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The Mo(V]) isotope fractionation using well-known anion-exchange resins was investigated in
aqueous solutions at 298 K. The weakly basic porous-type WA20 resin (WA20(CI form)), PA316 resin,
which is one of porous-type strongly basic anion-exchange resin (PA316(Cl form)), and
benzimidazole-type anion-exchange resin embedded in high-porous silica beads, which has two types
of functional groups consisting of 1-methylbenzimidazole and 1,3-dimethylbenzimidazole (AR-01(Cl
form)) was used. The adsorption experiments of Mo(VI) species using WA20(Cl form), PA316(Cl
form), and AR-01(Cl form) resins were performed by batch-wise techniques to evaluate the
distribution coefficients (Ks) of Mo(VI) species in aqueous solutions ranging in pH value from 2.6 to
12.8 at room temperature. As a result, it was found that PA316(Cl form) and AR-01(Cl form) resin
have high adsorption ability for Mo(V1) species in the broad pH range. On the other hand, the K,
values of WA20(CI form) resin decreased sharply around neutral pH values. This adsorption tendency
implies that the Mo(VI) isotope fractionation experiments in adsorption-desorption reactions are
available. The isotope separation coefficients per unit mass (¢ / AMass) of Mo(VI) species were
obtained by using the isotope fractionation curve of Mo(VI) species with WA20(Cl form) resin. The ¢ /

AMass values were compared with those obtained from acid conditions.

1. Introduction

Tc-99m, a metastable isomer of Tc-99, is of great interest from the viewpoint of the medical use
of nuclear diagnostics due to the half-life of 71, = 6.015 h and 143 keV [1]. It is the fact that our
country depends on foreign countries such as Canada, Netherlands, and Belgium, etc. for M0-99, a
raw material of Tc-99m [2]. Nowadays, most M0-99 is produced by using nuclear research reactors
with highly enriched U-235, which has intrinsically some serious worries for nuclear proliferation.
These reactors have been getting decrepit and the realistic costs for specialized facilities for chemical
treatments, storages, and the disposal of large amounts of highly radioactive wastes are not reasonable
[3]. Recently, some researchers have suggested that Mo-99 can be produced using the respective
reactions of *Mo(n, 7)Mo, '“Mo(n, 2rn)*’Mo, and 'Mo(p, x)*Mo [2-4]. Before their nuclear
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reactions, it has also been required to enrich M0-98 or Mo-100 isotope for preparation of the enriched
Mo-99 isotope due to comparatively low natural abundance of Mo-98 and Mo-100 isotopes. The
geochemists are particularly interested in the Mo isotope fractionation in chemical reaction [5-7]. Our
present works which have examined the mechanisms of Mo isotope fractionation in solutions, may
contribute to the understanding the nature of the isotope fraction of Mo in the natural world. Some
researchers have studied the chemical enrichment of various nuclides by using chromatography [8-24].
In analogy of them, we have also performed some chromatographic isotope separation experiments of
hexavalent Mo species using the synthesized benzimidazole-type anion-exchange resin embedded in
high-porous silica beads (AR-01(Cl form)) and the weakly basic porous-type WA20 resin (WA20(Cl
form)) in hydrochloric acid solutions (see Figure 1) [25] and their effect of different valence states on
chromatographic fractionation of Mo isotopes in hydrochloric acid solutions was examined using
Sn(Il) [23-24]. It has been known that Mo species has various chemical forms in aqueous solutions
and seven stable isotopes in nature [23]. In other words, the systematic understanding of adsorption
and desorption behavior of Mo species is inevitable, compared with other elements. However, the
chemical data on isotope fractionation of medium-heavy elements such as Mo are not well-known.
Especially, little information on chromatographic isotope fractionation of Mo(VI) isotopes in basic
aqueous solutions is available.

Judging from these viewpoints, we have investigated the Mo(VI) isotope fractionation behavior
in the basic aqueous solutions using typical anion-exchange resins such as WA20(Cl form), PA316(Cl
form), and AR-01(Cl form) resins.

2. Experimental

2.1 Reagents

Na;Mo0Q4-2H,0 (Purity: 99.0 %), NaOH (Purity: 93.0 %), HCI (Purity: 35 %) were produced by
NACALAI TESQUE, INC., Kyoto, Japan. The foregoing Mo(VI) salts were used without further
purification. AR-01(CI form) resin was synthesized and supplied from Laboratory for Advanced
Nuclear Energy, Tokyo Institute of Technology, Tokyo, Japan [20]. Both of WA20(CI form) and
PA316(CI form) resins were obtained from Mitsubishi Chemical Corporation, Tokyo, Japan and their
structural details and chemical properties have been described elsewhere [25]. All chemicals for
analyses were of special pure grade.
2.2. Sample preparations

The acidic and basic concentrations in solutions containing 1.0 mM (M = mol/dm3) Mo(VI)
species were adjusted to pH = 2.6 - 12.8 using HCI and NaOH for Mo(VI) adsorption experiments,
whereas the concentration of NaOH and HCI was adjusted to 0.5 M for chromatographic experiments.
The aqueous solutions with 0.5 M Mo(V1) species was also prepared. By mixing with ultrapure water
(Specific electrical resistance: > 18.2 MQcm, total organic carbon: < 3 ppb (ppb = ng/g)) produced
with a Merck Millipore apparatus (Milli-Q Integral 3 Water Purification System), these sample
solutions were carefully prepared to prevent any contamination. For Mo(V1) adsorption experiments,
AR-01(CI form), WA20(CI form), and PA316(Cl form) resins and for Mo(VI) chromatographic
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experiments, WA20(CI form) resin were used. The diameter of silica beads used for AR-01(CI form)
resin was 40 - 60 pm [20]. The quaternization ratio of AR-01(Cl form) resin was 58.8 % [20].

—CH- CH2 CH— —CH CH,- CH -CH,~CH-
/\
3 C J [
CHzNH(CHZCHZNH) H (H3C):N*H 2C CH,N*(CHg),
- WA20 - - PA316 -

N
Ri—{ R2_<\

N+
1-methylbenzimidazole 1,3-dimethylbenzimidazole
group group

- AR-01 -

Figure 1. Structural formulas of anion-exchange resins used in the study.

2.3. Adsorption experiments of Mo(VI) species

The adsorption experiments of Mo(VI) species were carried out by batch-wise techniques to
evaluate the distribution coefficients (K4) using AR-01(Cl form), WA20(Cl form), and PA316(Cl form)
resins in aqueous solutions of various pH values (pH = 2.6 - 12.8) at room temperature. These resins
of 0.10 g were respectively added into 10.0 mL aqueous solutions containing 1.0 mM Mo (VI) species.
The shaking time was 24 hours at room temperature. The concentration of Mo(VI) species was
measured using ICP/MS (7700x, Agilent) after all samples were passed through a
polytetrafluoroethylene-type membrane filter (Sartorius, pore size: 0.45 pm) to remove these resins.
2.4. Chromatography experiments of Mo(VI) species

For the Mo(VI) chromatographic isotope fractionation experiments, seven glass columns
connected in series were used. All columns were equipped with water jacket made of glass. The length
of one column was 1.0 m and its inner diameter was 8.0 mm. All apparatuses were connected in series
with the polytetrafluoroethylene tubes with 2.0 mm inner diameter. The above-mentioned resins were
packed into these glass columns. The total weight of WA20(CI form) resin was 137.3 g. By using the
circulator, the reaction temperature was kept constant at 298 K for WA20(Cl form) systems. The
column chromatography experiments using aqueous solutions containing 0.5 M Mo(VI) species were
performed under constant flow rate of 0.78 mL/min at 298 K. The flow rate was controlled by the
high-pressure pump (NP-KX-210, Nihon Seimitsu Kagaku, Co., Ltd.). The order of mobile phase
added into the columns was aqueous solution with 0.5 M Mo(VI) species (300 cm®) and aqueous
solution containing 0.5 M NaOH (4000 cm?®). WA20(OH form) resin was converted into WA20(Cl
form) resin using 0.5 M HCI aqueous solution. The samples were taken every 10.0 g by using the
fraction collector (CHF161RA, Advantech). The Mo(VI) concentration and their isotope ratios were
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measured by using ICP/MS described above. By 10" g , . ,
varying the concentration of metal ions and kinds 10° _ _
of solvents and their concentration, we have
observed the effect of the Mo isotope -% 10° 3 A OA éi&& Ap 3
discrimination in ICP/MS measurements [26]. E 10° £ . AA .
Hence, the concentration of Mo(VI) species in the < F O i

. . S 10°F o O E
sample solutions was adjusted at ca. 10 ppb for the 5 : CS) ;
isotope ratio measurements. The 1.0 wt% HNO; X 10° £ o: AR-O1 % 3
solution was used as a diluent for all ICP/MS 10' L PA316 N

) E x:WA20 P 3

measurements. The Mo(VI) species adsorbed on o F | | N
the resins in the columns were completely removed 100.0 4.0 8.0 12.0
by using 0.5 M NaOH after the chromatographic PH
experiments. Figure 2. Plots of K; of Mo(VI) species vs.

pH at room temperature. [Mo(VD)] = 1.0
mM. Resin=0.10 g.

3. Results and Discussion
3.1. Adsorption behavior of Mo(VI) species
The adsorption experiments of Mo(VI) species using WA20(Cl form), PA316(Cl form), and
AR-01(ClI form) resins were performed by batch-wise techniques to evaluate the K, values of Mo(VI)
species in aqueous solutions in the pH 2.6 to 12.8 region at room temperature. The K, values were
calculated using the following Eq. (1).

Ka = {Cr/ Csx (Vs / Vi)} = {(Co - Cs) / C} x (Vs / V) (1)

where C;, Cs, Co, Vs, and V, are concentration of Mo(V1) species on resin at adsorption equilibrium,
concentration of Mo(VI) species in solution after adsorption equilibrium, initial concentration of
Mo(V1) species, volume of solution, and volume of resin, respectively.

As a result, it was found that PA316(Cl form) and AR-01(Cl form) resin have high adsorption
ability for Mo(VI) species in the broad pH range while the Ky values of WA20(CI form) resin
decreased sharply around neutral pH values as shown in Figure 2. In the acidic aqueous solution
around pH = 5, Mo(V1) exists as Mo;02s*, i.e., this Mo(VI) species can strongly adsorb on these
resins. In case of pH = 6.5 or above, it was suggested that MoO.> forms as a main species. These
Mo(V1) species with comparatively high negative valence states such as Mo7O3* and MoO4* have
generally high adsorption ability for these resins. Hence, the decrease of Kqy values of Mo(V1) species
using WA20(CI form) and AR-01(Cl form) resins must be attributable to the acid dissociation
constants of the functional groups in WA20(CI form) and AR-01(Cl form) resins because these
functional groups such as polyamine and 1-methylbenzimidazole are classified as a weakly
basic anion exchange resin [25,27]. This adsorption tendency implied that the Mo(VI) isotope
fractionation experiments in adsorption-desorption reactions using WAZ20(CI form) resin are available.
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Moreover, on the assumption that the 1 : 1 —
anion-exchange reaction is proceeded, Mo(VI) +
WA20(CI form) = WA20-Mo(VI) + CI" under
the conditions; [Mo(VI)] = 1.0 mM, [WA20(ClI
form)] = 0.10 g, we have investigated the
adsorption mechanisms between WA20(CI form)
resin and Mo(V1) species in aqueous solutions in
further detail. The thermodynamic parameters
(4aH, 4S, and 4G values) for the adsorption of o ]
Mo(VI) species on WA20(CI form) resin, B
ranging in Temp. = 278 - 333 K, were calculated 1500 2000 2500
from the linear plots of In Kq against (1/T) using _ _ Effluentvolume fem?®

) ) Figure 3. Profile of Mo(VI) concentration in
the following Van’t Hoff equation (2) [28] and e g)yted fraction samples using WA20(CI
the obtained values were 1.5 + 0.8, kJ / mol, 34 +  form) resin in aaueous solutions.
3J/(K-mol), and - 8.66 + 0.01 kJ / mol at 298 K, respectively.

0.30

0.20

0.10~ @ .
O

Concentration of Mo(VI) /M

InKy=-AG/RT=-AH/R-T+ A4S/ R )

Here, R and T represent gas constant and absolute temperature. This result indicates that the
spontaneous adsorption processes between WA20(CI form) resin and Mo (VI) species occur in
aqueous solutions. The positive 4H values show the endothermic reactions of Mo(V1) species with
WAZ20(CI form) resin. It can be considered that Mo(VI1) species is surrounded by plenty of water in
aqueous solutions due to the comparatively high solubility for H.O. When Mo(VI) species are
adsorbed onto WA20(CI form) resin, the hydration shell of Mo(V1) species must be broken before the
adsorption reactions of Mo(V1) species with WA20(CI form) resin proceed in aqueous solution. Thus,
these dehydration processes are expected to require energy. On the other hand, the polyamine-type
functional groups in WA20(CI form) resin are generally regarded as hydrophobic groups. Therefore, it
was found that the positive 4H values become very low, compared with those obtained from different
adsorption systems [26]. In addition, the positive values of 4S also suggest an increase in randomness
at the boundary between Mo(V1) species and WA20(CI form) resin during the adsorption processes. In
brief, this tendency implies that the randomness arises due to the destruction of hydration shell of
Mo(V1) species superior to the adsorption of Mo(V1) species on the surface of WA20(CI form) resin.
The lower positive 4H values may cause the high effect of Mo(V1) isotope separation.

3.2. Chromatographic isotope fractionation of Mo(V1) species

The chromatography experiments for Mo(V1) isotope separation were carried out to evaluate the
validation of our estimation in aqueous solutions at 298 K. Figure 3 shows the plateau of Mo(VI)
concentration in the eluted fraction samples using WA20(CI form) resin in agueous solutions at 298 K.
The amount of Mo(V1) species calculated from the plateau in Figure 3 is consistent with that obtained
from the experimental condition. The typical isotope fractionation of Mo(VI) species is shown in
Figure 4. In the figure, the notation of Mo isotope ratio deviation was defined as the isotopic ratios of
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Mo-100/Mo-92 over effluent volume. The fractionation behavior of M0-98/Mo0-92 isotope ratio was
similar to that of Mo-100/Mo0-92 isotope ratio. The original isotope ratios of Mo-100/Mo-92 and
Mo-98/Mo0-92 were 7.89 x 107 and 1.88, respectively. It was found that the 100/92 Mo(V1) isotope
ratios decrease sharply with increasing effluent volume and the Mo(VI) isotope ratios eventually
approach the original values in case of the front band region. Therefore, this figure indicates that the
heavier isotopes are disproportionately enriched in the solution phase. The depletion phenomena of the
Mo(V1) isotope ratios were also confirmed in the rear band region. We have confirmed the three steps.
In brief, first step exists when the elution volume is around 750 cm?®. Second step is in the range
between ca. 1500 - 1600 cm?, that is, the Mo(V1) original ratio. The effluent volume of third step was
confirmed around 1750 cm®. The existence of three steps indicates that there are three kinds of the
Mo(VI) isotope fractionation in aqueous solutions. The chemical form of Mo(VI) species strongly
depend on the pH in aqueous solutions [23]. The Mo(VI) species around pH = 5.5 and pH = 6.5 or
above, form Mo7Oz3* and MoO.%, respectively. MoO,% adsorbed on WA20(CI form) resin was eluted
using NaOH. The chemical reactions related to the present separation system can be expressed in the
simplified form as follows:

Mo702" + WA20-Cl 2 [WA20-Mo7053]* + CI- (A-1)
“M07023* + [WA20-HM0704]* 2 "M070x5* + [WA20--M070,3]* (A-2)
MoO.> + WA20-Cl 2 [WA20-MoO4] + CI- (B-1)
“M00.* + [WA20-"M00O,]" 2 "M00.* + [WA20--MoO4] (B-2)
[WA20-Mo0O4]" + OH 2 WA20-OH + MoOs* (C-1)
'M00.* + [WA20-"M00O,] 2 "M004* + [WA20--MoO4] (C-2)

where superscripts of H and L denote the heavier isotope and the lighter isotope, respectively. The
isotope separation coefficients (&) per unit mass (¢ / 4Mass), which have been frequently used for the
analysis of isotope fractionation using ion exchange chromatography and the corresponding height
equivalent to a theoretical plate (HETP) derived from the theory of displacement type
chromatographic enrichment in the isotopically transient state, are calculated by using the isotope
fractionation curve of Mo-98 and Mo-100 in sample solutions. The equation can be expressed by Eq.
(3, 4) [15,18,19-24].

el aMass = (a - 1) / (Massn - Mass.) =X (0i |Ri - Ro| / {Q % Ro (1 - Ro)} / (Massw - Mass,) 3
HETP = (¢ / |ks|) + (1 / ke?-L) (4)

Here, a, Massu, Mass:, qg;, R;, and Q are the isotope fractionation factor, the mass of heavier
isotope, the mass of lighter isotope, the amount of Mo in the fraction sample, the isotopic percentage
of Mo, the total amount of adsorbed Mo species on the resin, respectively. The indication of fraction
number is i = 0, 1, 2.... As a result, the calculated values of (¢ / AMass) of Mo-100/M0-92 and
Mo-98/M0-92 were found to be 1.0 x 10* and 8.7 x 107 in the front band region, respectively. These
results imply that the (¢ / 4Mass) values of Mo(VI) species are proportional to the reciprocal square of
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the atomic weight, which is called mass 0.810 . , @\
shift effect [8]. These ¢ / AMass values
were analogous to those obtained from acid

-12.0

conditions [23,24]. By contrast, as (¢ /
AMass) values, 1.3 x 10° for Mo-100
/Mo0-92 ratio and 8.3 x 10° for Mo-98
/Mo0-92 ratio were calculated from the rear

0.800
8.0

Hd

0.790

band region. In case of basic condition, the 4.0

I O : Isotope ratio

(¢ / AMass) values became much smaller.

100/92 Mo(VI) isotope ratio deviation

. . 1 pH
The slope coefficient, £k, value is P
L | L
experimentally determined by plotting of In 0'7810000 1500 200%'0
(ri - 7o) against Xp;. The ry and X values are Effluent volume / cm®

Figure 4. Profiles of Mo(V1) isotope ratios and their
: pH values in the eluted fraction samples using
from the front boundary. This r value can be  \y A20(CI form) resin in aqueous solutions.

defined as Mo-98/Mo-92 and Mo-100/
Mo-92 isotope ratios. The subscripts, i and 0 also denote the fraction number and original sample,

the original isotopic ratio and the distance

respectively. Thus, the &, values for M0-98/Mo0-92 and Mo-100/Mo-92 isotope ratios in aqueous
solutions were calculated to obtain the HETP values and the analytical details of this equation have
been described elsewhere [16]. As a result, the obtained HETP values was found to be more than 1.0
mm. The (¢ / AMass) values were small and the HETP values were large, much larger (¢ / AMass)

values is needed to apply the present isotope separation system for nuclear medicine applications.

4. Conclusion

The Mo(V]) isotope fractionation using well-known anion-exchange resins such as (WA20(Cl
form)), (PA316(Cl form)), and (AR-01(Cl form)) resins, was investigated in aqueous solutions at 298
K. The adsorption experiments of Mo(VI) species using WA20(CI form), PA316(Cl form), and
AR-01(ClI form) resins were performed by batch-wise techniques to evaluate the K; of Mo(VI) species
in aqueous solutions in the pH 2.6 to 12.8 region at room temperature. As a result, it was found that
PA316(Cl form) and AR-01(Cl form) resin have high adsorption ability for Mo(VI) species in the
broad pH range while the Ky values of WA20(Cl form) resin decreased sharply around neutral pH
values. This adsorption tendency implied that the Mo(VI) isotope fractionation experiments in
adsorption-desorption reactions are available. The ¢ / AMass values of Mo(VI) species were obtained
by using the isotope fractionation curve of Mo(VI) species with WA20(CI form) resin. The ¢ / AMass
values obtained from acidic and basic conditions were compared and we have confirmed that the ¢ /

AMass values under acidic condition become much larger.
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