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The dissolution behavior of sintered MgO–pyrochlore (Nd2Zr2O7 was chosen for this study) composites in
HNO3 and H2SO4 solutions has been studied. The dissolution in 11 M HNO3 and 7.9 M H2SO4 at 60 �C
resulted in a selective dissolution of MgO. It was found that initially the fraction of dissolved MgO
increases linearly with dissolution time. Magnetic bar stirring enhanced the mass transfer rate and
resulted in a higher dissolution rate of MgO compared with the static and ultrasonic dissolution. It also
provided mechanical forces to completely disintegrate the undissolved Nd2Zr2O7 porous matrix into
residual powder. Both MgO and Nd2Zr2O7 can be dissolved in boiling concentrated (18 M) H2SO4, and
Nd2Zr2O7 dissolves incongruently. The dissolution of Mg2+ and Nd3+ followed first order kinetics, but
Zr4+ precipitated out due to low solubility in concentrated H2SO4.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The kinetics of dissolution of metal oxides in acidic solutions
has been extensively studied and the knowledge has been applied
in various fields such as metal etching, extraction of ores, removal
of deposits from thermal power equipment, and nuclear fuel repro-
cessing [1–10]. Inert matrix fuel (IMF) is a type of nuclear fuel that
utilizes non-fertile materials as a dilute matrix for transmutation
of civil and weapon-grade plutonium (Pu) in light water reactors
[11–14]. The IMF can be either a once-through type fuel that is
subject to direct geological disposal, or a multi-recycling type fuel
that is subject to reprocessing. In the latter case, the fissionable
materials in spent nuclear fuels should be dissolvable in aqueous
solutions so that they can be extracted and separated. The PUREX
extraction process developed in the late 1940s and early 1950s
in the US was first used to extract Pu and U from a nitric acid solu-
tion of dissolved spent fuel [15,16]. A different separation process
called UREX + process has recently been studied and developed as
a proliferation resistant alternative to the PUREX process [6].
Among those reprocessing techniques, dissolution of spent nuclear
fuels in aqueous solution is always the first step. Recently, MgO–
pyrochlore (Nd2Zr2O7 was chosen in this study) composites were
proposed as an inert matrix (IM) candidate material [17]. To assess
the possibility of aqueous reprocessing of this IM material, the dis-
solution behavior of the composites in acids was studied and the
results are presented in this paper.

Dissolution of metal oxide in acids involves production and
transfer of multiple species, and is a heterogeneous process. The
ll rights reserved.

: +1 352 846 3355.
dissolution reaction can be characterized by whether charge trans-
fer is involved or not. For ionic and covalent oxides, generally
speaking, dissolution reaction does not involve charge transfer.
Two mechanisms that lead to dissolution of ionic and covalent oxi-
des in aqueous solutions simply are electrophilic attack and nucle-
ophilic attack. The electrophilic attack refers the process that
surface oxygen atoms are attacked by positively charged ions from
solution, such as hydrogen ion (H+). The nucleophilic attack occurs
on surface metal ions which adsorb negatively charged ions from
solution. A typical nucleophile is hydroxyl ion (OH�). Some other
anions are more powerful than OH�, such as fluoride (F�), phos-
phate ion ((PO4)3�), sulfate ion ((SO4)2�), and complexation ligands
such as EDTA. MgO is a common ionic oxide. The dissolution
behavior of MgO in acidic solutions have been extensively studied,
and it is known that MgO can be dissolved readily in most acids
due to its high ionicity [1,18–26]. On the other hand, most pyroch-
lore compounds are chemically resistant in general and the disso-
lution rates are much smaller [27–29]. Pyrochlore Nd2Zr2O7 is a Zr
contained compound and is a derivative of the fluorite structure.
Efforts have been made on digestion of ZrO2, a compound which
also has a fluorite type structure; it was found that dissolution of
ZrO2 typically requires using hydrofluoric acid (HF) or concen-
trated sulfuric acid (H2SO4) at high temperature or high pressure
conditions [30,31]. Microwave digestion has also been studied
but corrosive etchant such as HF or concentrated H2SO4 is still re-
quired [32,33]. Medvedev [7] and his co-workers investigated the
dissolution behavior of a cer-cer composite MgO–ZrO2 in nitric
acid at �55 �C and found that only MgO was able to be dissolved
and ZrO2 was not soluble in HNO3. The dissolution behavior of
the MgO–pyrochlore composites has not been studied, yet.
Therefore, the main objectives of this research work are to study
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the dissolution behavior of the sintered MgO–pyrochlore compos-
ites in acidic solutions, and to search for simple and effective dis-
solution methods and etchants that are suitable for aqueous
reprocessing.
2. Experimental procedure

2.1. Material synthesis

Nd2Zr2O7 pyrochlore was synthesized through sol–gel process-
ing and conventional solid state processing. The precursors used
in the sol–gel processing were neodymium nitrate hexahydrate
Nd(NO)3 � 6H2O (Alfa Aesar, 99.9%) and zirconium n-propoxide
(Alfa Aesar, 70% w/w in n-propanol). The oxide powders used in
the conventional solid state processing were neodymium oxide
Nd2O3 (Alfa Aesar 99.9%) and zirconium oxide ZrO2 (Alfa Aesar
99.7%). Magnesium oxide MgO, was calcined from magnesium
carbonate, MgCO3 (Fisher Scientific, 40.0–43.5% MgO) at 900 �C
for 2 h. Details of materials synthesis can be found in a previous
publication [17]. The synthesized MgO and Nd2Zr2O7 powder was
ball milled in ethanol for 24 h. The Nd2Zr2O7 and MgO powders
were mixed by ball milling and the volume fraction of MgO var-
ied from 40% to 70%. The mixtures were combined with 2 wt.% of
PVA binder (Celvol 103 Polyvinyl Alcohol) and ground with an
alumina mortar and pestle until the powder could be sieved
through a 212 lm mesh. The sieved powder was then dried in
an oven at 120 �C for 5 min. The sieved powder was loaded into
a punch and die-set and pressed into a cylindrical green pellet
with a diameter varying from 7 mm to 13 mm using Carver cold
uniaxial press at 200 MPa, and then sintered in air at various tem-
peratures from 1400 �C to 1650 �C for 4 h. The diameter of the
sintered pellets varies from 5 mm to 11 mm, and the thickness
of the samples varies from 1 mm to 2 mm. The overall density
of the sintered pellets was obtained geometrically. The density
of obtained samples varied from 84% to 98% depending on sinter-
ing temperature.

2.2. Dissolution test setup

Three dissolution methods were applied, including static disso-
lution, dynamic dissolution and ultrasonic dissolution. The static
dissolution tests were carried out in a 250 mL beaker filled with
100 mL aqueous solution. Samples were immersed in the solution
with no agitation. The dynamic dissolution tests were performed in
100 mL solution in a flask connected with a water cooled con-
denser. To provide uniform heat and constant mechanical agita-
tion, the flask and thermometer were immersed in a water bath
heated on a hot plate and agitated by a magnetic bar in the solu-
tion. The magnetic bar was usually stirring at a constant rate of
350 rpm. In the ultrasonic dissolution tests, an ultrasonic bath with
a capacity of 2.8 L and 40 kHz transducer (Fisher Scientific
Mechanical Ultrasonic Cleaners, Model FS20H) was used, and the
tests were carried out by positioning a 250 mL flask in the central
top zone of the sonication bath at 60 �C. The power delivered in
each sonicated run was obtained calorimetrically by determining
the temperature rise over the first 5 min of input using the follow-
ing equation [34,35]:

Power ðWÞ ¼ dT
dt
�m � s; ð1Þ

where T is the temperature (K), t is time (s), m is mass of solution (g)
and s is the specific heat of the solution (J/g K).

Solution samples of 0.3 mL were drawn from the beaker at cer-
tain time intervals using a micron pipette with an error in the
range of 10%, and these samples are diluted to 12 mL solution by
adding distilled water and stored in a 15 mL low alkali glass vial.
The ion concentrations in sample solutions were measured using
inductively coupled plasma atomic emission spectroscopy (ICP-
AES, Perkin–Elmer Plasma 3200). The dissolved ion concentrations
were calculated by multiplying the measured ion concentration,
the dilution factor and the volume of solvent.

In an attempt to dissolve pyrochlore Nd2Zr2O7, the dissolution
tests were also conducted in the boiling concentrated (18 M)
H2SO4 (Alpha Aesar, reagent grade) in the Department of Chemis-
try and Harry Reid Center at the University of Nevada, Las Vegas.
Samples were placed in concentrated H2SO4 (200 mL) in a round
bottom flask equipped with reflux condensers and heated to boil-
ing using a heating mantle. Samples were taken periodically using
glass Pasteur pipettes. Once cooled 0.5 mL of solution was pipetted
from the samples using a quantitative pipette, and the ion concen-
trations were measured using a Spectro Ciros ICP-AES.

2.3. Structural characterization

The microstructure and crystal structure of the composites
were characterized using scanning electron microscopy (SEM)
and X-ray diffraction (XRD). All SEM samples were sputtered with
a carbon film with thickness of about 20 nm and were analyzed
with field-emission SEM (JEOL 6335F). The XRD profile of the sam-
ples was obtained using an X-ray diffractometer (XRD-Philips APD
3720). The particle size and size distribution of dissolution residue
were characterized using laser light scattering (Beckman Coulter LS
13320). The samples collected for particle size measurement were
suspended in deionized water and placed in an ultrasonic bath for
30 s before analysis.
3. Results and discussion

3.1. Dissolution of the MgO–Nd2Zr2O7 composites in HNO3

Since HNO3 is widely used in the current reprocessing tech-
niques, the dissolution behavior of MgO–Nd2Zr2O7 composites in
HNO3 was the initial focus of this study. High molarity of HNO3

(11 M) (Ricca Chemical, 70% (v/v) aqueous solution) was selected
for all tests to achieve high activity and dissolution rate. The frac-
tion of consumed H+ ions during dissolution is on the order of 10�3,
suggesting that the dissolution reaction has a minimum effect on
the pH. The molarity of dissolved Mg2+ ions was always less than
0.1 mol/L, which is at least one order of magnitude lower than
the saturation concentration (the solubility of Mg(NO3)2 is calcu-
lated to be 6.2 mol/L at 60 �C [36]), indicating that the dissolution
reaction has not reached equilibrium.

Table 1 summarizes sample information, dissolution conditions
and products for each experiment conducted in this study.

3.1.1. Dynamic dissolution and dissolution rate of MgO
Fig. 1 shows the results of test #1 listed in Table 1. The test was

conducted at 60 �C with magnetic bar stirring. The composite con-
sists of 70 vol.% MgO with a density of 96%. It was found that only
Mg2+ ions were leached out from the composite, and that no Nd3+

or Zr4+ ions were detected in solution. The instrumental errors
were taken into account for measuring sample weight, geometry,
and solvent volume. Final errors were calculated and expressed
as error bars in the figure.

For a heterogeneous reaction such as the dissolution of metal
oxides in aqueous solutions, the rate of reaction depends on the
intrinsic mass transfer coefficient ks1, the surface area S, and the
driving force of concentration difference (Ceq� C), as shown below:

R ¼ ks1 � S � ðCeq � CtÞ; ð2Þ



Table 1
Sample and acid information, dissolution condition and products.

Test# Sample
composition
(vol.% of MgO)

Sample
mass (g)

Sample diameter
(/) and
thickness (t) (mm)

Sample
density
(%TD)

Solvent, method, temperature
and exposure time

Dissolution product
(s: solid, aq: aqueous)

1 70 0.4891 / 10.66, t 1.30 95.5 11 M, HNO3, magnetic bar stir, 60 �C and 25 h Nd2Zr2O7(s), Mg2+ (aq)
2 70 0.4885 / 10.60, t 1.27 98.7 11 M, HNO3, magnetic bar stir, 20 �C and 476 h Nd2Zr2O7 (s), Mg2+ (aq)
3 70 0.0866 / 5.32, t 0.96 92.4 11 M, HNO3, magnetic bar stir, 60 �C and 23 h Nd2Zr2O7 (s), Mg2+ (aq)
4 70 0.2195 / 7.85, t 1.17 88.2 11 M, HNO3, magnetic bar stirring, 60 �C and 125 h Nd2Zr2O7 (s), Mg2+ (aq)
5 60 0.2002 / 9.51, t 0.68 88.3 11 M, HNO3, magnetic bar stirring, 60 �C and 3 h Nd2Zr2O7 (s), Mg2+ (aq)
6 40 0.1111 / 5.79, t 0.91 88.2 11 M, HNO3, magnetic bar stirring, 60 �C and 10 h Nd2Zr2O7 (s), Mg2+ (aq)
7 70 0.4981 / 10.58, t 1.30 98.7 11 M, HNO3, static, 60 �C and 70 h Nd2Zr2O7 (s), Mg2+ (aq)
8 70 0.4885 / 10.66, t 1.27 97.6 11 M, HNO3, ultrasound, 60 �C and 52 h Nd2Zr2O7 (s), Mg2+ (aq)
9 70 0.4885 / 10.60, t 1.27 98.7 7.9 M, H2SO4, magnetic bar stirring, 60 �C and 55 h Nd2Zr2O7 (s), Mg2+ (aq)

10 50 0.401 / 7.92, t 1.95 84.0 18 M, H2SO4, magnetic bar stirring, 338 �C and 173 h Mg2+ (aq), Nd3+ (aq), Zr4+ (aq),
unknown solid phase
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Fig. 1. Dynamic dissolution of the composite with 70 vol.% of MgO in 11 M HNO3 at
60 �C.
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where Ct is the ion concentration at time t. To compare the dissolu-
tion rates at different dissolution conditions, examining the initial
rate where the solutions are far from equilibrium is a common ap-
proach [37,38]. The dissolution rate is typically normalized by the
surface area. Since only MgO can be dissolved, the dissolution rate
of MgO was normalized by its geometric area. The geometric area
of MgO was calculated by multiplying the MgO volume fraction
and the total geometric area of the composite. The calculation is
based on the conclusion that the area fraction of one phase in a ran-
dom 2D section plane in a composite equals to its overall volume
fraction [39]. In Fig. 1, the y-axis on the left shows the geometric
area normalized ions in solution, which is converted into dissolved
fraction shown on the right y-axis. As the figure shows, the dissolu-
tion of MgO was completed after 25 h. A linear relationship was
found between the number of dissolved Mg2+ ions and the dissolu-
tion time at the beginning of dissolution, so the normalized dissolu-
tion rate (NDR) of MgO can be described by:

NDR ¼ V
AMgO

� dC
dt
; ð3Þ

where V is equal to the volume of solvent, AMgO is the initial geo-
metric area of MgO, and dC/dt is the change of the concentration
as a function of time, which can be obtained by fitting the data
using linear regression. The calculated NDR for this test is
3.61 mol/m2 h.

The temperature effect on the NDR of MgO was evaluated by
conducting another dynamic test at room temperature around
20 �C (test #2 in Table 1) and comparing the results with the one
obtained at 60 �C. It is found that the NDR of MgO increases by a
factor of 36 as the temperature increases from 20 �C to 60 �C, indi-
cating the temperature has great effect on the NDR of MgO.

The dissolution of spherical particles in aqueous solutions can
be associated with the well-known shrinking core models, and
the rate controlling mechanism can be classified into liquid film
diffusion, surface reaction and product layer diffusion [40]. How-
ever, the composite has a finite cylindrical shape and the dissolu-
tion is selective, which significantly complicates the model. Since
the pellet has a relatively large aspect ratio greater than 8 with
diameter to thickness, the flat plate model can be used as an
approximate for the initial dissolution of MgO because the initial
change on the radial direction is not significant. In the case of flat
plate, the three mechanisms can be expressed as follows:

x ¼ kF t; for film diffusion control ð4Þ
x2 ¼ kDt; for product layer diffusion control ð5Þ
x ¼ kSt; for surface reaction control ð6Þ

where x is dissolved fraction at time t and kF, kD, kS are apparent rate
constants. For the dynamic dissolution, the film diffusion can be
eliminated due to strong stirring [32]. Therefore, the obtained linear
relationship between the dissolved fraction and dissolution time
indicates that dissolution of MgO is a surface reaction controlled
process at this reaction condition.

To obtain a better model for describing the dissolution behavior
of MgO, the flat plate model was modified, and a new model was
proposed by taking into account the shrinkage on the radial direc-
tion. By assuming that nitric acid penetrates at a constant rate from
the outer surface of the composite to the interior and is able to dis-
solve MgO completely at the penetration depth, the penetration
rate p (or the rate of displacement of the interface), can then be cal-
culated in this formula [38]:

p ¼ M
q

R; ð7Þ

where p is the penetration rate, M is the molecular mass of MgO, q
is the density of MgO and R is the NDR of MgO. For the same test
conducted at 60 �C, the penetration rate was calculated to be
40.3 lm/h. The dissolution curve was then calculated based on this
model and is plotted as a dashed line shown in Fig. 1.

3.1.2. Effect of sample porosity and MgO volume fraction on the NDR of
MgO

Fig. 2a compares the initial dissolution for the composites with
densities varying from 88.2% to 95.5% (tests #1, #3 and #4 in Table
1), and it was found that, as expected, the NDR of MgO increases
with sample porosity. The surface area of MgO increases due to
the presence of open porosity, and the closed porosity may become
open porosity when the adjacent MgO grains are dissolved. The



0 1 2 3 4
0

10

20

30

40

D
is

so
lv

ed
 M

g2+
  (

m
ol

/m
2 )

 88.2%
92.4%
95.5%

Dissolution Time (h)

NDR = 3.61 ± 0.04 mol/m2⋅h

NDR = 7.03 ± 0.18

NDR = 12.41 ± 0.49

(a) 

0 1 2 3 4 5
0

10

20

30

40

D
is

so
lv

ed
 M

g2+
  (

m
ol

/m
2 )

 70 vol% MgO
60 vol% MgO
40 vol% MgO

Dissolution Time (h)

NDR = 12.41 ± 0.49 mol/m2⋅h

NDR = 4.45 ± 0.05 

NDR = 2.10 ± 0.04

(b) 

Fig. 2. (a) Effect of sample porosity on NDR of MgO, and (b) effect of MgO volume
fraction on NDR of MgO.

42 P. Xu et al. / Journal of Nuclear Materials 394 (2009) 39–45
pores also provide additional transport channels for the migration
of protons and Mg2+ ions, so the penetration rate is expected to be
increased with porosity.

Fig. 2b compares the initial dissolution curves for the compos-
ites with the same density but different MgO volume fraction from
40% to 70% (tests #4, #5 and #6 in Table 1), and it was found that
the NDR of MgO increased with the volume fraction of MgO. For a
surface reaction controlled process, the dissolution rate is expected
to be proportional to the surface area. The geometric area is just
the initial surface area, but the true surface area of MgO during dis-
solution is unknown. It is anticipated that the dissolution reaction
proceeds along connected MgO grains. So the contiguity of MgO,
which is defined as the fraction of the interface area of MgO that
is shared by MgO, is an important determining factor for the sur-
face area of MgO during dissolution [39]. The contiguity of MgO
in the composites can be quantified using stereology described in
Underwood’s book [39], and was found to increase from 0.14 to
0.42 as the volume fraction of MgO increases from 40% to 70%
[41]. Therefore, higher contiguity of MgO results in a larger surface
area of MgO during dissolution, and correspondingly a higher NDR
of MgO.

3.1.3. Characterization of the composites before and after dissolution
The microstructural evolution of the composites tested with

magnetic bar stirring was recorded and shown in Fig. 3a–c.
Fig. 3a shows microstructure of a sintered composite with
60 vol.% of MgO. The dark grains are MgO and the light grains
are Nd2Zr2O7. Fig. 3b shows a porous matrix which developed dur-
ing dissolution. The developed porosity is a result of dissolution of
MgO grains, and the interconnected pores serve as transport chan-
nels for HNO3 to continue digesting the MgO grains inside the ma-
trix. Further magnetic bar stirring resulted in a complete
disintegration of the porous matrix due to the constant mechanical
agitation. Fig. 3c shows the morphology of the dissolution residue
collected at the end of the test, which consists of single grains and
grain clusters. The large grain clusters are shown as an inset at the
upper right corner. The particle size and size distribution of the
residual powder are shown in Fig. 3d. The dissolution residue has
a broad size distribution primarily ranging from 1 to 100 lm,
and the main peak between 1 and 10 lm corresponds to the size
of single grains and small grain clusters. The few minor peaks be-
tween 10 and 100 lm indicate that large grain clusters with size
above 10 lm are also present in the residue. The results are consis-
tent with the SEM observation in general. Even though HNO3 alone
cannot completely dissolve the composite, disintegration of the
undissolved porous matrix is a benefit for dissolution because
the surface area of dissolvable phases is expected to increase,
which leads to a higher dissolution rate and dissolved fraction.

Fig. 4 shows the XRD profiles for the surfaces of the composite
and the porous matrix, and the dissolution residue. By comparing
these XRD profiles, it is concluded that the pyrochlore Nd2Zr2O7 re-
mained intact during the whole dissolution, and all MgO has been
dissolved. The results confirm a selective dissolution of MgO, and
there was no phase transformation for pyrochlore Nd2Zr2O7 after
exposure to 11 M HNO3 at 60 �C. Since PuO2 can be dissolved in
HNO3, it is envisioned that the fissionable materials can be dis-
solved in a similar way to the dissolution of MgO in HNO3 as de-
scribed here. Nevertheless, dissolution tests for Pu or U (as a
surrogate for Pu) containing composites should be conducted to
further investigate the dissolution behavior of the fissionable
materials in this type of IMF.

3.1.4. Static and ultrasonic dissolution
The composites tested here were made from the same batch as

those tested in the dynamic dissolution. Fig. 5a shows the results of
the static dissolution test (test #7 in Table 1) conducted at 60 �C in
11 M HNO3. It was found that only MgO can be dissolved, and the
dissolution behavior was similar to the dynamic dissolution. With-
out agitation, the porous pyrochlore matrix remained intact de-
spite the dissolution of the MgO phase. The NDR of MgO was
calculated to be 1.50 mol/m2 h, which is less than half of the
NDR obtained from the dynamic dissolution, suggesting the mass
transfer rate is lower in the static dissolution, and the dissolution
process is limited by film diffusion. The calculated penetration rate
was 16.0 lm/h. The dissolution of MgO was not completed at the
end of test, and the dissolved fraction reached about 90% and then
leveled off. This could be a result of isolated MgO grains that have
minimum connectivity to other MgO grains. Dissolution of these
MgO grains is limited by diffusion of reactants and products
through Nd2Zr2O7 grain boundaries, which is a much slower pro-
cess compared with the dissolution reaction. By contrast, magnetic
bar stirring provides additional mechanical force to disintegrate
the porous matrix and break the clusters apart, resulting in a com-
pleted dissolution of MgO.

It has been found that ultrasound can accelerate dissolution of
metal oxides in aqueous solutions and trigger reactions that do
not occur at normal conditions [42,43]. Studies show there are
two main effects: one is mechanical effect that can increase mass
transfer rate, surface area, and driving force; the other one is chem-
ical effect that initiate reactions caused by formed reactive free
radicals [34,44,45]. The preliminary ultrasonic dissolution test
was an attempt to dissolve Nd2Zr2O7 and further increase NDR of
MgO in HNO3. The ultrasonic power was measured and the value
was 10.3 ± 1.0 W/s. The ultrasound was applied for the first 8 h
and then turned off, but the dissolution test continued at a static
condition. Fig. 5b shows the results of the ultrasonic dissolution
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conducted at 60 �C in 11 M HNO3 (test #8 in Table 1). The obtained
NDR of MgO was 1.8 mol/m2 h, which is comparable to the static
dissolution but much lower than the dynamic dissolution.
Nd2Zr2O7 did not dissolve, indicating that ultrasound has no chem-
ical effect on dissolving Nd2Zr2O7 at this reaction condition. The
inefficiency of ultrasonic dissolution of MgO was probably due to
the large sample size compared with cavitation bubbles. The
microstreaming effect is efficient when the size of reactant is com-
parable to the cavitation bubbles, which are typically in the micron
range. Asymmetric implosion of cavitation bubbles on a large sur-
face produces microjets that erode the surface and create active
sites, which could also enhance the dissolution rate. Nevertheless,
MgO undergoes dramatic surface reconstruction immediately
when exposed to aqueous solutions [46], and the active sites
may be already saturated before ultrasound is applied. It is worth
noting that the ultrasonic effects depend on the ambient condi-
tions of the reaction system [34]. More reaction conditions should
be tested to fully evaluate the ultrasonic effects on dissolution of
the composites in HNO3.

3.2. Dissolution the MgO–Nd2Zr2O7 composites in H2SO4

The dissolution of MgO–Nd2Zr2O7 composite in H2SO4 (Fisher
Chemical, certified ACS plus 95.0–98.0%) was first conducted in
7.9 M H2SO4 at 60 �C with magnetic bar stirring (test #9 in Table
1) and the results are plotted in Fig. 6a. The results show similar
dissolution behavior and comparable NDR of MgO as to the dy-
namic dissolution in HNO3.

In an attempt to dissolve pyrochlore Nd2Zr2O7, the dissolution
tests were carried out in boiling concentrated H2SO4 (test #10 in
Table 1) and the results are plotted in Fig. 6b. The y-axis shows
the concentration of the three ions in solution. The obtained results
indicate that both MgO and Nd2Zr2O7 can be dissolved in boiling
concentrated H2SO4. The ability to dissolve Nd2Zr2O7 can be attrib-
uted to the presence of strong nucleophile (SO4)2� in concentrated
H2SO4. The results indicate that the nucleophilic attack by (SO4)2�

on the cation sites in pyrochlore Nd2Zr2O7 is effective and also effi-
cient at the boiling point of H2SO4. It worth noting that dissolution
of MgO–Nd2Zr2O7 composites in concentrated H2SO4 at room tem-
perature did not lead to a noticeable dissolution of Nd2Zr2O7,
which was probably hindered by kinetics factors. Therefore, the
concentration of H2SO4 and reaction temperature both play
important roles in dissolving Nd2Zr2O7. However, due to limited
solubility of Nd3+ and Mg2+ in concentrated H2SO4, the dissolution
reached equilibrium and neither of them was completely
dissolved. The fraction of dissolved Mg2+, Nd3+ and Zr4+ were
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Fig. 5. (a) Static dissolution test and (b) ultrasonic dissolution test in 11 M HNO3 at
60 �C.
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Fig. 6. (a) Dissolution of the composite with 70 vol.% of MgO in 7.9 M H2SO4 at
60 �C, and (b) dissolution of the composite with 50 vol.% of MgO in the boiling
concentrated H2SO4.
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calculated to be 72.9%, 91.8% and 19.3%, respectively, for a 0.4 g
composite with 50 vol.% of MgO in 200 mL concentrated H2SO4 at
its boiling temperature around 338 �C. The dissolution of Mg2+

and Nd3+ follows first order kinetics and the data points were fitted
using first order equation as below:

C ¼ Ceqð1� expð�ktÞÞ; ð8Þ

where C is the concentration of ions in solution, t is dissolution
time, Ceq is the equilibrium concentration, and k is the reaction con-
stant indicating how fast the reaction reaches equilibrium. The
reaction constant k and equilibrium constant Ceq were obtained
from the fit at the boiling point of H2SO4 and are shown in the fig-
ure. The reaction constant for Nd3+ and Mg2+ are calculated to be
0.0220 ± 0.0039 h�1 and 0.0259 ± 0.0014 h�1, and the equilibrium
concentrations of Nd3+ and Mg2+ in solution are determined to be
0.0041 ± 0.0003 mol/L and 0.0133 ± 0.0003 mol/L. It was observed
that the dissolution rate of Nd3+ was nearly twice as that of Zr4+

at the first 20 h, suggesting that Nd2Zr2O7 dissolved non-stoichio-
metrically in boiling concentrated H2SO4 and it was incongruent
dissolution. Moreover, dissolution of Zr did not follow the same
kinetics. The dissolved Zr was first suspended as colloids in solution
through the dissolution of Nd3+ from the pyrochlore. As the colloids
polymerize they crash out of solution leaving an insoluble com-
pound at the bottom of the flask. This is due to the low solubility
of the Zr in concentrated H2SO4. By constantly removing dissolution
products from the solution, the dissolution reaction can be main-
tained until desired dissolution fraction is achieved. Therefore, it
is possible to dissolve the whole composite in boiling concentrated
H2SO4, thus eliminating the undesirable use of hydrofluoric acid
(HF). Nevertheless, additional steps are required to transfer the dis-
solved species including fissile and non-fissile materials from H2SO4

to HNO3, which may increase the complexity and cost of the
process.

4. Conclusions

The dissolution behavior of the MgO–Nd2Zr2O7 composites was
studied in HNO3 and H2SO4 at different conditions. It is shown that
MgO can be dissolved in 11 M HNO3 and 7.9 M H2SO4 at 60 �C, but
Nd2Zr2O7 is insoluble. The NDR of MgO depends on the MgO vol-
ume fraction, sample porosity, dissolution temperature, and agita-
tion methods. Magnetic bar stirring is an efficient agitation method
to accelerate dissolution process and disintegrate the undissolved
Nd2Zr2O7 porous matrix into residual powder. Both MgO and
pyrochlore Nd2Zr2O7 can be dissolved in boiling concentrated
H2SO4, but the solubility of Mg2+, Nd3+ and Zr4+ are limited com-
pared within aqueous solutions. The dissolution of Mg2+ and
Nd3+ followed first order kinetics, but Zr4+ precipitated out due
to low solubility in concentrated H2SO4. By constantly removing
dissolution product, it is possible to dissolve the whole composite
in boiling concentrated H2SO4. Dissolution tests for Pu or U (as a
surrogate for Pu) containing IMFs should be performed and evalu-
ated to fully assess the feasibility of aqueous reprocessing of this
type of IM material.
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