
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 1
1/

7/
20

25
 2

:2
4:

51
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Mechanism of io
aDepartment of Geology and Geophysics, L

Louisiana 70803, USA. E-mail: jianwei@lsu
bDepartment of Chemical Engineering, Lo

Louisiana 70803, USA
cNuclear Engineering, Argonne National Lab
dDepartment of Mechanical and Nuclear Eng

Troy, New York 12180, USA

Cite this: RSC Adv., 2018, 8, 3951

Received 7th October 2017
Accepted 10th January 2018

DOI: 10.1039/c7ra11049a

rsc.li/rsc-advances

This journal is © The Royal Society of C
dine release from iodoapatite in
aqueous solution
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Safe disposal of nuclear waste is essential to ensure the sustainability of nuclear energy. This is especially

true for the volatile radionuclide iodine-129 due to its long half-life (15.7 Ma) and high mobility in most

disposal environments. The dissolution behaviour of lead vanadium iodoapatite (Pb5(VO4)3I) synthesized

to evaluate its possible use for immobilizing iodine-129 was investigated to understand the mechanism

by which iodide is released. Experiments using a semi-dynamic method were carried out in cap-sealed

Teflon vessels at a constant temperature 90 � 0.5 �C with a fixed sample surface area-to-solution

volume ratio of 16 m�1. The leachates were analyzed using inductively coupled plasma mass

spectrometry (ICP-MS) and the leached surfaces were examined by X-ray diffraction (XRD), scanning

electron microscopy (SEM) and infrared spectroscopy (IR). The results show that lead and vanadium

dissolved congruently at a constant rate, while the iodine was initially released at a significantly higher

rate than suggested by its stoichiometry with respect to lead and vanadium. The iodine-to-lead molar

ratio in the solution gradually decreased over time, but iodine release remained superstoichiometric. The

results suggest the release of iodide occurs by an ion-exchange process that is faster than the

dissolution rate of the Pb–V–O framework. Analysis of the leached samples shows that the

spectroscopic signature of OH groups in the leached samples is consistent with an ion exchange

mechanism.
Introduction

Safe disposal of radionuclides generated from nuclear ssion is
important in the sustainable development and public accep-
tance of nuclear energy. Among the large number of ssion
products in nuclear waste, iodine-129 is a primary dose
contributor considered in disposal safety analyses because of its
long half-life (�15.7 million years) and weak sorption to engi-
neering barriers and rocks in geological formations being
considered for disposal facilities. Iodine cannot be efficiently
incorporated into the borosilicate glasses developed to immo-
bilize high-level nuclear waste by a vitrication process1,2 due to
its low solubility and volatile nature.3,4 Therefore, other durable
waste forms need to be developed to immobilize iodine-129 for
disposal. In addition, iodine release behaviour from these waste
forms in disposal environments needs to be established to
predict their long-term performance. Decades of research have
developed a collection of waste forms: glass, ceramics, glass
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ceramics, cement, and composite materials.5 Many of those
waste forms are promising for iodine incorporation or encap-
sulation with favourable thermal, mechanical, and chemical
stability. However, there is a lack of understanding regarding
their durability relative to the regulatory time frame of
hundreds of thousands years. To predict its long-term release
behaviour in geological disposal environments, it is essential to
understand iodine release mechanism and the effects of the
environmental variables on the dissolution behaviour of the
host material under expected disposal conditions. This requires
a systematic study of the waste form degradation behaviour.

Among the waste forms being evaluated, single phase
ceramic iodoapatite Pb5(VO4)3I has been proposed as a waste
form for iodine-129,6–18 and is simpler than multiphase waste
forms5 in terms of phase complexity, microstructure, and
composition, which are a great challenge to evaluate their
chemical durability because of the complications from their
complexity. In the iodoapatite structure, Pb cations occupy two
crystallographic sites with 8 and 9 coordination numbers and V
forms tetrahedra with oxygen. Together, VO4 and Pb sites form
a more covalently bonded framework structure while the iodide
anions, at the channel site in the crystal structure, are more
ionically bonded to the cations due to a smaller ionic potential
(charge to radius ratio) than the lead ion.19
RSC Adv., 2018, 8, 3951–3957 | 3951
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The results of previous durability tests with iodoapatite vary
signicantly.9,17,20–22 For instance, a durability study was con-
ducted in deionized water at 90 �C for iodoapatite
(Pb10(VO4)4.8(PO4)1.2I2) synthesized with a hot press method at
25 MPa and 700 �C using a ow through method.20 The initial
iodine leaching rate was high but gradually decreased to a rate
of 2.5 � 10�3 g m�2 d�1 aer 2 weeks in a 38 day experiment. In
another experiment, an iodoapatite sample with a composition
Pb10(VO4)4.8(PO4)1.2I2 synthesized at similar conditions9 was
studied using a static test method.23 The initial release rate in
pure water was 2.4 � 10�3 g m�2 d�1 at 90 �C,9 which makes
iodoapatite a promising candidate as an iodine waste form. The
low release rate was speculated to be caused by surface layers or
secondary phases. Recently, a durability study using static
leaching experiment was carried out to examine iodoapatite
Pb5(VO4)3I that was synthesized using a dry mechanochemical
process at 400 �C.21 The iodine release rate in pure water at 25 �C
and surface area-to-solution volume ratio (S/V) of 1.0 m�1 was
2.6 � 10�1 g m�2 d�1 on the rst day and reduced to
8.8 � 10�3 g m�2 d�1 aer 56 days of experiments, which is still
much higher than the value of 1.7� 10�4 g m�2 d�1 measured by
Guy et al. in a similar static leaching experiment.9 The result leads
to the question whether or not sufficient protecting layers were
formed in the leaching experiment. More recently, an iodate
(IO3

�) variation of iodoapatite, Ca10(PO4)6(IO3)0.92(OH)1.08, was
proposed to incorporate iodine into hydroxyapatite by
substituting OH� groups with IO3

� in hydroxyapatite.13,17 The
sample was tested using static leaching experiment at 50 �C in
deionized water,24 which gave an initial release rate of iodine
2 � 10�2 g m�2 d�1 and a residual rate of 7 � 10�5 g m�2 d�1,
with a S/V ratio of 800 m�1 and 8000 m�1 respectively. As seen
from the above experimental results, reported iodine leaching
rates vary by 4 orders ofmagnitude, from 10�1 and 10�5 gm�2 d�1,
largely due to the differences in the sample compositions, test
methods, test parameters, and sample synthesis methods.
Therefore, citing an iodine release rate from an experiment
should always include details of the sample composition, test
method along with test conditions, and how the rate is
calculated. For iodoapatite with different iodine species, e.g.,
iodide vs. iodate, the leaching kinetics is expected to be
different. For iodoapatite with similar compositions, it is
challenging to integrate those experimentally measured rates
for the understanding of the iodine leaching mechanism
because of different test conditions and test methods. There-
fore, it is necessary to conduct a systematic study that provides
mechanistic insight of the waste form durability and the
radionuclide release behaviour.

During a static leaching experiment, dissolved species
accumulate in the solution. An increase of the chemical
potential of the dissolved species in solution leads to the
decrease of free energy driving force (chemical affinity), result-
ing in a reduced dissolution rate (solution feedback) if the
dissolution is solubility-controlled. The rate at which species
build up in solution during a static leaching experiment is
dependent on the S/V ratio. For dynamic leaching experiments,
the build-up is dependent on ow rate and surface area of the
sample in a continuous ow through experiment, and on the S/
3952 | RSC Adv., 2018, 8, 3951–3957
V ratio and exchange interval in a semi-dynamic leaching
experiment. Therefore, it is not appropriate to directly compare
the rates discussed above that were measured using different
test methods or simply to infer the leaching mechanism based
on such comparisons. Secondary phase formation also affects
leaching rate that can be misinterpreted as incongruent release
of iodine.17,21 It was speculated that ion exchange affects the
iodine release,17,21 which, however, has not been quantied.
A spectroscopic study of iodoapatite Pb5(VO4)3I surfaces
leached at pH 11 in a KOH/KHCO3 buffered solution at 90 �C for
up to 8 weeks10 showed a CO3

2� Raman peak around 1058 cm�1

and OH� peak around 3538 cm�1, suggesting that the iodide I�

is replaced by OH� and CO3
2� through an ion exchange process.

However, there is a strong pH dependence of dissolution of
apatite at acidic and basic conditions,9,25–28 and most of the
leaching experiments were conducted with deionized water at
near-neutral pH where the dissolution rate is low and not
sensitive to pH changes. Thus, it is necessary to investigate
whether the iodide exchanges with OH� in deionized water and
to what extent the ion exchange affects iodide release at near-
neutral pH when the OH� concentration is low.

The focus of this study is to understand the dissolution
mechanism of iodoapatite pellets based on the measured
solution concentrations, model tting, and surface micro-
scopic and spectroscopic characterizations. Iodoapatite is
a single phase material in which the iodine is stoichiometri-
cally incorporated in a crystallographic site. Our hypothesis is
that, due to different bonding environments in the structure
(i.e., the more ionic bonding of the iodide and more covalent
bonding of the framework Pb, V, and O), the weakly ionically
bonded iodide ion can be preferentially released by ion
exchange with OH� while the framework structure dissolves. A
semi-dynamic test method was used to distinguish between
dissolution-controlled and diffusion-controlled release
processes. The results provide an improved understanding of
how the iodine release is controlled by different processes that
include dissolution and diffusion, the latter involves ion
exchange of iodide and hydroxide.

Experiment
Materials

The iodoapatite samples were prepared using high energy ball
milling (HEBM) and spark plasma sintering (SPS) techniques.
Dense ceramic pellets 14 millimetre in diameter and 2 milli-
metre in thickness were synthesized previously16 with a chem-
ical composition of Pb9.85(VO4)6I1.7 according to the EDS and X-
ray diffraction renement. The samples may contain small
amounts of PbI2 and Pb3(VO4)2 as residual phases that were not
detectable by X-ray diffraction. The samples have an apparent
density of �96% of the theoretical value with small pores sub-
micrometer in size. The details of the synthesis and character-
ization were reported in a previous publication and are only
summarized here for completeness.16 Sample surfaces were
successively polished by a mechanical polishing wheel using
600, 2400, and 4000-grit papers with ethanol lubrication and
were thoroughly rinsed using ethanol and air dried before they
This journal is © The Royal Society of Chemistry 2018
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were used in a leaching experiment. Two sample pellets were
used for the leaching experiment to test the reproducibility.
Leaching protocol and elemental analysis

The leaching experiment was based on an accelerated leaching
method,29 which provides a procedure for measuring the
leaching rates of elements from a solid material. The method
follows a semi-dynamic dissolution procedure in which the
sample is immersed in a leachant for a given time interval and
the leachate is periodically replaced with new leachant aer
each interval (Fig. 1). Based on the elemental analysis of
successively collected leachates, the results can be quantied to
characterize the release mechanisms. The method implements
elevated temperatures to accelerate the leaching to an extent
that would need to be achieved over considerably longer time at
ambient temperature.

The experiments were conducted in cap-sealed Teon vessels
(Savillex) in a digitally controlled oven at a constant temperature
of 90� 0.5 �C using deionized water as the leachant. The apatite
pellet was placed on a mesh stand in a Teon vessel (30 mL),
which was lled with deionized water to provide an S/V ratio of
16 m�1. The S/V ratio is considered to remain constant during
the experiment as the leached fraction of the sample is very
small (�2� 10�5). The leachant replacement intervals were 2, 5,
and 17 hours for the rst three intervals and 24 hours thereaer
based on the test protocol.29 Due to large uncertainty of the
data, the rst three data points (rst day) are not used for
analysis and were excluded from the cumulative concentration.
The vessels were weighed before and aer each interval to
monitor the solution weight loss. The loss of weight was mainly
due to the cap seal of the Teon vessel. Tests were performed on
tightening the cap. All the experiments had a solution loss
within 1% of the initial solution mass. In addition, to check if
there are any deposits on the wall of the vessels, acid strip tests
were applied to the vessels upon the termination of the leaching
experiments. The elemental analysis on the strip solutions
Fig. 1 Schematic of the experiment method, a semi-dynamic disso-
lution procedure, in which the sample is immersed in leachant for
a given interval (e.g., 1 day), and the solution is completely replaced
with new leachant periodically. Successive leachates are collected
upon each interval and the elemental analysis was performed by ICP-
MS.

This journal is © The Royal Society of Chemistry 2018
conrmed the sorption of leached elements on vessel is
negligible.

The leachate was analysed with a PerkinElmer Elan 9000
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
system. Internal standards cesium (Cs), manganese (Mn), and
bismuth (Bi) were utilized in the analysis of iodine (I), vanadium
(V), and lead (Pb) in leachate, respectively. Three standard
solutions provided by Inorganic Ventures were used in ICP-MS
calibration and analysis: (i) an iodine standard containing
1.001 � 0.007 mg mL�1 iodide in H2O solution, (ii) a lead and
vanadium standard containing 1.000 � 0.007 mg mL�1 Pb and
1.000 � 0.006 mg mL�1 V in 1% HNO3 solution respectively, and
(iii) an internal standard containing 1.000 � 0.009 mg mL�1 Cs,
1.000� 0.008 mg mL�1 Mn, and 1.000� 0.006 mg mL�1 Bi in 2%
HNO3. For a typical leachate analysis, a 1 mL internal standard
was added into a 14 mL leachate solution (oen diluted). The
overall error of measured concentration is estimated to be
around 20% depending on the concentration, propagated from
ICP-MS analysis, dilution of the leachate before analysis,
geometric surface area estimation, leachant weight loss during
experiment, and oven temperature control, among others.
Sample characterization

Apatite sample surfaces were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and infrared spec-
troscopy. The sample pellets were rinsed thoroughly with
ethanol and dried in air right aer the leaching test before the
characterizations. XRD analysis was conducted on the surfaces
of the sample pellets before and aer the leaching test, using
PANalytical Empyrean multipurpose diffractometer with Cu K-
a1 (0.154056 nm wavelength) at room temperature. The result is
plotted in Fig. 2 along with the XRD pattern of iodoapatite with
the same composition from ICDD database.30 The diffractom-
eter was calibrated with standards before the analysis. For the
samples before the test, the XRD pattern shows almost pure
iodoapatite, consistent with the pattern in the literature.16 A
Fig. 2 X-ray diffraction patterns of the surfaces of the pristine and
water leached samples (Cu K-a1), along with the XRD pattern from
ICDD database for comparison.

RSC Adv., 2018, 8, 3951–3957 | 3953

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra11049a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 1
1/

7/
20

25
 2

:2
4:

51
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
peak at about 26.5� two theta, marked as star in Fig. 1, is from
graphite, a residual material from the sample chamber material
during SPS synthesis. The peak was not always observed
because the residual in the pellets is not homogeneous. Aer
the leaching test, the XRD pattern is almost identical to the
original sample. SEM analysis was performed on the sample
pellets before and aer the leaching test, using a FEI Quanta
SEM system with FEI Versa 3D DualBeam. The SEM images were
taken on the pellets of the samples without surface coatings at
room temperature. Infrared spectroscopic analysis was per-
formed on the samples with the Thermo Nicolet Continuum
Infrared Microscope with an aperture area of 10 mm by 10 mm
and covering 4000 to 600 cm�1 range at a spectral resolution of
2 cm�1. The IR spectra were taken on the surfaces of the pellets
in reection mode, and the small particles from the pellet
surfaces in transmission mode at room temperature. The
spectra collected in the two modes are consistent.
Results and discussion
Leaching of iodoapatite

The cumulative concentration of the individual elements
released from iodoapatite indicates that the iodine release has
a different time dependence than the releases of lead and
vanadium. Fig. 3 shows a complex relation between cumulative
concentrations (millimole per m2) and test time. For iodine, the
curves in Fig. 3a from the two experiments are similar, but
Fig. 3 Cumulative release of elements in leachate solutions normal-
ized to the sample surface area (millimole per m2). The first three data
points (first day) are excluded in the cumulative concentration. Red
and blue symbols are the two experiments. (a) Iodine. Lines are fitting
results: solid light blue line – total; dashed orange – diffusion; dashed
green – dissolution; dot-dot-dashed grey – surface effect. R square
value of fitting: 0.99. (b) Iodine vs. square root of time. Dashed line is as
guide to the eye. (c) Lead. (d) Vanadium. Error bars from ICP-MS
measurement are within the symbols.

3954 | RSC Adv., 2018, 8, 3951–3957
neither fully resembles a straight line or a parabolic curvature.
Likewise, the trends in Fig. 3b differ from a straight line (the
dashed line is included to show the deviation between the
straight line and data points). A parabolic curvature in Fig. 3a or
a straight line in Fig. 3b would suggest a diffusion controlled
release mechanism of the mobile species from an inert matrix.
Quantication of the cumulative concentration as a function of
time is necessary to understand iodine leaching behaviour. The
lines in Fig. 3a show a regression of one dataset to the empirical
model of Cote,31 which uses three separate terms to represent
diffusional and linear dissolution behaviour and surface arte-
facts as given in eqn (1):

Cumulative (t) ¼ k1t
1/2 + k2t + k3(1 � e�k4t) (1)

in which, the cumulative amount of the element of interest in
solution is described by the coefficient of diffusive character k1,
the coefficient of constant dissolution character k2, and coeffi-
cients of surface effect k3 and k4. In Fig. 3a, the short-dashed
(gold) curve represents the diffusional component, the long-
dashed (green) line the linear component, and the dot-dot-
dashed (grey) curve the surface artefact component of the
cumulative measured concentration. The sum of these contri-
butions is shown by the solid-line (turquoise) and represents
the iodine data well. Following the procedure to describe the
diffusion thickness in the literature,22 the diffusion coefficient,
which is related to k1 in eqn (1), was calculated to be 9 �
10�21 m2 s�1. The value is about 2 orders of magnitude higher
than the reported value (4.5 � 10�23 m2 s�1) in a previous
leaching test with a slightly different composition.22 The diffu-
sion coefficients are expected to be different because the
previous experiment was conducted in a static condition over
more than 1000 days and the present experiment employed
a semi-dynamic protocol with daily leachant replacement. The
diffusion coefficient is dependent on test method and test
conditions.

Comparing to the iodine release, the lead and vanadium
releases are more or less linear with time (Fig. 3c and d), sug-
gesting a constant dissolution controlled mechanism at a rate
that is independent of time. Note that variations in the test
intervals between 16 and 19 days in both tests are experimental
artefacts that introduced a shi in the trends, but the data
points before and aer are linear with time.

The iodine release rate aer three weeks of test is
�0.18 mmol m�2 d�1 or 2.3 � 10�3 g m�2 d�1, calculated from
the slope of Fig. 3a at 21 day, which is similar to the leaching
rate (2.5 � 10�3 g m�2 d�1) reported in a ow through experi-
ment with similar composition (Pb10(VO4)4.8(PO4)1.2I2).20 As
both the experiments were conducted using dynamic protocols,
the similar leaching behaviour is expected and the effect of
slightly different compositions seems limited. In contrast, our
measured rate is about one order of magnitude higher than the
rate (2 � 10�4 g m�2 d�1) reported for iodoapatite
(Pb10(VO4)4.8(PO4)1.2I2) using a static protocol aer more than
1000 days of test.22 For static leaching experiment using a iodate
apatite (Ca10(PO4)6(IO3)0.92(OH)1.08), the measured iodine
release rate decreased about 2 orders of magnitude from initial
This journal is © The Royal Society of Chemistry 2018
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release to residual release.17 Although the speciation of iodine
and composition of iodoapatite have an important effect on
iodine release rate, the dramatic differences in the rates for
a given composition are primarily due to the different test
methods (i.e., static tests give averaged cumulative rates and
dynamic tests give instantaneous rates), various test parameters
(e.g., S/V ratio, temperature), and how the rate is calculated (e.g.,
initial vs. residual). The results cannot be directly compared
because the rates measured in static, dynamic, and semi-
dynamic test methods have different meanings and depend
on the dissolution mechanism.

In a dynamic test experiment, steady-state conditions may be
attained between the ow rate and the dissolution rate for an
affinity-controlled mechanism. The rate that is derived will
depend on the steady-state solution composition under the
particular test conditions and will represent an instantaneous
rate. The rates measured in static tests are based on the accu-
mulated concentrations of dissolved species and represent
average rates over the test duration. In a static experiment,
however, the solution feedback effect (affinity effect) increases
over time, leading to the increased saturation with respect to the
solid and reduced dissolution rate. The semi-dynamic tests
described in this paper provide the average rates for a series of
short intervals. The change in the rate over successive intervals
gives insight into the dissolution mechanism. Constant rates
measured over sequential intervals indicate a surface dissolu-
tion mechanism, whereas decreasing rates may indicate
a diffusion-controlled mechanism. The rate measured for an
interval will depend on the test conditions and time of the
interval. The physical signicances of the test results are
different for diffusion-controlled processes, where time is the
important variable. The semi-dynamic method was designed to
study diffusion-controlled processes, for which static and
dynamic methods are not effective. Therefore, the leaching
rates measured by using different methods like static test
cannot be directly compared with the results from ow through
or semi-dynamic experiments.6,9,17,21,22 However, measurements
of the leaching behaviour using different test protocols are
necessary as they provide different aspects of the durability
under different environmental conditions.
Fig. 4 Molar ratios of I/Pb (a) and V/Pb (b) as a function of leaching
time. The horizontal dashed lines are stoichiometric ratio of the
elements. Red and blue symbols are the two experiments. Error bars
from ICP-MS measurement are within the symbols.

This journal is © The Royal Society of Chemistry 2018
Leaching mechanism

The molar ratios of the elements in solutions from sequential
test intervals are shown in Fig. 4. The iodine-to-lead molar ratio
is about 2.3 at the beginning of the experiment, which is nearly
14 times higher than the stoichiometric ratio (i.e., 0.17), but
decreases to �2 times of the stoichiometric value aer about 10
days (Fig. 4a). The difference in I/Pb molar ratios between the
measured and the stoichiometric value indicates the release of
iodine is incongruent with respect to Pb. Similar iodine release
behaviour was also observed in previous studies of iodoapatite
dissolution.9,17 In contrast, the vanadium-to-lead molar ratio is
constant over time within errors, suggesting congruent disso-
lution of the two elements (Fig. 4b). Although the estimated
error of the ratio (28%), propagated from the error of the
concentrations (20%), is large, the trends in both Fig. 4a and
b are clear. In addition, thermodynamic calculations using
MINTEQ32 suggest that the leachate solutions were undersatu-
rated with low solubility solid phases including Pb3(VO4)2,
which has a similar V/Pb ratio (0.67) to the iodoapatite. The
incongruent release behaviours of iodine, lead, and vanadium
is consistent with their being released from different chemical
bonding environments, where iodide is released from more
ionic bonds at channel anion site and lead and vanadium are
released from more covalent bonds in the apatite structure.19

As suggested in the regression tting of the Cote model
(Fig. 3a), the enhanced iodide leaching with respect to lead and
vanadium from the solid (Fig. 4) may originate from a diffusion-
controlled process in which iodide (I�) in the solid is replaced
by hydroxide (OH�) from the solution. Such a process is
common for ions that are weakly bonded to a covalently bonded
matrix structure such as in zeolites and clay minerals.33–37

The pH change of the leachate during leaching tests has
been used as an indicator of ion exchange process between
iodide or iodate in iodoapatite and hydroxide in solution in two
previous experiments.17,22 The ion exchange reaction decreases
the solution pH because the exchange reaction consumes
hydroxide in the solution. Both of the experiments17,22 were
performed using a static protocol with high surface to volume
ratios (3000 m�1 and 8000 m�1 respectively). The accumulated
ion exchange over the many days of the tests with limited
iodoapatite dissolution under close to the saturated condition
leads to a clear trend of pH decrease. However, a trend of pH
change was not observed in our leaching tests because our
leaching experiment is semi-dynamic and the leachate solu-
tions are not accumulative. The average leachant (DI water) pH
measured in our experiment was 5.3 � 0.2 and the average
leachate pH was 5.2 � 0.2. A similar pH behaviour without
a signicant change of pH was also observed in a dynamic
leaching test using a ow through protocol with a slight
different composition (Ca10(PO4)6(IO3)0.92(OH)1.08).20 In fact, the
measured pH values in our experiment are not reliable and
don't reect the pH in the Teon vessel during the test because
the solution is too dilute and was exposed to the air during the
storage and pH measurement. Instead, thermodynamic calcu-
lations were performed to estimate pH change using MINTEQ
and measured concentrations of the species in the solution. An
RSC Adv., 2018, 8, 3951–3957 | 3955
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Fig. 5 SEM images of iodoapatite surfaces: fresh polished (a), surface
leached with deionized water (b), a close-up (c), and IR spectra
collected in transmission mode of unleached and leached iodoapatite
and a hydroxyapatite from ref. 10 (d).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 1
1/

7/
20

25
 2

:2
4:

51
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
average increase of pH by 0.15 was predicted at beginning of the
test and 0.05 at near the end of the test.32 Due to the test
protocol (semi-dynamic and daily replacement of the leachant)
and a small surface to volume ratio 16 m�1, there were two
processes in our leaching test: ion exchange, which causes the
solution pH to decrease; and dissolution of the iodoapatite,
which causes the pH to increase. As a result of the two processes
and small progresses of the reactions within a day, the pH
increases slightly but the change was too small to be detected.
An increase of pH was observed in the initial test period of
a static leaching experiment with similar the iodine release
mechanism.17

The enhanced release resulting from the exchange of I� and
OH� is expected to produce surface features that could be
detected with spectroscopic and microscopic techniques. Fresh
polished and leached surfaces are shown in Fig. 5a–c. No
secondary phases are present at the surfaces from the SEM
images from the secondary electron (Fig. 5b and c) and back-
scattered electron images. The IR spectrum of a leached sample
(red) shows absorption peaks from 3450–3600 cm�1 with
a sharp absorption peak around 3537 cm�1 (Fig. 5d), which are
absent in the spectrum of the unleached sample (blue). These
peaks are assigned to OH� in the channel site of the iodoapa-
tite, which was occupied by iodide ion before the test and
replaced by OH� as a result of ion exchange during the test. This
result is consistent with the previous observation of both CO3

2�

and OH� Raman peaks on the surface of iodoapatite that had
been leached in a KOH/KHCO3 buffered solution of pH 11.10

Our results show that the ion exchange can also occur under
neutral conditions despite of the strong pH dependence of
iodoapatite dissolution.9
3956 | RSC Adv., 2018, 8, 3951–3957
Summary and conclusions

Leaching experiments were conducted with dense ceramic
single-phase lead vanadium iodoapatite monolith pellets using
a semi-dynamic leaching method. Elemental analysis of the
leachates suggests that iodide is initially released by ion
exchange of iodide (I�) with hydroxide (OH�) in solution at rates
that are controlled by diffusion while lead and vanadium are
released at a constant dissolution rate. The preferential release
of iodide with respect to lead gradually reduced from about
14 : 1 to about 2 : 1 over time as I� was depleted from the
specimen surface. Microscopic and spectroscopic analyses of
the leached samples are consistent with the proposed mecha-
nism. Experiments conducted using methods that distinguish
between mechanistic processes and various test parameters
representing the range of environmental conditions are needed
to fully understand the dissolution behaviour of iodoapatite
and predict the long-term release of iodine.
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