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Abstract Adsorptivity of polyvinylpolypyrrolidone (PVPP),
a candidate resin with selectivity to U(VI) in HNO; media,
to various metal ions was examined. It was found that PVPP
has a strong adsorptivity to U(VI) in wide concentration
range of HNOj;. The Scatchard plot analysis revealed that the
adsorption of U(VI) by PVPP occurs at plural binding sites.
The infrared spectroscopic analysis suggested that the strong
binding site is due to the coordination of the carbonyl oxy-
gen atom and the nitrogen atom in the pyrrolidone ring to
UO,**. It was also found that fission product ions except
Re(VII) as the simulant of Tc(VII) and Pd(II) are not
adsorbed onto PVPP. The adsorptivities to Tc(VII) and
Pd(II) species are weak, indicating that U(VI) can be sepa-
rated from other metal ions by PVPP.

Keywords Polyvinylpolypyrrolidone - Monoamide -
Resin - U(VI) - Pd(Il) - HNO;

Introduction

Uranium(VI) is the most stable U species in aqueous nitric
acid solutions. Separation of U(VI) from HNO; containing
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U(VI) and other metal ions is very important to treat
radioactive wastes. For developing resins with selectivity
to U(VID) in HNO; media, we have synthesized several
silica-supported polymer beads with the structure of a
monoamide as the functional group and their adsorptivities
to various metal ions have been examined [1-3].

Polyvinylpolypyrrolidone (PVPP) is one of the monoa-
mide compounds and is a cross-linked form of water-
soluble polyvinylpyrrolidone (PVP, Fig. 1). Thus, PVPP is
insoluble in water. PVPP has been used in many fields such
as plant tissue extraction [4], protein preparation [5], DNA
extraction [6], and beverage clarification [7]. However, no
studies have been made on the application of PVPP to the
adsorbent of U(VI) in HNO5; media.

We have already examined the adsorptivity of the silica-
supported resins, Silica-VP, synthesized by polymerizing
N-vinylpyrrolidone with a crosslinking agent and a porous
silica support [2, 3]. Although the chemical structures of
the functional groups of Silica-VP and PVPP are identical,
the physical properties of the two kinds of resins are dif-
ferent. For example, swelling properties of the resins are
different from each other due to presence and absence of
the silica support. Therefore, studies on the adsorptivity of
PVPP are expected to help the development of resins with
selectivity to U(VI) in HNO3; media. Based on the above
background, the adsorptivities of PVPP to various metal
ions were examined under various conditions.

Experimental
Commercial PVPP (SIGMA) was used as received without
sieving. Adsorptivities of PVPP to U(VI) and major fission

product (FP) ions in 0.1 to 6 mol/dm’® (=M) HNOj solu-
tions were examined by a batch method. The wet PVPP
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Fig. 1 Structure of PVPP

conditioned was contacted with the sample solution con-
taining the metal ion and shaken vigorously at an appro-
priate interval at room temperature. Samples of the
supernatant liquids were taken after the contact for maxi-
mum 100 h and the concentrations of the metal ions were
measured by ICP-AES (Perkin Elmer, Optima 3000). The
adsorptivity was evaluated by the distribution ratio, Ky,
defined as,

Co—C_V

c xw(cm3/g) (1)

where C, and C denote the concentrations of the metal ion
in the solution before and after contact with PVPP,
respectively. V and W represent the volume of the solution
and the weight of the dry PVPP, respectively.

Ky

Results and discussion

In order to examine the adsorption rate for U(VI), the
amount of U(VI) adsorbed onto PVPP was measured at
various time. The results are shown in Fig. 2, where gy
represents the amounts of adsorbed U(VI). This figure
shows that the adsorption equilibrium is attained by ca.
20 min. The adsorptivities of PVPP to U(VI) and major FP
ions are shown in Fig. 3. The U(VI) species are found to be
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Fig. 2 Plots of amount of adsorbed U(VI) onto PVPP versus time.
[U(VD]ini = 5 mM, 0.4 g PVPP/20 cm® sol
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Fig. 3 Adsorptions of U(VI) and major FP ions onto PVPP from
HNOj; solutions. [M];,; = 0.831-10 mM, 0.1-2 g PVPP/4-24 cm? sol,
30h

strongly adsorbed onto PVPP in whole concentration range
of HNOj in the present study. Particularly, the K4 values are
larger in the lower concentration range (0.1-2 M) of HNOj.
Furthermore, it was found that Re(VII) as the simulant of
Tc(VID) and Pd(II) are weakly adsorbed in the lower con-
centration range of HNOj3, where K, values decreases with
increasing concentrations of HNOj. Other FP ions are found
to be slightly adsorbed with Ky values smaller than 10.
These results suggest that U(VI) can be separated from FP
ions in HNO; media by normal column operations.

The adsorption isotherms for U(VI) in HNOj; solutions
from 0.1 to 5 M are shown in Fig. 4, where Cy* represents
the equilibrium concentration of U(VI). The plots for lower
concentration range of Cy* up to 25 mM of Fig. 4 was
magnified (see Fig. 5). These figures indicate that the gy
values increase with decreasing concentrations of HNOj in
the Cy* range less than ca. 8 mM. The inverse tendency is
observed in the higher Cy* range. In the Silica-VP resins
used in the previous study, the adsorptivity to U(VI) is little
dependent on the concentrations of HNO; [2]. This is
reasonably explained by the results in the present study,
that is, the Cy* values in the experiments using Silica-VP
were around 8 mM, where the adsorption isotherms of
PVPP for various concentrations of HNO3 overlap as seen
from Fig. 5.

The above results indicate that PVPP can be effectively
recycled for the treatment of solutions containing U(VI)
of relatively high concentrations only by changing the
concentrations of HNO3, i.e., adsorption of U(VI) using
HNO; solutions of high concentrations and elution of the
adsorbed U(VI) using diluted HNO;. It can be estimated
from Fig. 4 that the adsorption capacity of PVPP for U(VI)
is approximately 2.5 mmol/dry-g for 3 M HNOj; system.

Scatchard plot analysis is widely used to investigate
the characteristics of the adsorption process based on the
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Fig. 4 Adsorption isotherms of PVPP for U(VI) in high concentration
range of U(VI). [U(VD] = 2-500 mM, 0.1 g PVPP/1-4 cm’ sol,
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Fig. 5 Adsorption isotherms of PVPP for U(VI) in low concentration
range of U(VI)

interactions between functional groups of resins and metal
ions, and the shape of the plot is related to the types of
interactions [8]. The Scatchard plots for the adsorption of
U(VI) onto PVPP derived from Fig. 5 are shown in Fig. 6.
All plots deviate from the linear negative line and show
concave curves, indicating that the adsorption of U(VI)
onto PVPP does not follow the linear Langmuir model. In
addition, the slope in the region of small gy values
becomes steeper with decreasing concentrations of HNOj;.
These facts suggest that the adsorption of U(VI) onto PVPP
occurs at strong and weak binding sites, where the steeper
slope represents the adsorption in the strong site [8]. It is
also suggested that the contribution of the strong site
increases with a decrease in the concentrations of HNOs.
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Fig. 6 Scatchard plots for binding of PVPP and U(VI)

Based on the result that PVPP has plural binding sites
for U(VI), we applied the bi-Langmuir model to the present
system. The bi-Langmuir isotherm equation is expressed as
follows [9]:

(ZCU bCU

v U 2
I +acy W27 50, 2)

qu = qu(ml)
where a and b are numerical parameters (Mfl), qu(m1) and
qum2) represent the adsorption capacities at each adsorption
site (mmol g~ "), respectively, and Cy is the concentration
of U(VI) in the solution (M). The four parameters (a, b,
qum1) qumz)) can be estimated in the region where Cy*
values are large enough, i.e., the total adsorption capacity
gm = qumi) + quemz)- Non-linear fitting of the theoretical
isotherm of the bi-Langmuir model was performed in a
wide concentration range of U(VI) (1073—0.2 M) for 0.1
and 3 M HNOg;, respectively. The results are listed in
Table 1. The correlation coefficients (R) for both systems
are found to be nearly one, supporting that the adsorptivity
of U(VI) onto PVPP can be expressed by the bi-Langmuir
model.

As discussed above, the contribution of the strong
binding site decreases with increasing concentrations of
HNO;. However, as seen from Figs. 4 and 5, the maximum
adsorption capacities of PVPP for U(VI) basically increase
with an increase in the concentrations of HNOj in the Cy*
range more than ca. 8 mM. Therefore, the predominant
adsorption for U(VI) under higher concentrations of HNO3
occurs due to a weak binding. More specifically, the
binding may be the complex formation of UO,*" with two
nitrate ions and two oxygen atoms of the carbonyl group of
PVPP, ie., UOy(NO;3),(C=Opypp))2, according to our
previous studies on the silica-supported resins [1, 2].

The adsoptivities of Re(VII) and Pd(Il) are different
from those of other fission product ions as shown in Fig. 3.
It is reported that Tc(VII) is extracted from HNOj solutions
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Table 1 Fitting parameters using bi-Langmuir model and correlation
coefficients

HNO;/M a b qu(m1) qu(m2) R
0.1 1.82 359 5.94 0.483 0.9995
3 4.80 196 3.25 0.500 0.9999

of low concentrations by cyclic monoamide extractants and
that the complex formation of (HTcO,)(amide);_, and
(HTcOy4)(amide)s_g is proposed as the extraction mecha-
nisms [10]. The chemical properties of Re(VII) are similar
to those of Tc(VII). Thus, the Re(VII) species are consid-
ered to be adsorbed via the similar mechanism.

The adsorptivity of Pd(Il) onto PVPP is unique. As
shown in Fig. 7, the adsorption rates for Pd(I) are extre-
mely slower than those for U(VI), where gpq represents the
amount of adsorbed Pd(II). Such a slow adsorption of
Pd(Il) in HNO; media is also observed for an anion
exchange resin consisting of tertiary N-methylbenzimida-
zole (ca. 40%) and quaternary N,N'-dimethylbenzimi-
dazolium (ca. 60%) groups as the functional group. The
slow adsorption found in 6 M HNOj at 333 K is explained
by the slow complex formation between Pd(I) and the
nitrogen atom of the anion exchange resin [11]. For PVPP,
the color of the samples of 0.1 and 3 M HNO; was changed
gradually from orange to dark brown with the adsorption of
Pd(II). While, the sample of 6 M HNO; kept orange.

The time dependence of the Scatchard plots for the
binding of PVPP and Pd(Il) in 3 M HNOj; is shown in
Fig. 8, where Cpq represents the concentration of Pd(II) in
the solution. It can be seen that all plots deviate from the
linear negative line and are clearly divided into two parts: a
very steep linear line in the region of very small gpq values
and a linear line with a gentle slope in the other region.
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Fig. 7 Plots of amount of adsorbed Pd(II) onto PVPP versus time.
[PA(ID)];n; = 1.89 mM, 2 g PVPP/24 cm® sol
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Fig. 8 Time dependence of Scatchard plots for binding of PVPP and
Pd(II) in 3 M HNO;

The contribution of the former part is found to remain very
small in all adsorption sites of Pd(II) regardless of the time
evolution.

Water-soluble PVP has been often used to obtain stable
dispersions of metal nanoparticles, especially of Au, Ag,
and platinum group [12-16]. It is known that the prepara-
tion of PVP-stabilized nanoparticles involves two pro-
cesses: reduction of metal ions into neutral atoms, which
form clusters, and coordination of the polymer to the metal
clusters. Although there are a lot of synthetic methods to
obtain the nanoparticles, the reduction of those metal ions
by the simple mixing of PVP and the metal ion solution has
been reported, where the following facts were found: (i)
PVP has a strong reduction effect on free metal ions, such
as Ag" ion in AgNOj;, and shows much weaker effect
on metal complex ions, e.g., AuCl,” in HAuCl,; and
Ag(NH;),0H; (ii) the formation rate of Ag by the reduc-
tion of Ag™ by PVP is three orders of magnitude higher
than that of Au from Au’". Strong donor of the nitrogen
and oxygen atoms in the polar group of PVP is proposed as
the driving force of the reduction [16].

Considering the molar fraction of Pd(Il)-nitrate species
as a function of nitrate concentration [17], the predominant
Pd(I) species in 0.1, 3, and 6 M HNO;3 are Pd** and
Pd(NO5)", PA(NO3)* and [Pd(NOs)s]~, and [Pd(NOs)s] ™,
respectively. These results indicate that the reduction of
Pd(II) in our study proceeds more easily with decreasing
concentrations of HNO3. The color change in the appear-
ance of the PVPP samples after adsorbing Pd(II) may be
attributed to the reduction of Pd(II) to Pd(0) by the contact
of Pd(Il) with PVPP.

In fact, in our study, black fine powder was generated a
few days after mixing 0.21 g of PVP (ACROS, K12,
average M.W. 3500) and 4 cm’® of Pd(II) standard solution
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Fig. 9 Infrared spectra of neat PVPP and PVPP after adsorption of
U(VI). a neat; b after adsorption of U(VI) from 0.1 M HNO;; ¢ after
adsorption of U(VI) from 6 M HNO;

(Kanto, 1000 ppm in 1 M HNO;) at room temperature.
However, the identification has not yet been successful due
to very little amount of the powder. Alternatively, it is
reported that the reduction of Ag™ and Au>" by PVP can
be detected by the change in the UV—vis absorption spectra
[12, 14-16]. In our corresponding experiment, apparent
changes have not been observed in 0.1 M HNOj; containing
10 mM PVP and 5 mM Pd(II).

From these results, it is suggested that the color changes
in PVPP after adsorbing Pd(II) may occur in the minor
adsorption site, although it has a strong binding property.
On the other hand, it is suggested that the major adsorption
site is related to the strong coordination field generated by
the nitrogen and oxygen atoms in the polar group of PVPP,
since no adsorption of Pd(Il) was found for Silica-DMAA
resins whose functional group is composed of straight
chain acrylamide [1]. In addition, pyrrolidone derivatives
such as N-cyclohexyl-2-pyrrolidone, N-n-octyl-2-pyrroli-
done, and N-n-dodecyl-2-pyrrolidone are found to extract
Pd(II) from HNOj solutions with a maximum Kj value at
around 1-3 M [18]. The detailed adsorption form of the
major site should be investigated in the future.

The similar discussion may be applied to the clarifica-
tion of the strong binding site of U(VI) onto PVPP under
lower concentrations of HNOs. The infrared spectra of neat
PVPP and that after adsorbing U(VI) are shown in Fig. 9.
The PVPP samples adsorbing U(VI) were prepared by
contacting 0.1 g of PVPP and 1 cm® of 0.1 or 6 M HNO;
containing 100 mM U(VI), respectively. It can be seen that
the peak at 1663 cm™' before adsorption, which is attrib-
uted to the C=0 bond in the pyrrolidone ring, is split
into two peaks after adsorption (1661, 1600 cm™').

This suggests that the adsorption of U(VI) onto PVPP
occurs by the coordination of two oxygen atoms of the two
amide groups to U(VI), forming UO,(NO3)(C=Opvypp))2,
as mentioned above.

In addition, the peak at 1018 cm™! before adsorption,
which is attributed to the C—N bond in the pyrrolidone ring,
is significantly decreased in the sample after adsorption in
0.1 M HNOj; (1020 cm™"). On the other hand, the peak is
still present at 1026 cm™' in the sample adsorbing U(VI)
from 6 M HNO;3;. These results are similar to those
obtained in PVP-AgNO; system [16], and indicate the
contribution of the nitrogen atom in PVPP to the adsorption
of U(VI) in HNOj; solutions of low concentrations. This
contribution is expected to decrease with increasing con-
centrations of HNOj;, because of the protonation of the
nitrogen atom. Such an approach to clarify the nature of the
C-N bond by IR spectrometry is impossible for the silica-
supported resins, because a large absorption peak attributed
to Si—O bond is observed in the range of approximately
900-1300 cm ™" in the silica support.

Conclusion

In the present study, the adsorptivity of PVPP to various
metal ions was examined as a part of the development of
resins selective to U(VI) in HNO; media. As a result, it was
found that PVPP has a strong adsorptivity to U(VI) in
HNOj; solutions of wide concentration range with the plural
adsorption sites. It was suggested that the strong binding
site is the coordination of the carbonyl oxygen and nitrogen
atoms in the pyrrolidone ring to UO,*", and the weak one
is the complex formation of UO,?" with two nitrate ions
and two oxygen atoms of the carbonyl group of PVPP. The
adsorption in the strong site appeared more clearly in lower
concentration range of HNOs3 and is proposed to be due to
the strong coordination of UO,*" with the nitrogen and
oxygen atoms in the polar group of PVP.

Furthermore, it was found that the major FP ions except
for Re(VII) and Pd(II) are not adsorbed onto PVPP. These
two metal ions showed weak adsorptivity in HNOj solu-
tions of lower concentrations. These results indicate that
U(VI) can be separated from major FP ions by PVPP. The
unique adsorptivity of Pd(II) was also explained by its
strong coordination to PVP.
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