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ABSTRACT: Poly(N-vinyl 2-pyrrolidone-g-citric acid) (PVP-g-CA) hydrogels with vary-
ing compositions were prepared from ternary mixtures of N-vinyl 2-pyrrolidone–citric
acid–water by using 60Co g-rays. The effect of gel composition on the uranyl ions
adsorption capacity of PVP-g-CA hydrogels was investigated. Uranyl adsorption capac-
ity of these hydrogels were found to be in the range of 18–144 mg [UO2

21]/g dry gel from
the aqueous solution of uranyl nitrate and 22–156 mg [UO2

21]/g dry gel from the
aqueous solution of uranyl acetate, depending on the content of citric acid in the
hydrogel, while poly(N-vinyl 2-pyrrolidone) hydrogel did not sorb any uranyl ion. The
swelling of PVP-g-CA hydrogel containing 2.7 mol % CA was observed in water (1620%),
in uranyl acetate solution (1450%) and in uranyl nitrate solution (1360%), as compared
to 700% swelling of pure PVP hydrogels. The diffusion coefficients were varied from
12.57 up to 4.04 • 1028 m2 s21. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77:
1037–1043, 2000
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INTRODUCTION

The removal of uranium from contaminated wa-
ter is a major environmental problem because of
the difficulty of treating such waters by conven-
tional methods. The process using adsorbents is
thought to be the most effective method for recov-
ering uranium because of the high selectively for
uranium, the ease of handling the safety to the
environment.

Some authors have reported on some cross-
linked copolymers of the diethyl ester of vinyl

phosphoric acid and acrylic acid and crosslinked
copolymers of some natural polymers have been
used for the adsorption of some heavy metals
ions.1–4 On the other hand, the amidoxime deriv-
atives of copolymeric hydrogels prepared from ac-
rylonitrile and divinyl benzene has been used suc-
cessfully in the recovery of uranium from seawa-
ter.5–8 Hydrogels are crosslinked hydrophilic
polymers that are used for the purpose of compl-
exation with metal ions either for ion exchange or
selective adsorption purposes. These polymeric
ligands are tailor-synthesized to remove certain
metal ions or groups from aqueous media. In the
more recent years, a series of articles have been
published by Saraydin, Karadag, and Güven who
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synthesized new hydrogels from the copolymers of
acrylamide and diprotic itaconic acid and maleic
acid.9–11 These authors also published that these
hydrogels are potential adsorbents for biological
agents and dyes and heavy metal ions from aque-
ous solution.12–15

In this study, Poly(N-vinyl 2-pyrrolidone-g-cit-
ric acid) (PVP-g-CA) hydrogels triprotic acid moi-
eties containing were prepared by grafting of cit-
ric acid during polymerization of N-vinyl 2-pyrro-
lidone with 60Co g-rays. The hydrogels thus
prepared were characterized in view of their
swelling properties, the nature of the water diffu-
sion, and the application to the adsorption of ura-
nyl ions from aqueous solution.

EXPERIMENTAL

Materials

The N-vinyl 2-pyrrolidone (VP) monomer was
supplied by Aldrich, and the citric acid (CA) was
supplied by Carlo Erba. The uranyl acetate and
uranyl nitrate used for the adsorption studies and
the sodium salicylate used for the complexing
agent were purchased from Merck.

Preparation of Hydrogels

Aqueous solutions of VP and CA were prepared in
1 mL of pure water in different compositions (VP-
to-CA mole ratios of 98.4/1.6, 97.6/2.4, and 96.8/
3.2). Solutions thus prepared were placed in the
PVC straws of 4 mm diameter and were irradi-
ated to 25 kGy in air at an ambient temperature
in a PX-g-30 Isslodovateji irradiator at a fixed
dose rate of 3.87 kGy h21.

Compositions of Hydrogels

The hydrogels, obtained in long cylindrical
shapes, were cut into pieces of 4–5 mm length and
were dried in air and a vacuum oven. The un-
crosslinked polymer and ungrafted CA were re-
moved from the gels by extraction with distilled
water. The amount of unreacted CA in the extract
was determined by titration of extract against
NaOH (0.05 mol/L) to the phenolphthalein end-
point. Mole percentages of CA in gel 1, gel 2, and
gel 3 were found to be 1.1, 1.8, and 2.7, respec-
tively.

Swelling

The dried hydrogels with the initial weights m0
were swollen in distilled water, aqueous solutions

of uranyl acetate, and uranyl nitrate at 25°C. The
swollen gels were removed from the water bath,
dried with a filter paper, weighed and replaced in
the same bath. The mass percentage swelling was
calculated from the following equation:16

S% 5 @~mt 2 m0!/m0# z 100 (1)

where mt is the weight of swollen gel at the time
t, and m0 is the initial weight of the swollen gel.

Adsorption

For the adsorption of uranyl ions onto PVP-g-CA
hydrogels, 0.1 g of the dry gel was placed in 50 mL
of a solution of uranyl acetate and uranyl nitrate
in the concentration range of 50–500 ppm and
was allowed to equilibrate for 48 h at 25°C. These
aqueous solutions were separated with decanta-
tion from the hydrogels. A 0.1 mL solution of
sodium salicylate (10% m/m) was added to 3 mL of
the uranyl solutions. Spectrophotometric mea-
surements were carried out using a Jenway 5105
ultraviolet–visible (UV–vis) spectrophotometer at
ambient temperature. The absorbances of ura-
nyl–complex solutions at a 466 nm wavelength
were measured. Distilled water was chosen as the
reference. The concentrations of uranyl ions were
found by using suitable calibration curves.

Hydrogels separated from aqueous solutions of
uranyl ions were left for 3 days in distilled water
at 25°C to investigate the desorption.

RESULTS AND DISCUSSION

Swelling and Diffusion

When VP monomer solutions are irradiated with
g-rays in the presence of citric acid, its graft poly-
mers can be obtained during the polymerization
of VP. In our recent study,17 we have discussed
the structure and physical properties of the PVP-
g-CA hydrogels produced in this work. The total
dose required for the onset gelation for pure VP,
the sensitizing effect of water, and the influence
of CA on the gelation of VP monomer were also
reported.17 After irradiation, the yield of pure
PVP homopolymer was around 96 wt %.17

The swelling curves of PVP-g-CA hydrogel con-
taining 2.7 mol% CA in water and solutions of
uranyl ions are shown in Figure 1. As can be seen
from Figure 1, maximum and minimum swelling
occurred with water (1620%) and with an aqueous
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solution of uranyl nitrate (1360%). However, the
swelling of pure PVP hydrogels in water was de-
termined as 700%. The kinetics of swelling of
PVP-g-CA hydrogels was used for the calculation
of some characteristic parameters.

The study of diffusion phenomena in hydrogels
and water is of importance as it clarifies polymer
behavior.18 For the hydrogel characterization, the
diffusion coefficient can be calculated by various

methods.19–20 The short-time approximation
method is used for calculation of diffusion coeffi-
cients of hydrogels. The short-time approximation
is valid for the first 60% of swelling.21 The diffu-
sion coefficients of these cylindrical hydrogels are
calculated by the following relation:

F 5 Mt/M` 5 4~Dt/pr2!1/2 2 p~Dt/pr2!

2 p/3p~Dt/pr2!3/2 1 (2)

where D is the diffusion coefficient, t is the time,
and r is the radius of the cylindrical polymer
sample. A graphical comparison of equations.(1)
and (2) shows the semiempirical Equation.(2)
with n 5 0.5 and k 5 4(Dt/r2).1/2 The diffusion
coefficients of the hydrogels were calculated from
the slope of the lines of F versus t1/2 (Fig. 2). The
results are listed in Table I. Values of the equi-
librium percentage swelling (Seq, %), parameters
of diffusion and diffusion coefficients of the hydro-
gels are given in the same table. The percentage
equilibrium swelling of the hydrogel is lower in
uranyl solutions than in water. This decrease was
attributed to the adsorption of uranyl ions in the
gel system and the exclusion of water molecules
at the expense of adsorbed ions and an increase of
the ionic strength of the swelling solution. It has

Figure 1 Swelling curves of PVP-g-CA hydrogel con-
taining 2.7 mol % CA: (F) uranyl nitrate, (M) uranyl
acetate, and (Œ) water.

Figure 2 Plot F versus t1/2 for PVP-g-CA hydrogel containing 2.7 mol % CA: (F)
uranyl nitrate, (M) uranyl acetate, and (Œ) water.
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been determined that the equilibrium swelling
value of PVP-g-CA hydrogels is very sensitive to
the ionic strength of the swelling solution.17 The
values given in the Table I are that the diffusion
coefficients of water are larger than the others, so
diffusion of uranyl ions into gel pores is relatively
difficult.

Adsorption of Uranyl Ions

To observe the adsorption of uranyl ions, PVP-
g-CA hydrogels were placed in aqueous solution of
uranyl nitrate and uranyl acetate and allowed to
equilibrate for 2 days. At the end of this time, the
PVP-g-CA hydrogels in solution of uranyl nitrate
and uranyl acetate were darkened as compared to
the colors of the original solutions, while PVP
hydrogels did not sorb any uranyl ions from the

solution. The mass of uptake of uranyl ions per
unit mass of adsorbent was calculated from the
following relation:

Adsorbed UO2
21 (mg/g dry gel) 5

Ci 2 C
m Vt (3)

where Ci and C are the initial and equilibrium
concentrations of solution of adsorbate, Vt is the
total volume of solution of adsorbate, and m is the
mass of dry adsorbent

Graphs of adsorbed [UO2
21] against the equilib-

rium concentrations of uranyl ions C are plotted
in Figures 3 and 4.

Adsorption of uranyl ions from solution of uranyl
nitrate and uranyl acetate onto PVP-g-CA hydro-
gels corresponds to Type II isotherms.22 In the vast
majority of cases, physical adsorption gives rise to a
Type II isotherm. The model is controlled by the
forces between the adsorbent and the adsorbate
molecules, the vertical interactions, and neglects
the forces between; and the adsorbate molecule and
its neighbors in the same layer are controlled by the
horizontal interactions. From the nature of the in-
termolecular forces, it is certain that the adsorbate–
adsorbate interactions must be far from negligible
when a layer is approaching completion; and the
average separation of molecules are therefore small
in relation to their size.22

Table I Swelling and Diffusion Parameters of
PVP-g-CA Hydrogel Containing 2.7 mol % CA

Solution
Seq

(%) k z 102 D z 108 m2 s21

Water 1620 7.23 12.57
Uranyl acetate 1450 5.52 5.38
Uranyl nitrate 1360 5.32 4.04

Figure 3 The isotherms of adsorptions of uranyl ions from uranyl nitrate solutions
onto PVP-g-CA hydrogels: (F) gel 1, (M) gel 2, and (Œ) gel 3.
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The adsorption of uranyl ions from solutions of
uranyl acetate is higher than from solutions of
uranyl nitrate. Some interactions that are af-

fected by the swelling properties of the hydrogels
are effective for the adsorptions of uranyl nitrate
and uranyl acetate onto the PVP-g-CA hydrogels.

Figure 5 The effect of mol % of CA in the gel system on uranyl ions adsorption from
uranyl nitrate solutions: (F) 50, (E) 150, (f) 300, (M) 400, and (Œ) 500 ppm.

Figure 4 The isotherms of adsorptions of uranyl ions from uranyl acetate solutions
onto PVP-g-CA hydrogels: (F) gel 1, (M) gel 2, and (Œ) gel 3.
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The amount of adsorbed uranyl ions depends
on the concentration of uranyl solutions and the
mole percentage of CA in the gel system, as shown
in Figures 5 and 6. As can be seen from these
figures, the uranyl adsorption capacity of these
hydrogels were found in the range of 18–144 mg
[UO2

21]/g dry gel for the uranyl nitrate solution
and in the range of 22–156 mg [UO2

21]/g dry gel
for the uranyl acetate solution. Increasing the
amount of CA in hydrogel from 1.1 to 2.7 mol %
causes a significant increase in the amount of
adsorbed uranyl ions. The reason of this increase
can be thought of an increase in specific interac-
tions between positively charged uranyl ions and
ionized CA in the hydrogel as well as an increase
in the free volume of gel available for diffusion.
The pH of pure water containing PVP-g-CA gels,
uranyl acetate, and uranyl nitrate solutions are
4.81, 5.37, and 4.14, respectively. The first, sec-
ond, and third dissociation constants of CA are
pKa1 5 2.94, pKa2 5 4.14,and pKa3 5 5.82. The
adsorption of uranyl ions onto PVP-g-CA hydro-
gels may be ionic in nature since the acidic groups
of PVP-g-CA hydrogels in uranyl solutions com-
pletely dissociated at these pH.

Desorption was demonstrated when hydrogels
were taken from the solutions of uranyl ions and
allowed to stand for 3 days in distilled water.

However, the complete desorption of uranyl ions
from PVP-g-CA hydrogels was observed at pH 1.

CONCLUSION

In this study, we have tried to see the effect of gel
composition on the uranyl ions adsorption capac-
ity of PVP-g-CA hydrogels. The CA content in the
gel system, as it is clearly shown in this work, in
both solutions of uranyl nitrate and uranyl ace-
tate, plays an important role on the adsorption
behaviors of PVP-g-CA hydrogels. These hydro-
gels are potential sorbents to be used for the re-
moval of uranyl ions from wastewater and aque-
ous effluents.
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Polym Sci, Polym Phys (in press)
18. Buckley D. J.; Berger M. J Polym Sci 1962, 56, 175.
19. Polishchhuk A. Y.; Zaikow G. E.; Petropoulos J. H.

Int J Polym Mater 1993, 19, 1.
20. Li Y.; Tanaka T. J Chem Phys 1990, 92, 136.
21. Peppas N. A.; Franson N. M. J Polym Sci, Polym

Phys Ed 1983, 21, 983.
22. Greg S. J.; Sing K. S. W. Adsorption, Surface Area

and Porosity;Academic Press: London, UK,1982; p.
1–110.

THE EFFECT OF GEL COMPOSITION 1043


