system, v,, is the polymer volume fraction in the re-
laxed state (i.e., after crosslinking but before swelling),
x is the Flory polymer—solvent interaction parameter,
and ¢ is the number of branches originating from a
crosslinking site.

Thermodynamically, the swelling behavior of non-
ionic gel is governed by both the chemical potential of
mixing and the chemical potential of elasticity. Elastic
and mixing contributions to the chemical potential of
nonionic gel is additive. In a nonionic gel and water
system, water diffuses into the network by forces
given by the difference of the chemical potential of
water between the network inside and outside. Fi-
nally, the swelling gels reach the equilibrium state at a
higher concentration of water in the gel phase. The
stability is caused by contributions of elastic forces to
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the chemical potential of solvent (water), which pre-
vent the polymer network from becoming completely
dissolved. If the polymer chains making up the net-
work contain ionizable groups, the forces influencing
swelling may be greatly increased because of localiza-
tion of charges within the hydrogel.'*'* Ionic polymer
networks in aqueous salt solutions yield a far more
complicated situation than that of neutral polymers.
The equilibrium swelling ratios attained are often an
order of magnitude larger than those of neutral net-
works, given that intermolecular interactions such as
coulombic, hydrogen-bonding, and polar forces are
present. Brannon-Peppas and Peppas derived an
equation to describe this ionic contribution term for
both anionic and cationic hydrogels.'*'*> The expres-
sion for a monoprotic acid containing anionic ho-
mopolymeric network is given in eq. (2), and theoret-
ical swelling predictions based on this and other sim-
ilar equations are well described by Brannon-Peppas
and Peppas.?
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where K, is the dissociation constant of polyacid, I is
the ionic strength of the swelling medium, and M,, is
the number-average molecular weight of starting
polymer.

By combining the approaches of James and Guth,'®
considering a phantom model for network structure,
and that of Brannon-Peppas and Peppas'> we ob-
tained a modified expression from which the M_and yx
could be determined simultaneously for a copoly-
meric hydrogel with tetraprotic acid segments. In this
expression the mixing, elastic-retroactive, and ionic
contributions to chemical potential of a tetraprotic
acid containing hydrogel in the equilibrium-swollen
state were incorporated into the phantom model of
network structure. In the highly swollen state, the
constrained junction theory indicates that a real net-
work exhibits properties closer to those of the phan-
tom network model."" The equation derived was used
to determine simultaneously M, and x parameters for
poly(acrylamide-g-ethylene diamine tetraacetic acid)
[P(AAm-g-EDTA)] hydrogels prepared from acryl-
amide and ethylene diamine tetraacetic acid by using
a radiation-induced polymerization technique.

EXPERIMENTAL
Apparatus

A PAR model 174A polarographic analyzer system,
equipped with a PAR mercury drop timer (Princeton
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Applied Research Co., Princeton, NJ), was used. A
Kalousek electrolytic cell with reference saturated
electrode (SCE), separated by liquid junction, was
used in a three-electrode configuration. The counter
electrode was platinum wire. The natural drop time of
the mercury electrode was in the range 2-3 s (2.37 mg
s~ !). The differential pulse (DP) polarograms were
recorded with a Linseis LY 1600 X-Y recorder (Bre-
men, Germany). DP polarograms were recorded un-
der the conditions of a drop life of 1 s, a scan rate of
5-10 mV s~ !, and a pulse amplitude of 50 mV.

Chemicals

Acrylamide (AAm) was supplied from Merck (Darm-
stadt, Germany). A stock solution (0.1M) of ethylene
diamine tetraacetic acid (EDTA) Na,H,Y-2H,O (M
= 372.25 g mol™') was prepared by dissolving 37.225
g of EDTA, diluted to 1.0 L. Glacial CH;COOH, H;PO,
(85%), H3;BO; and standardized NaOH were used to
prepare Britton—Robinson (B-R) buffers (purchased
from Merck, Darmstadt, Germany). B-R buffer solu-
tion was prepared in such a way that 2.3 mL glacial
acetic acid, 2.7 mL phosphoric acid, and 2.4720 g boric
acid were dissolved by dilution in triple-distilled wa-
ter to 1.0 L; 50 mL portions of this solution were taken
and the pH was adjusted between 2.0 and 9.0 by
addition of appropriate amounts of 2.0M NaOH.

Preparation of hydrogels

Three components were used in the preparation of
P(AAm-¢g-EDTA) hydrogels: AAm, EDTA, and dis-
tilled water. AAm monomer (2.5 g) was added to each
solution (3.0, 6.0, 9.0, and 12.0 mL 0.1M EDTA) and
finally diluted to 15 mL. Monomer solutions thus pre-
pared were in different compositions (respective
AAmM/EDTA mol ratios: 98.28/1.72; 96.79/3.21; 95.45/
4.55; 94.45/5.55). These solutions were placed in PVC
straws (4 mm diameter) and irradiated to 11.2 kGy in
air at ambient temperature in a PX-y-30 Isslodovateji
v-irradiator at a fixed dose rate of 2.8 kGy/h.

Composition of hydrogels

The hydrogels, obtained in long cylindrical shapes,
were cut into pieces of 3-4 mm and dried in a vacuum
oven at 315 K for 42 h to a constant weight and
subjected to Soxhlet extraction for about 10 days with
water as solvent. The unreacted EDTA was removed
with this extraction from the gel structure. Extracted
gels were dried again in a vacuum oven at 315 K to
constant weight and stored for later evaluations. The
amount of unreacted EDTA in the extract was deter-
mined by a differential pulse polarography (DDP)
technique. Although many organic or inorganic spe-
cies that contain electroactive groups can be directly
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Figure 1 Determination of the gel composition of
P(AAm-g-EDTA) by the DPP technique: (a) 10 mL B-R
buffer, pH = 3.0; (b) a + 50 L 1.0 X 107> M Cd*% (c) b +
1 mL extract solution of gel 1; (d) ¢ + 50 pL 1.0 X 107> M
Cd*% (e)d + 50 uL. 1.0 X 1072 M Cd ™2 (f) e + 50 uL 1.0
X107 >MCd*?(g) f + 50 uL 1.0 X 10~ > M Cd "> Drop time
1.0 s, scan rate 5.0 mV s}, pulse amplitude 50 mV.

determined by the DPP technique,'” electroinactive
groups could also be determined by using an indirect
method. In this work, P(AAm-g-EDTA) copolymeric
gel that contains an electroinactive group (EDTA) was
detected by means of Cd-EDTA complex. For this
purpose, the polarogram of 5.0 X 107> M Cd** was
recorded in pH = 3 (B-R buffer) solution through the
scanning of the potential from —100 to about —1200
mV. During our polarographic studies, by addition of
the 1.0 mL unreacted EDTA solution, the cadmium
peak at about —600 mV decreased, whereas a new
peak appeared at —800 mV attributed to the Cd-
EDTA complex (Fig. 1). The amount of unreacted
EDTA was determined from the peaks of —600 and
—800 mV by continuous standard addition of Cd*"
solution. Addition of 50 uL 1 X 1072 M Cd*" was
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continued until the peak height of Cd-EDTA peak
was constant. This point shows the detection of whole
unreacted EDTA. Molar percentages of EDTA in
P(AAm-g-EDTA)-1, P(AAm-¢-EDTA)-2, P(AAm-g-
EDTA)-3, and P(AAm-g-EDTA)-4 hydrogels were
1.57, 297, 421, and 5.23, respectively. The weight
swelling ratio of hydrogels after preparation g was
calculated as

mass hydrogel after preparation
qr =

mass dry hydrogel

The volume fraction of polymer network after prepa-
ration 1,, was calculated from g values as

Vo = [1 +

where polymer aNd Pgorvent are densities of polymer
and solvent, respectively. The values pgiymer and psor-
vent used were 1.35 and 1 g/mlL, respectively. The
density of hydrogels was determined with a pycnom-
eter using benzene as a nonsolvent. The experimental
values of v,, were between 0.114 and 0.127, depending
on EDTA content in the hydrogel.

(qF - 1)ppolymer -

Psolvent

(4)

Determination of equilibrium degree of swelling

For the swelling measurements, the hydrogels were
synthesized, dried, and subjected to Soxhlet extraction
in water to extract EDTA, after which they were dried
again and immersed in a solution of desired pH (2-9),
ionic strength I (1 X 10”* mol cm ™), and temperature
(25°C). The hydrogels were weighed at different times
until the hydrated weight remained constant. Swollen
gels removed from water at regular intervals were
surface-dried with filter paper and weighed, then
placed in the same bath and left until equilibrium was
reached. When the hydrogel stopped swelling, the
surface was dried with filter paper after which the
weight was measured again. The equilibrium was
reached after an immersion time of about 7 days. The
weight swelling ratios of hydrogels g, were calculated
using the following equation:

_ mass hydrogel in solution

Jw =

mass dry hydrogel (%)

The volume fraction of the polymer network v,,, was
calculated as

w 1 olymer !
vy = | 1 4+ = Dbpame (6)
Psolvent
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Each swelling ratio reported in this article is an aver-
age of at least three separate measurements. The equi-
librium degree of hydrogels g, was calculated as

% = 1/V2m (7)

THEORY OF SWELLING EQUILIBRIUM

The chemical potential of solvent in the network Ap,
may be written as the sum of three terms, mixing
(mix), elastic (el), and ionic (ion) contribution, as fol-
lows:

Al‘Ll = Al-‘“mix + Al“l’el + AM’ion (8)

The mixing term is satisfactorily represented by a
Flory-Huggins-type expression of the form

AI“Lmix = RT[h’l(l - VZm) + vy, + X’ém] (9)

The elastic contribution to Au is defined by the James-
Guth phantom network theory'®:

(1 =2/ )Vipriwyy;
M.

Apte = RT[ (10)

The ionic contribution to Aw is obtained by Brannon-
Peppas and Peppas' for the external electrolyte con-
centration.

Ay - 23
MKion = _VlRT H (11)

In the above equation, 7 is the degree of ionization; I is
the ionic strength of the swelling medium; and c, is the
concentration of ionizable polymer (mol cm ), which
may be written in terms of polymer structural param-
eters for copolymeric hydrogels as

fe
Cy = ?r Vo (12)

where f_ is the mole fraction of the ionic unit in the gel

system and V, is the average molar volume of polymer
repeat units'®:

V,=52.6 + 329.7f. (13)
By combining egs. (11) and (12) we obtain

P3,ft
41V?

AI“’ion == VlRT< (14)

The degree of ionization i can be expressed in terms of
other analytical variables of the polymer—solvent sys-
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tem. For gels with tetraprotic acid moieties there are
four equilibria:

3= [PEE:%_S] (17)
K, = [IEI;I][Ei_]ﬂ (18)

where [H,A] is the concentration of polymer chains;
[H;A 7], [H,A?], [HA ], and [A™*] are the concen-
tration of dissociated polymer chains; and [H"] is the
concentration of hydrogen ions. The ionization i is
defined as

i=4—-n)/4=(4ay+3a; +2a, + az)/4 (19)

where 7 represents the average number of protons
bound to carboxyl groups in the tetraprotic acid and
ag, 0, oy, a3, and a, are the ratios of the concentration
of species [A™*], [HA™?], [H,A™?], [H;A ], and [H,A]
to the analytical concentration (C) of tetraprotic acid,
respectively. The « values can be defined by the fol-
lowing equations in terms of the dissociation con-
stants K1, K,», K3, and K, of the ionizable polymer'’:

[A™] KuKoKoK,
Qy = C =0y 1[I_;+]Z : (20)
[HA™] KKK,
ay = C =y [1I_I+2]3 : (21)
[H,A 7] KaK,
Qr = 2C = a4<[1_;+]22 (22)
[H;A7] K,
Q3 = E = 0y [H%l) (23)
[H,A]
oy = C
o 1 + Kul + KulKaZ + KalKaZKa3 KalKuZKa3Ka4 !
- [H] [HTF  [HTF [HT*

(24)

By combining egs. (20)—(24) into eq. (19) and substi-
tuting in eq. (14), the following equation may be ob-
tained for Ap;o,:
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Scheme 1

A“’ion
4Ka1Ku2Ka3Ka4 + 3(107PH)K171K112K113 ?
+ 2(107P"’K . K, + (10 PH)’K
(107P)* + (107P")°K,y + (107P7)’K4 Ko
+ (107PH)Ka1Ku2Ku3 + KulKaZKa3Ka4
VlRTV%mf?
41v?

(25)

When the network is swollen to equilibrium with
pure solvent, activity of the solvent in the network
equals that of the surrounding pure solvent (ie.,
unity). Consequently, the chemical potential of solvent
in the network equates to zero. From egs. (7)—(25), the
thermodynamic equilibrium condition may be written
as

RT[ln(l - V2m) + vy, + X 2m]

1-— 2/ \V /3 1T/n3
. RT{( O)\Vipr/ v} ]
M,
4KalKa2Ka3Kn4 + 3(107PH)Ku1Ka2Ka3 ?
+ 2(107PH2K K, + (107PH)°K,
(107P)* + (10 P")°’K,y + (107P7)’K1 Ko
+ (107PH)Kn1Ka2Ka3 + KalKaZKnBKa4
V\RTv;,f:
X — ——— =
AIV?

(26)

The complete equilibrium expression, which accounts
for the mixing, elastic-retractive, and ionic contribu-
tions to the chemical potential of tetraprotic polymeric
networks, is shown in the following equation:

4Ka1Ka2Ku3Ka4 + 3(107PH)Ka1Ka2Ka3 ?
+2(107PH)2K ,K,, + (10" PH)PK,
(107P")* + (107P")°Ky + (107P")’K Koy
+ (107PH)K,11K“2K,13 + KalKaZKaSKu4

Vife .
X 4I‘7Q - Vo Zln(l VZm) - VZ;;
(1- 2/¢)le Vz;;f/s
=x+ v, (27)

RESULTS AND DISCUSSION
Synthesis of hydrogels

When an aqueous solution of the AAm monomer is
irradiated with y-rays in the presence of EDTA, free
radicals are generated not only by reaction with the
monomer, but even more efficiently with the solvent
water and grafting agent EDTA. The radiolysis prod-
ucts of water, especially hydroxyl free radicals, are
very effective in attacking the monomer and already
formed polymer chain. The reaction of these radicals
with the monomers and EDTA leads to the formation
of random graft P(AAm-g-EDTA) copolymers during
the radiation-induced polymerization of AAm. When
the radiation dose has been increased beyond a certain
value, polymer chains crosslink and gel is then ob-
tained. y-ray-induced graft copolymerization of AAm
and EDTA is a free-radical process, and can be desig-
nated as shown in Scheme 1:

The mole percentages of the AAm monomer and the
grafting agent EDTA in the initial mixtures, the corre-
sponding composition of AAm and EDTA in the poly-
mers, and the percentage gelation are summarized in
Table I.
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TABLE 1
Mole Percentage of EDTA in Feed and in Gel Systems,
and Percentage Gelation

Mol % EDTA

Gel name In feed In gel % Gelation
P(AAm-g-EDTA)-1 1.72 1.57 89.4
P(AAm-g-EDTA)-2 3.21 2.97 91.5
P(AAm-¢-EDTA)-3 4.55 4.21 91.8
P(AAm-g-EDTA)-4 5.55 5.23 93.6

Determination of M, and x values of hydrogels

The hydrogel equilibrium swelling ratio is an impor-
tant parameter that describes the amount of solvent
within the hydrogel at equilibrium. It is a function of
network structure, crosslinking ratio, hydrophilicity,
and degree of ionization of functional groups. Hydro-
gels may contain functional groups that interact with
the external environment (temperature, ionic strength,
and pH of swelling agent). Their response to environ-
ment conditions may increase or decrease the volume
of the hydrogel.”

The equilibrium swelling behaviors of P(AAm-g-
EDTA) hydrogels were investigated as a function of
pH at fixed ionic strength (I = 1 X 10™* mol cm™°) and
temperature (T = 25°C). The equilibrium swelling
studies were performed on three samples of each hy-
drogel at different pH values. Figure 2 shows the
swelling behavior of P(AAm-g-EDTA) hydrogels con-
taining various mole ratios of EDTA at various pH
media. The equilibrium degrees of swelling of non-
ionic PAAm hydrogels at different pH values are also
included in Figure 2 for comparison. As may be seen
from this figure, there is no effect of pH on the equi-

45
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300 ﬁﬁ_—g:g
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15*‘E

Equilibrium Degree of Swelling, Q
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librium degree of swelling of pure PAAm hydrogels.
However, the equilibrium degree of swelling of the
P(AAm-¢g-EDTA) hydrogels significantly increased
depending on pH of the solution by incorporation of
EDTA into the PAAm chain. Charged groups attached
to the polymeric network structure played an essential
role in swelling properties. Previous studies have
shown that the swelling behavior of charged hydro-
gels is a function of the ionic composition of swelling
agent.”' The effect of pH on the collapse of poly(acryl-
amide-co-acrylic acid) copolymer was reported by
Ricka and Tanaka.”

The change in equilibrium degree of swelling with
pH was also evaluated for the determination of aver-
age molecular weight between crosslinks and the
polymer—solvent interaction parameter. If the swelling
data of a gel are used to plot the left-hand side of eq.
(27), which is derived for prediction and understand-
ing of swelling behavior of a hydrogel containing
tetraprotic acid (A) against the coefficient of 1/ M, on
the right-hand side (B), a linear relation may be ob-
tained with xy and M, values as the intercept and
inverse slope, respectively, as expressed by the follow-
ing equation:

A=x+|B/M] (28)

When the pH increases, the magnitude of i*V;X*/4Iv?
of eq. (27) does change slightly. On the other hand, pH
changes significantly affect the last part of eq. (27)
[v5,2In(1 — v,,,) — v5,4]. Because the equilibrium de-
gree of swelling depends on pH, the contribution of
this part of the equation affects the whole equation,
resulting in a decrement of A [in eq. (28)]. To use this

200—0-Q0— —%/é/%: .

N L——§—-§\%~——§/§

pH

Figure 2 Effect of pH on the equilibrium degree of swelling values of P(AAm-g-EDTA) hydrogels: (A) PAAm; (@)
P(AAm-g-EDTA)-1; (O) P(AAm-g-EDTA)-2; (M) D(AAm-g-EDTA)-3; ((J) P(AAm-g-EDTA)-4.
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Figure 3 Determination of x and M, values of P(AAm-¢-EDTA) hydrogels from swelling data: (@) P(AAm-¢g-EDTA)-1 (r*
= 0.998); (O) P(AAm-g-EDTA)-2 (> = 0.998); (M) P(AAm-g-EDTA)-3 (* = 0.996); ([J) P(AAm-g-EDTA)-4 (> = 0.997).

equation on a wide scale, the term B/M_ must be taken
as an absolute value. This approach is consistent with
the fact that M. obviously cannot take a negative
value.

The relevant experimental parameters to be used
with eq. (27) are as follows: ionic strength, I = 1
X 10~* mol cm~2; molar volume of the solvent, V,
18 cm® mol " !; the number branches originating from a
crosslinking site, ¢ = 4; and pK,; = 1.99, pK,, = 2.67,
pK,z = 6.16, and pK,, = 10.26 for EDTA-containing
hydrogels. In the preparation of hydrogels, no
crosslinking agents were used in this work. Crosslink-
ing agents were obtained by high-energy radiation. It
was previously determined and has been known for
some time that the radiation-induced crosslinks
product has a functionality ¢ = 3. In any case
there are four branches originating from a crosslink-
ing site. By using the experimentally measured
polymer volume fraction v,,, of the gels in their
equilibrium-swollen state and the above-mentioned
data, it is possible to establish the corresponding
linear relationships as shown in Figure 3. The re-
spective M, and x values were determined by linear

_ TABLE 1II
x and M_ Values of P(AAm-g-EDTA) Hydrogels
Gel name X M,
P(AAm-g-EDTA)-1 0.532 = 0.001 28,700 =+ 600
P(AAm-g-EDTA)-2 0.526 = 0.001 51,600 = 1300
P(AAm-g-EDTA)-3 0.519 = 0.001 115,000 = 3900
P(AAm-¢-EDTA)-4 0.515 = 0.001 198,000 * 5200

regression analysis of the lines presented in Figure
3, which are listed in Table II. A decrease in the y
parameter is shown as the EDTA percentage in-
creases, confirming the sufficiency of water concen-
tration with respect to the EDTA. The y parameter
of crosslinked pure PAAm has been reported to be
0.494.** The x values at pH interval 2-9 given in
Table II are in very good accordance with this re-
ported value of interaction parameter. A value of
0.515 = 0.001 was obtained for P(AAm-g-EDTA)-4
with an EDTA content of 5.23 mol %. A comparison
of M, values listed in Table Il and equilibrium swell-
ing values shown in Figure 2 shows that gels con-
taining higher EDTA moieties swell more at and
above pH 9. The M, values show an increase with
increasing EDTA content in the gels. The former
effect indicates that EDTA does not act as a
crosslinking agent. A similar behavior was observed
during the swelling studies reported on poly(N-
vinyl-2-pyrrolidone/itaconic acid) hydrogel sys-
tems.>
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