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a  b  s  t  r  a  c  t

The  dynamic  precipitation  characteristics  of UO4 in  different  solution  conditions  (pH,  ionic  strength,
uranium  and  H2O2 concentrations)  were  characterized  by  measuring  changes  in the  absorbance  of  the
precipitation  solution  and  by  monitoring  the  change  of particle  size  in  a  circulating  particle  size  analyzer.
The  precipitation  solution  conditions  affected  the precipitation  characteristics  such as  the  induction  time,
precipitation  rate,  overall  precipitation  time,  and  particle  size  in  a  complex  manner.  With  increases  in
eywords:
ranium peroxide
ydrogen peroxide
ranyl ion

nduction time

both  pH  and ionic  strength,  the  induction  time  was  prolonged,  and  the  individual  particle  size decreased,
but  the  individual  particles  tended  to  grow  by  aggregation  to  form  larger  precipitates.  The  uranium
concentration  and  the  ionic  strength  of  the  solution  affected  the induction  time  and  precipitation  rate  to
the  greatest  extent.

© 2011 Elsevier B.V. All rights reserved.

recipitation

. Introduction

Uranium minerals such as uranium peroxide hydrates studtite
UO4·4H2O) and metastudtite (UO4·2H2O) are known to form on
pent nuclear fuel when stored in a disposal repository by the incor-
oration of peroxide formed by the alpha radiolysis of water [1–4].
hese uranium peroxide hydrates can also be synthesized by adding
xcess hydrogen peroxide (H2O2) to an acidic solution of uranyl
ons [1,5–7],  as shown in Eq. (1).

O2
2+ + H2O2 + 4H2O → UO2(O2) · 4H2O + 2H+ (1)

The uranium peroxide hydrates are the only known peroxide-
earing minerals and have very low solubilities, in the order of
0−3–10−5 M [1,2,7,8]. Therefore, the precipitation of UO4 is highly
elective for uranium in most solutions and, with proper control,
an produce a crystalline and easily handled product [9].  Accord-
ngly, methods for dissolving uranium-bearing materials in acid
ollowed by the precipitation of uranyl ion (UO2

+2) as UO4 by the
ddition of H2O2 to the acidic uranium solution have been devel-

ped for the recovery of uranium from uranium ore and uranium
craps or for waste treatment, e.g., of a uranium-contaminated
olution [5,10,11]. Recently, a carbonate-based process has been
ntroduced, where uranium from spent nuclear fuel is selectively

∗ Corresponding author. Tel.: +82 42 868 2044; fax: +82 42 868 2351.
E-mail address: nkwkim@kaeri.re.kr (K.-W. Kim).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.07.032
leached in the form of a uranyl peroxo carbonato complex ion
(UO2(O2)xCO3y

−z) in a carbonate solution containing H2O2 and the
uranium complex ion is subsequently recovered as a precipitate of
UO4 by acidifying the carbonate solution [11].

The precipitation of UO4 is known to be dependent on pH, tem-
perature and the presence of other ions in the solution. However,
its precipitation behavior has not yet been fully elucidated, and the
data on the precipitation conditions are very scanty. In our pre-
liminary experiments with this system, the precipitation behavior
of UO4 was found to be complicated and dependent on solution
conditions. In this work, changes in the UO4 precipitation charac-
teristics such as induction time (the time before the precipitation
begins), precipitate size, and precipitation rate were investigated
by changing several solution conditions.

2. Experimental

The precipitation of UO4 was  performed by adding uranyl nitrate
(UO2(NO3)26H2O) in H2O2 solutions at concentrations in the range
of 0.5–3 M to make final uranium concentrations in the range of
500–5000 ppm and adjusting these with HNO3 and NaOH to pH val-
ues between 0.5 and 3, and with NaNO3 to ionic strengths between
0.5 and 3 M.  The precipitation experiments were performed either

in a 1 cm cuvette held in a UV–vis spectrophotometer (HP 8453)
without any agitation in the cuvette, and the parallel experiments
with the same conditions as those in the spectrophotometer were
carried out in the circulating sample holder of a particle size ana-

dx.doi.org/10.1016/j.jhazmat.2011.07.032
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:nkwkim@kaeri.re.kr
dx.doi.org/10.1016/j.jhazmat.2011.07.032
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The time at which the maximum absorbance during the precipita-
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yzer (Microtrac S3000) with detection lime of more than 0.1 �m to
irectly measure and monitor the dynamic precipitation behavior
nd the precipitate characteristics in the solutions. The induction
eriod for precipitation and the duration of precipitate suspension
ere evaluated by monitoring the absorbance of the precipitation

olution [12]. By measuring the changes in absorbance and the
ctual particle size distribution of the precipitate in the solution
ith time, the dynamic behavior of UO4 precipitation was analyzed

n situ in several solution conditions.
After precipitation, the UO4 precipitate was washed with dem-

neralized water and then analyzed by XRD (Rigaku, Cu K�), SEM
PerkinElmer), TEM (Tecnai F20) for ex situ evaluation. The ura-
ium concentration in the supernatant after the precipitation was
nalyzed to evaluate the precipitation yield of uranium as UO4 in
he solution using a colorimetric method with Arsenazo III [13].
ll the reagents used in this work were of reagent grade, and they
ere dissolved, as received, in demineralized water prepared by a
ouble distillation followed by an ion-exchange (Milli-Q plus; 18.2
�).  All the experiments were performed at room temperature.

. Results and discussion

We investigated the changes in the UO4 precipitation-behavior
haracteristics with different solution conditions. Therefore, before
escribing the experimental results on the precipitation charac-
eristics of UO4, herein follows a brief introduction to the general
rocess of the formation of particles from a solution. Particles are
enerated by nucleation followed by the growth of the solid phase
o form particles of visible size. Nucleation is generally described
s the formation of dispersed nuclei from a homogeneous super-
aturated phase. In the process of precipitation, the first step is the
ormation of clusters by the coagulation of dissolved molecules or
olvated ions in solution; next, nucleation occurs by the formation
f dispersed nuclei from the clusters in the solution [15]. There may
e an induction period before the detection of the first crystal or
olid particles. Once nuclei occur, particles grow in two ways. The
rst is particle growth by agglomeration, with a gradual building
p of layers of material on the surface of seeds by the molecular
iffusion of species to form a collection of particles held together
y strong interparticle forces. The second mechanism is particle
rowth by aggregation due to the collision and subsequent joining
f two or more particles of similar sizes with weak cohesive forces.
owever, the classification of detailed mechanisms of nucleation
nd particle growth is difficult and is lacking for many systems
14,15].

To directly monitor and measure the dynamic precipitation
haracteristics of UO4 in solution, we analyzed the absorbance
hanges in UO4 precipitation solutions and related these results
o its precipitation behavior. The changes in the absorbance spec-
ra and particle size distributions with time in a 500 ppm uranium
olution at 1.0 M H2O2, pH 1, and an ionic strength of 0.5 M
ere independently measured by using a spectrophotometer and a

olution-circulating particle size analyzer; the results are shown in
igs. 1 and 2, respectively. The uranium solution prepared for this
xperiment was yellowish and had an initial absorption peak at
353 nm.  As shown in Fig. 1, the overall absorbance increased with

ime during the UO4 precipitation. The absorbance spectrum began
o display significant fluctuations after about 30 min, particularly at
avelengths less than 325 nm.  The initial solution became turbid,

ndicating particle suspension in the solution without precipita-
ion before 30 min, after which visible particles were observed in

he solution, and particles larger than 0.1 �m were also detected by
he particle size analyzer; the particle size distribution then stabi-
ized and approached a constant value with time. As the precipitate
ettled out of the solution, the absorbance amplitude of the spec-
Fig. 1. Change of the absorbance spectrum with time in a uranium solution of
500  ppm at 1.0 M H2O2, pH 1, and an ionic strength of 0.5 M.

trum gradually decreased and the fluctuations gradually subsided.
Finally, the absorbance peak at 353 nm disappeared at the end of the
precipitation and the solution became transparent. However, the
final absorbance remained at a non-zero value because the fine UO4
particles, which occurred in the solution during the precipitation,
were still attached to the inside wall of the cuvette in the spec-
trophotometer at the end of precipitation. The absorbance of the
solution after the complete precipitation was confirmed to be zero
in a fresh cuvette, because all the uranyl ions in the previous cuvette
were precipitated as UO4 in the solution, although this result is not
present in this work. Fig. 3 shows the changes of absorbance at
325 nm and the mean particle sizes from Figs. 1 and 2 on the same
plot. The wavelength of 325 nm was  chosen because the absorbance
change during the precipitation was the greatest at that wave-
length, as shown in Fig. 1. The absorbance remained constant for
a time at the beginning of the precipitation, rose to a maximum,
and finally decreased and stabilized at a low absorbance value. The
mean particle sizes shown in Fig. 3 are the mean volume diameter,
which is the value calculated as a diameter of a hypothetical sphere
Mean volume size of pariticle (um)

Fig. 2. Changes in the particle size distributions with time in a 500 ppm uranium
solution at 1.0 M H2O2, pH 1, and an ionic strength of 0.5 M.
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ig. 3. Changes of absorbance at 325 nm and mean volume diameter of the particles
ith time in a UO4 precipitation solution from Figs. 1 and 2.

nalyzer. The particle size gradually increased with the precipita-
ion time and approached a final, stable size of approximately 3 �m
fter 150 min. In view of the precipitation steps described above,
he first period with no change of absorbance is considered to be
ue to the induction time, during which the formation of clusters by
he coagulation of dissolved molecules or solvated ions occurred,
ut any particles affecting the absorbance are not yet formed dur-

ng this time. The second period, in which the absorbance increased
nd reached the maximum, is considered to be due to the onset
f nucleation by the formation of dispersed nuclei from the clus-
ers in the solution. Therefore the solution becomes turbid and the
bsorbance increases, but the particles to be precipitated do not
ppear in the solution, and the nuclei are not detected by the par-
icle size analyzer with detection limit of more than 0.1 �m yet
ecause they are still too small. After the absorbance reaches the
aximum, as the suspended nuclei grow and form bigger particles,

he particles begin to settle down into the solution and the solu-
ion absorbance begins to decrease because the solution gradually
ecomes transparent due to the settling of the particles from the
olution. From then on, the particles in the solution are observed
y the particle size analyzer, and the particle size increases further
nd the precipitation is facilitated. Fig. 4 presents SEM micrographs
f UO4 particles precipitated at 50, 180, and 240 min, showing that
he particles grew with precipitation time. The form of the precip-
tated particles resembles two cones joined at their bottoms. The
ctual mean volume diameters of the particles was calculated from
he particle dimensions in the photomicrographs; they were 2.1,
.8, and 3.1 �m at 50, 180, and 240 min, respectively, which are
ery similar to those measured by the particle size analyzer (see
ig. 3). Based on these results, the simultaneous measurements
f the absorbance pattern at a constant wavelength and particle
ize in the precipitation solution appears to be an effective tool for
valuating several precipitation characteristics such as the induc-
ion time, nucleation and precipitation rates (slopes of absorbance
hanges), overall precipitation time, and particle size. Fig. 5 shows
he XRD result of the precipitate obtained after 240 min  in Fig. 4,
hich was washed with water and dried at 90 ◦C. It was identi-
ed as UO4·2H2O. When UO4 precipitate is dried below and above
0 ◦C, UO4 is known to exist in the form of UO4·4H2O (studtite) and
O4·2H2O (meta studtite), respectively [15]. All the XRD results of

he other uranium precipitates obtained at the different conditions
n this work were all UO4 hydrates the same as Fig. 5, although they
re not present in this manuscript. In these experiments, we con-

rmed that after the UO4 precipitation occurred in the solutions
nder the various conditions, the precipitation yields in all cases,
s determined by measuring uranium concentrations in the super-
Fig. 4. SEM photographs of UO4 particles precipitated at 50, 180, and 240 min  in a
500 ppm uranium solution at 1.0 M H2O2, pH 1, and an ionic strength of 0.5 M.

natant after precipitation, were over 99%; this was  as expected
because the solubility of UO4 is very low [1,2,7,8]. Therefore, the
precipitation yield does not merit further discussion.

Fig. 6 shows the changes in the absorbance and mean volume
diameter of the particles with time in 500 ppm uranium solutions at
1.0 M H O , ionic strength 0.5 M,  and various pH values. When the
2 2
solution pH increased, the induction time also increased. However,
the absorbance rising slope, which means the nucleation rate, and
the time at which the precipitation began (the time the absorbance
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Fig. 7. SEM micrographs of UO4 particles precipitated at 240 min in a 500 ppm
uranium solution at 1.0 M H2O2, an ionic strength of 0.5 M,  and pH 2 and 3.
Fig. 5. XRD spectrum of the uranium precipitate dried at 90 ◦C.

eached the maximum) decreased. The particle size decreased with
n increase in solution pH. It was interesting to observe that the par-
icle sizes at pH 2 and 3 gradually increased in the solution over time
ven after the precipitation reaction finished. The phenomenon was
ikely due to particle growth by aggregation due to the collision and
oining of two or more particles in the circulating solution in the
article size analyzer. Fig. 7 shows the SEM micrographs of particles
recipitated at pH 2 and 3 after 240 min, at which the absorbance
hange reached the minimum and remained constant, indicating
hat the precipitation reaction itself in the solution was already
nished. A number of big aggregated particles are observed, even
hough the individual particles composing of the aggregated par-
icles are small, at around 1 �m,  which is quite different from the
ase at pH 1, as shown in Fig. 4. These results suggest that the indi-
idual particles generated in the solution are prone to aggregation,
orming larger precipitates at higher pH values.

Fig. 8 shows the changes in the absorbance and mean volume
iameters of the particles with time in 500 ppm uranium solutions
t pH 1, 1.0 M H2O2, and various ionic strengths. The UO4 precip-
tation occurred immediately, without an induction time, at 0.1 M

onic strength, and the generated particles showed a constant and
table size over the entire precipitation time. However, the induc-
ion time and precipitation time were prolonged with increases
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Fig. 10. Changes of the mean volume diameter of the particles generated at 240 min
in  uranium solutions at 1.0 M H2O2, pH 1, and ionic strength 0.5 M with several
uranium concentrations.

Fig. 11. SEM micrographs of UO4 particles precipitated at 240 min  in a 5000 ppm
uranium solution at 1.0 M H2O2, ionic strength 0.5 M,  and pH 1.

Fig. 12. TEM micrographs of UO4 single particles of precipitates generated at

240  min  in 500 ppm (A) and 5000 ppm (B) uranium solutions at 1.0 M H2O2, ionic
strength 0.5 M, and pH 1.

in ionic strength, and the particle size showed a pattern of steady
growth due to the aggregation of individual particles, as discussed
in the cases of pH 2 and 3 (Fig. 6). A higher ionic strength in solution
at a constant uranium concentration means that the solution con-
tains more anions and cations other than the uranium ions to be
precipitated in the solution. Accordingly, the results of Fig. 8 indi-
cate that the UO4 precipitation was greatly affected by the presence
of coexisting ions in the solution.

Fig. 9 shows the changes in absorbance with time in several
uranium concentration solutions at 1.0 M H2O2, pH 1, and ionic
strength 0.5 M.  Fig. 10 shows the change in the mean volume diam-
eter of the particles generated in the solutions at the conditions of

Fig. 9 at 240 min, at which the particle size became stable, as in the
case of pH 1 in Fig. 6. When the uranium concentration was very
low, as in the case of the 250 ppm solution, the absorbance peak
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[

[12] K. Imasaka, Y. Kato, J. Suehiro, Enhancement of microplasma-based water sol-
n  5000 ppm uranium solutions at pH 1, and ionic strength 0.5 M with various H2O2

oncentrations.

as unclear and the induction time was very long. However, the
recipitation of UO4 did eventually occur. Conversely, when the
ranium concentration was increased in the solution, the induc-
ion time and entire precipitation time were shortened and the
recipitation rate rapidly increased. Thus the precipitation of UO4
ccurred almost immediately without induction at a uranium con-
entration of more than 2000 ppm. One interesting thing to note
s that the increase in particle size showed a peak at the uranium
oncentration of 1000 ppm, but it then gradually decreased with
ncreasing uranium concentration in the solution. Fig. 11 shows an
EM micrograph of the precipitate at the uranium concentration
f 5000 ppm in Fig. 10.  The precipitate is agglomeration of indi-
idual particles of ∼0.15 �m in diameter, which look like round
hape with irregular edges. This morphology was  quite different
rom that generated in the same solution conditions except for
he uranium concentration of 500 ppm in Fig. 4. The single par-
icle in Fig. 4 had ∼5 �m in longitudinal size and a shape with two
ones joined at their bottoms, as mentioned above. To investigate
hat how the seed particles that initiate nucleation for the single
article of precipitates in Figs. 4 and 11 affect the final morpholo-
ies of the precipitates, the TEM micrographs of each precipitate
enerated at uranium concentration of 500 ppm and 5000 ppm in
igs. 4 and 11 were measured, and their results are shown in Fig. 12.
he respective TEM micrographs were measured at the edge parts
f single particles of the precipitates to observe clear seed parti-
les of the single particle. Overall shapes of the single particles,
hich were measured in a low magnification, are shown in the

nset boxes in Fig. 12.  The seed particles are observed as an area
ith a line pattern in the same direction, which is due to inter-
lanar distance of crystal, although they are overlaid one another

n the single particle. They are considered to be unit crystals con-
isting of a single particle. The seed particles of the both cases are
lmost the same in a few nanometers and have somewhat irreg-
lar round shapes. From these results, the final morphologies of
O4 precipitates can be said to be different with the UO4 precip-

tation condition, even though the unit crystal of the precipitates
s similar. The shape and size of finally grown crystal particle is
nown to be able to be different according to precipitation condi-
ions, especially crystal growth rate or degree of saturation of the
pecies to be precipitated in the solution. Every element of sur-

ace of crystal is capable of a different change contributing to the
rowth of crystal particle, depending on thermodynamic driving
orce in the solution. Generally, the predominant crystal in pre-

[
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cipitation solution is bush-like spherulite at high supersaturation
and is needle-like individual form at low supersaturation [16–18].
As mentioned above, the precipitation rate in the dense uranium
solution at the 5000 ppm in Fig. 9 was much faster than that in the
diluted uranium solution at 500 ppm in Fig. 6. Therefore, the rea-
son of the difference in morphology of the precipitates generated at
uranium concentration of 500 ppm and 5000 ppm is considered to
be ascribed to the difference of growth rate in the single UO4 par-
ticle in the solutions with different uranium concentrations. The
concentration of H2O2 was experimentally observed to have no
distinct effects on the induction time or precipitation rate of UO4
in the uranium solution; however, it did affect the particle size.
Fig. 13 shows the change in particle size generated at 240 min  in
5000 ppm uranium solutions at pH 1 and an ionic strength of 0.5 M
with different H2O2 concentrations. The particle size of the UO4
precipitate decreased with the concentration of H2O2 but became
constant above 2 M.

4. Conclusions

The dynamic precipitation characteristics of UO4 were evalu-
ated by the in situ measurements of absorbance in the precipitation
solution and mean precipitate size in a circulating particle size ana-
lyzer. The precipitation solution conditions of pH, ionic strength,
uranium and H2O2 concentration interacted in the formation of
UO4 precipitate in a complex way and affected the precipitation
characteristics of induction time, precipitation rate, overall pre-
cipitation time, and particle size. With increases in the pH and
ionic strength, the induction time was  prolonged, and the individ-
ual particle size decreased, whereas the individual particles tended
to grow by aggregation at higher pH values and ionic strengths.
Of all the solution conditions, the uranium concentration and ionic
strength affected the induction time and precipitation rate the most
significantly.
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