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ABSTRACT

Acrylamideltartarlc acid hydrogels in the form of rods are prepared by
irradiating aqueous solutions of 1 g of acrylamide and varying quantities of
tartaric acid between 0-60 mg in 1 mL of water, with 2.605.71 Id3y Y-rays.
The influence of dose and relative content of tartaric acid on the swelling
properties, diffusional behavior of water, diffusion coefficients and network
properties (i.e ., number-average molar mass between crosslinks, crosslink
density, number of elastically effective chains, number of repeating units
between crosslinks and mesh size) of hydrogel systems is examined.
Hydrogels are swelled in the range 700-1400%, while polyacrylamide
hydrogels are swelled In the range 650-700%. Water diffusion to hydrogels is
non-Fickian type diffusion .
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INTRODUCTION

Hydrogels are water-swellable, three-dimensional
polymeric networks . The capacity of hydrogels to
absorb water is enormous and can be as much as
1000 times the mass of polymer [1-4] . For this
reason they are used in many fields. Hydrogels find
application in food industry (as thickening agents,
etc .), in pharmaceuticals (as controlled release
preparations etc.), agriculture and related fields (in
controlled release of moisture, fertilizers,

pesticides, etc .), technical and electronic
instruments (as a protector from corrosion, and
short circuits, etc.) biomedicine (as artificial organs
etc .), bioengineering (in biomolecular immobiliz-
ation), veterinary medicine, photographic tech-
nology and as an adsorbent for removal of some
unwanted agent in environmental application [4-6].

Polyacrylamide (PAAm) hydrogels and their
derivatives have been used extensively . PAAm and
copolymers of PAAm have the capability to absorb
water, have biocompatibility with physiology of
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body fluids and are capable of protein adsorption
[7-10] .

In this study, raising the water absorption
capability of PAAm hydrogels with addition of
tartaric acid containing hydrophilic groups is
investigated . Aqueous solutions of acrylamide and
acrylamide containing tartaric acid are irradiated
under y-rays at desired doses . Swelling properties,
diffusional parameters and some network
parameters of prepared hydrogels are determined
at the end of the swelling studies.

EXPERIMENTAL

Acrylamide was obtained from BDH (Pool, UK),
and tartaric acid was purchased from Merck
(Darmstadt, Germany).

One gram of acrylamide (AAm) was dis-
solved in 1 mL of aqueous solution of 0,20,40, and
60 mg of tartaric acid (TA) . These solutions were
placed in PVC straws of 4mm diameter and ir-
radiated at 2.60, 3 .73, 4 .65, 5.20 and 5.71 kGy in air
at ambient temperature in a 60Co Gammacell220
type y irradiator at a fixed dose rate of 0.91 kGy
hr.', the dose rate being determined by the conven-
tional Fricke dosimeter . Fresh hydrogels obtained
in long cylindrical shapes were cut into pieces of
3-4 mm length and washed with distilled water for

removal of unreacted monomers .They were dried
in air initially and then under vacuum and stored
for swelling, diffusion and network study.

Dried hydrogels were swollen in distilled
water to determine the parameter of diffusion and
swelling at 25±0 .1 'C in the water bath. Swollen
gels removed from the water bath at regular
intervals were dried superficially with filter paper,
weighed and placed in the same bath. The
diameters of swollen gels were measured by using a
NSK model micrometer.

RESULTS AND DISCUSSION

A radiation technique seems to be promising for
preparation of hydrogels because a polymer in
aqueous solution or water-swollen state readily
undergoes crosslinking on irradiation to yield a
gel-like material . Since this hydrogel is not
contaminated with foreign additives and crosslink
must be composed of stable C-C bonds, it is of
interest to study the preparation of hydrogels by
irradiation [10,11].

Preparation
An ionizing radiation processing was used for
preparation of acrylamide (AAm) and acrylamide-
tartaric acid (AAmITA)hydrogels. The mechanism
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Scheme I . Possible polymerization reaction of acrylamide with tartaric acid by irradiation.
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of possible radical polymerization reaction of
acrylamide with tartaric acid by high energy
radiation is represented schematically in Scheme 1.

When an aqueous solution of acrylamide and
tartaric acid was irradiated, a bond in the double
bond of acrylamide and -C-H bond of tartaric acid
was broken and monomer radicals were formed.
These monomer radicals were combined together
and AAmITA copolymer was obtained . If
irradiation was continued, crosslinking reaction
started, chains were crosslinked to each other, and
gelation occurred in the system . It is reported that
air oxygen does not effect polymerization of
acrylamide [12] . qn the other hand, aqueous
solution of tartaric acid has shown polymerization
under the same conditions.

It is known that gelation of polyacrylamide
hydrogels occurs at 2 .00 kGy of y rays doses at
ambient temperature [9] . Thus, 2 .60 kGy and
upper y rays doses are used for preparation of
AAm and AAm/TA hydrogels . After some
experimental observations and results, it is seen
that the suitable conditions for preparation of
AAmJTA hydrogel systems are 2 .60-5 .71 kGy ofy
rays doses and 0-60 mg of tartaric acid content in 1
g of AAm . After preparation of hydrogel, dried
gels were glassy and very hard, however, swollen
gels were very soft . AAm/TA hydrogel systems had
a cylindrical shape. If the dried hydrogel is put into
water, the swollen hydrogel shows a geometrical
shape of its dry cylindrical shape, and did not show
any dissolving, deformation, dispersion or damage.

Swelling Studies
A fundamental relationship exists between the
swelling of a polymer in a solvent and the nature of
the polymer and the solvent.

Swelling studies were performed gravi-
metricaily. The percentage of mass swelling is the
most important parameter in swelling studies [13].
The percentage of mass swelling [%S(m)] was
calculated from the following relation [3,14]:

%oS(m)=[(m, - mo)/mo]X100

	

(1)

where mo is the mass of the dry gel at time 0 and m,

is the weight of the swollen gel at time t.
The water intake of initially dry hydrogels

was followed for a substantial duration . Swelling
curves of AAm and AAm/FA hydrogels are plotted
and representative swelling curves are shown in
Figures 1 and 2.

Figure 1 shows that percentage swelling is
increased by time but after sometime constant
percentage swelling is observed . This value of
swelling percent can be considered as percentage
of equilibrium mass swelling . This value of
percentage of equilibrium mass swelling of
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Fig. I. Combined effect of water and tartaric acid on
the percentage swelling of AAm/TA hydrogels. Total
dose given 2 .60 kGy.
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Fig. 2. Combined effect of water and tartaric acid on
the percentage swelling of AAmITA hydrogels
containing 20 mg TA.
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Table I . The values of equilibrium mass swelling% (%S (m)] and equilibrium volume swelling % [%S (v)/ of
AAm and AAm/TA hydrogels.

Dose 2 .60 kGy 3 .73 kGy 4.65 kGy 5 .20 kGy 5 .71 kGy

TA %S(m) %S(v) %S(m) %S(v) %S(m) %S(v) %S(m) %S(v) %S(m) %S(v)

0 mg

	

j

	

685
20 mg

	

1034
40 mg

	

I

	

1166
60 mg

	

1417

895
1350
1522
1850

665
1027
1189
1295

870
1341
1553
1691

675
971

1105
1050

880
1268
1443
1372

695
915
989

1146

910
1195
1291
1496

695
853
934
735

910
1113
1220
959

AAm/TA hydrogels is used in the calculation of
some characterization parameters.

The values of percentage of equilibrium mass
swelling or AAm and AAm/TA hydrogels are given
in Table 1.

To determine the percentage of equilibrium,
volume swelling it is necessary to place a sample of
known density in the chosen solvent until mass
measurements indicate the cessation of uptake of
liquid by the polymer . If no extractable is present.
and all the imbibed solvent causes swelling, the
percentage of volume swelling ; %S(v), is given by:

%aS(v) =[(v,-vo)Ivo] x 100

	

(2)

where vo is the volume of the dry gel at time 0 and
vl is the volume of the swollen gel at time t [15].

The values of the percentage of equilibrium
volume swelling of AAm and AAmITA hydrogels
are given in Table 1.

Table 1 shows that the values of percentage
of equilibrium mass swelling or AAm are between
650%-700%, but the values of percentage of
equilibrium mass swelling of AAmITA hydrogels
arc changed between 700%-1400% . The values of
percentage of equilibrium volume swelling showed
similar changes to those of the mass swelling . The
values of percentage of equilibrium volume
swelling of AAm/TA hydrogels varied between
950%-1850% . The hydrophilic group numbers of
AAm/TA hydrogels are more than those of
acrylamide, so, the swelling or AAm/TA hydrogels
is greater than swelling of acrylamide hydrogels.
On the other hand, if irradiation dose is increased,
the percentage of equilibrium mass swelling of

AAm/TA hydrogels decreases . If the content of
TA in AAm/TA hydrogels is increased, the
percentage of equilibrium degree of swelling of
AAm/TAhydrogels increases . The reason for this
is the hydrophilic group on the tartaric acid . The
more hydrophilic groups on the tartaric acid, the
greater swelling degree is on AAm/TA hydrngels.

If the irradiation dose is increased during
ionizing radiation of aqueous solutions of
acrylamide and tartaric acid, the number of the
small chains increases at unit copolymerization
time and the crosslink density of AAm/TA
copolymeric system is higher than the lower
irradiation doses, and at the same time, the
number-average molar mass of the polymer
between cross links is smaller than the lower y ray
doses.

Diffusion
When a glassy hydrogel is brought into contact
with water, water diffuses into the hydrogel and
the hydrogel swells . Diffusion involves migration of
water into pre-existing or dynamically formed
spaces between hydrogel chains . Swelling of the
hydrogel involves larger scale segmental motion
resulting . ultimately, in an increased distance of
separation between hydrogel chains [16].

Analysis of the mechanisms of water
diffusion in swellable polymeric systems has
received considerable attention in recent years
because of important applications of swellable
polymers in biomedical, pharmaceutical,
environmental, and agricultural engineering fields
[17] .

The following equation was used to
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determine the nature of diffusion of water into
hydrogels;

F M,IM„=kt°

	

(3)

where M, and M. denote the amount of solvent
diffused into the gel at time t and infinite time (at
equilibrium), respectively, k is a constant related to
the structure of the network, and the exponent n is
a number to determine the type of diffusion . For
cylindrical shapes, n=0 .45-0 .50 corresponds to
Fickian diffusion whereas 0 .50<n< 1 .0 indicates
that diffusion is non-Fickian type. This equation is
applied to the initial stages of swelling and plots of
In F versus In t yields straight lines up to almost
60% increase in the mass of hydrogel [3].

For the hydrogels, In F versus in t plots were
drawn using the kinetics of swelling and some
respresentative results are shown in Figure 3 . The
exponents were calculated from the slopes of the
lines . The values of diffusion constants and
diffusiunal exponents of AAmITA hydrogels are
listed in Table 2.

In Table 3, it is shown that the values of
diliusional exponent ranged between 0 .53 and 0 .69.
In the experiments, the values of diffusional

exponent (n) was found over 0 .50 . Hence the
diffusion of water into AAm and AAmITA
hydrogels took on a non-Fickian character [14] . In
this kind of diffusion and relaxation are isochronal
effective.

The volume swelling parameters were used
to calculate the diffusion coefficient (D) and the
intrinsic diffusion coefficient (D) . The study of
diffusion phenomena in hydrogels and water is of
value in that it clarifies polymer behavior . The
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Fig. 3 . The plots of In F versus In t far various
44m(TA hydrogels. Total dose given 4.65 kGy.

Table 2. The values of n and k for AAm and AAm/TA hydrogels.

Dose 2.60 kGy 3.73 kGy 4 .65 kGy 5 .20 kGy 5 .71 kGy

TA kX10 2 n kX102 n kX102 n kx10 2 n kX10 2 n

0 mg
20 mg
40 mg
60 mg

2.6
2 .6
2 .9

1 .6

0 .64
0.60
0.57
0.65

3 .4
2 .4
2 .7
2 .6

0.59
0.62
0.58
0 .57

5 .0
3 . l
2 .3
2.4

0 .53
0.59
0 .62
0 .62

5 .0
2.6
2.3
2.1

0 .53
0.62
0.62
0.64

5 .0
3 .0
1 .8
2 .8

0 .53
0 .58
0 .69
0.63

Table 3. The values of the diffusion coefficient (DIem 2 min') and the intrinsic diffusion coefficient (Dlcm 2min-') of

AAm and AAmITA hydrogels.

Dose 2.60 kGy 3 .73 kGy 4.65 kGy 5 .20 kGy 5.71 kGy

TA DX103 Dx10 3 Dx103 DX103 Dx103 DX103 DX103 DX10 3 DX10 3 Dx10 3

0 mg
20 mg
40 mg
60 mg

3 .7
4 .0
4.6
4.5

4.3
5 .2
5 .8
6 .8

4 .1
3 .5
3 .5
4.0

4 .8
4 .3
4 .6
5.6

4.0
3 .9
4.1
4 .4

4 .5
4 .6
5 .2
5 .5

3 .6
2 .8
3 .2
3 .4

4.0
3.4
4.1
4 .5

4 .0
2 .6
2.8
3.2

4.6
3.4
3.5
4 .2
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complete swelling-time curves for hydrogels in
water are used to calculate the diffusion coefficient
and intrinsic diffusion coefficient [17].

In hydrogel characterization, diffusion
coefficients were calculated from the following
relation:

D = 0.0491014 P) 1 ,i	(4)

where D is in cm2 min-t , t is the time at which the
swelling is one half the equilibrium value
(VIV O =112) and 1 is the radius of cylindrical
polymer sample . The intrinsic diffusion coefficient
may be expressed as;

D

	

D(l-V)-3	( 5)

where V is volume fraction of solvent penetrating
the polymer by the time t defined above [17].

The values of the diffusion coefficient and
intrinsic diffusion coefficient of AAm and
AAmITA hydrogels are listed in Table 3.

Table 3 shows that the values of the intrinsic
diffusion coefficient of AAm and AAmITA
hydrogels are larger than the values of the
diffusion coefficient of them, because, equation 4
gives a measure not only of diffusion but also of
the mass flow of the whole system . Equation 5
gives the intrinsic diffusion coefficient for cases
where no mass action effects enter [17].

Network Studies
One of the important structural parameters
characterizing crosslinked polymers is M,, the
average molar mass between crosslinks, which is
directly related to the crosslink density . The
magnitude of M~significantly affects the physical
and mechanical properties of crosslinked polymers
and its determination has great practical
significance. Equilibrium swelling is widely used for
determination of K. Early research by Flory and
Rehner laid the foundations for the analysis of
equilibrium swelling . According to the theory of
Flory and Rehner for a perfect network:

v $12)M, _ -V1d p	
[ln(1-vs )+xv e +vj2

where M, is the number-average molar mass of the
polymer between crosslinks, V i is the molar
volume (mL g-'), d, is the polymer density (g
v, is the volume fraction of polymer in the swollen
gel and x is the Flory-Huggins interaction para-
meter between solvent and polymer [18].

The swelling ratio (Q) is equal to 11vs. Here,
the crosslink density, q, is defined as the mole
fraction of crosslinked units [18].

q = MoiM,

	

(7)

where, Ma is the molar mass of the polymer repeat
unit .

Other authors define a crosslink density,
as the number of elastically effective chains, totally
included in a perfect network, per unit volume and
v,, is simply related to q . Since;

v0 = d1, NIM, (8 )

where N is Avogadro's number . Then:

ve =d p NgIM0 (9 )

Since hydrogel has a copolymeric structure,
the molar mass of the polymer repeat unit, Mo, can
be calculated by the following equation:

m p s X MAAm+mTA X MTA
11~ =

	

(10)
m AA,+ mTA

where m AA„ and m TA are the mass of acrylamide
and tartaric acid in g and, MAA, and M TA are the
molar mass of acrylamide and tartaric acid in g
mole-t , respectively.

The values of VI , d p and x for calculating of
the number-average molar mass between cross-
links, the crosslink density and the number of
elastically effective chains of AAm and AAmITA
hydrogels were taken from the related references
[10,19,20].

The values of the number-average molar
mass between crosslinks, the crosslink density and
the number of elastically effective chains of AAm
and AAmITA hydrogels are listed in Tables 4 and
5.(6)
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In Tables 4 and 5, it is shown that the
number-average molar mass between crosslinks of
hydrogels increased with the increasing of TA
contents of AAm/TA hydrogels while they
decreased with the increasing of irradiation dose.
Because TA in hydrogels include many hydrophilic
groups, then, AAm/TA hydrogels have very high
swelling . The values of the crosslink density and
the number of elastically effective chains are
inverse due to the value of the number-average
molar mass between crosslinks (Table 4).

The other important parameter of networks
is gel pore size or mesh size () [21] . For
determination of this parameter, initially the

	

end-to end distance in the freely jointed state was

	

CONCLUSION
determined as ;

For AAm/TAhydrogels it is found that favorable
rl = 1 dN

	

(11)

	

TA contents are in the range of 20-60 mg TA and
favorable irradiation doses are in the range of

	

where 1=1 .54 A and the number of links,

	

2.60-5 .71 kGy.

	

N=(2MjM, and 2=2) . Then, the end-to-end

	

AAm/TA hydrogels swelled between 700-

	

distance in the unperturbed state was calculated

	

1400 %, while polyacrylamide hydrogels swelled
through the characteristic ratio C,=10 :

	

between 650-700% . Water diffusion to AAm1TA
hydrogels was non-Fickian type diffusion . Evalu-

	

(12)

	

ations of volume swelling studies showed that the
diffusion coefficient and the intrinsic diffusion co-

	

Finally end-to-end distance in the swollen

	

efficient increased by increasing quantities of TA.

Table 4. Variation ofnumber-average molar mass between crosslinks (MJ in AAm and AAmITA hydrogels.

TA 2.60 kGy 3 .73 kGy 4.65 kGy 5.20 kGy 5 .71 kGy

0 mg 18 000 16 000 17 000 19 000 19 000
20 mg 54 000 53 000 46 000 39 000 32 000
40 mg 74 000 78 000 65 000 48 000 41 000
60 mg 124 000 98 000 57 000 71 000 22 000

Table 5. The variation of the crosslink density (q) and the number of elastically effective chains (vd of AAmITA
hydrogels with TA contents and irradiation doses .

Dose 2.60 kGy 3 .73 kGy 4.65 kGy 5 .20 kGy 5.71 kGy

TA gX10 4 v,X10'18 gX104 ve X10 -18 gX104 v,X10•18 gX104 100048 gX104
F

10(10-48

0 mg
20 mg
40 mg
60 mg

39.7
13 .3
9.9
6.1

43 .7
14.4
10.52

6.3

43 .4
13 .6

9.5
7.7

47 .9
14 .7
9 .9
8 .0

41 .7
15 .8
11 .5
13 .3

46.0
17.0
12.1
13.8

38 .0
18 .5
15 .4
10 .6

42.0
19.98
16.3
11.2

38 .2
22 .4
17 .9
34 .9

42.2
24.1
18.9
36 .2

state, equivalent to the mesh size , was calculated
as :

= vs-113 ro

	

(13)

The values of number of repeating units
between crosslinks, N and the mesh size (A) are
shown in Table 6.

In Table 6, it is shown that the mesh size of
hydrogels increased with the increasing of TA
contents of AAm/TA hydrogels while they
decreased with the increasing of irradiation dose.

r2 =C.rF
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Table 6. The variation of numberofrepeating units between crosslinks (N) and mesh size (eta) ofAAmITA
hydrogels with TA contents and irradiation doses.

Dose 2.60 kGy 3 .73 kGy 4.65 kGy 5 .20 kGy 5 .71 kGy

TA N N N . N 1 N

0 mg
20 mg
40 mg
60 mg

252
747

1004
1635

148
316
382
520

230
733

1057
1297

160
313
395
449

240
631
872
748

152
285
350
319

263
539
650
941

165
258
291
367

262
446
558
286

164
229
264
175

The number-average molar mass between
crosslinks, number of links and mesh size increased
by increasing quantities of TA in the hydrogels and
decreased by increasing irradiation doses while
crosslink density and numbers of elastically
effective chains decreased by increasing quantities
of TA in the hydrogels and increased by increasing
irradiation doses.

As a result, it can be said that AAmITA
hydrogels can be used as a super water retainer for
carrying some substances in aquatic fields in
pharmaceutical, agricultural, environmental and
biomedical applications.
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