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The structural basis of selectivity for cesium and strontium of microcrystalline hexagonal tungsten bronze (HTB) phase
NaxWO3+x/2 3 zH2O has been studied using X-ray and neutron diffraction techniques, 1D and 2D 23Na magic angle
spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy, and radiochemical ion exchange investigations.
For the HTB system, this study has shown that scattering techniques alone provide an incomplete description of the
disorder and rapid exchange of water (with tunnel cations) occurring in this system. However, 1D and 2D 23Na MAS
NMR has identified three sodium species within the HTB tunnels;species A, which is located at the center of the
hexagonal window and is devoid of coordinated water, and species B and C, which are the di- and monohydrated
variants, respectively, of species A. Although species B accords with the traditional crystallographic model of the HTB
phase, this work is the first to propose and identify the anhydrous species A and monohydrate species C. The
population (total) of species B and C decreases in comparison to that of species A with increasing exchange of either
cesium or strontium; that is, species B and C appear more exchangeable than species A. Moreover, a significant
proportion of tunnel water is redistributed by these cations. Multiple ion exchange investigations with radiotracers 137Cs
and 85Sr have shown that for strontium there is a definite advantage in ensuring that any easily exchanged sodium is
removed from the HTB tunnels prior to exchange. The decrease in selectivity (wrt cesium) is most probably due to the
slightly smaller effective size of Sr2+; namely, it is less of a good fit for the hexagonal window, ion exchange site.
The selectivity of the HTB framework for cesium has been shown unequivocally to be defined by the structure of the
hexagonal window, ion exchange site. Compromising the geometry of this window even in the slightest way by either
(1) varying the cell volume through changes to hydration or sodium content or (2) introducing disorder in the a-b plane
through isomorphous substitution of molybdenum is sufficient to reduce the selectivity. Indeed, it is our hypothesis that
this applies for all cations which are strongly bound by the HTB framework.

1. Introduction

Highly acidic aqueous solutions containing the entire
gamut of fission products and minor actinides can result
from a range of nuclear activities including irradiated fuel
reprocessing and medical isotope production. Radiogenic
cesium and strontium comprise a majority of the activity
after about 4-5 years and are also two of the most prolific
heat-generating isotopes, whereas long-term radiotoxicity is
primarily a product of the long-lived minor actinides. The
selective extraction of these high heat-load elements can
greatly simplify downstream processing and aid in the overall

volume reduction of these wastes with the consequence that
precious repository space is conserved.1 Because of the
high radioactivity of such waste solutions, inorganic ion
exchangers have generally been considered more preferable
to organic resins. The past several decades have therefore
seen a significant effort aimed at developing or discovering
new ion exchange materials for such applications.
Zeolites are the archetypal inorganic ion exchangers, and

it is their tunnel architectures that are at least in part
responsible for the very high selectivity they display for
different elements. The natural zeolite, clinoptilolite, is the
most abundant of the natural zeolites and has attracted
considerable attention for the removal of heavy metals from
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a variety of aqueous solutions including mine wastes,2 milk,3

and drinking water.4 Clinoptilolite has also attracted
considerable interest in the radioactive waste management
context, owing to its excellent selectivity for cationic species
such as Cs+.5-9 While clinoptilolite can easily extract small
concentrations of Cs+ from solutions having a high back-
ground concentration of other cations, and although its
stability to ionizing radiation is good,10 its hydrolytic stability
is limited,11 and therefore it is probably better suited to
groundwater treatment rather than to treatment of acidic
radioactive waste streams. Such limitations have helped
prompt an extensive international search for more stable
yet highly Cs- and Sr-selective materials. A newmaterial that
was derived from this effort was the mixed framework
zeolite-like titanosilicate known as sitinakite, which can
extract parts per million concentrations of Cs+ from highly
caustic and acidic radioactive solutions that are in excess of
4 M in sodium.12-15 Other potentially useful inorganic ion
exchangers include the polyoxomolybdates16,17 and hexa-
cyanoferrates,18,19 although again, the former has limited
stability in acidic solution.20 Despite all of this activity, the
basis of the selectivity of all but a few are well-understood.
One inorganic system that has been intensively studied, and
the selectivity of which is consequently well-understood, is
the synthetic analogue of the previously mention mineral
known as sitinakite.21 Clearly, however, as in the case of
extractant molecules such as the cyclic polyethers and biolo-
gical membranes (see Laio and Torre22 and references there-
in), it is the fit of the target species within the cavity or tunnel
that seems to be a major factor in defining the adsorption/
extraction properties of inorganic ion exchangers also.
An additional consideration in deploying an inorganic ion

exchange material in a nuclear waste management applica-
tion is the need to consider the fate of the spent or saturated
ion exchanger, as this tends to narrow the range of useful

materials. One option is to combine the spent ion exchanger
with other components and melt the mixture to form a
waste glass or ceramic material suitable for repository em-
placement. Another option is to convert the material directly
into a durable waste form via simple thermal processing. In
regard to the latter more elegant and simpler approach, it has
been demonstrated that the aforementioned silico-titanate
materials can indeed be thermally converted to durable
materials, and the nature of this conversion process has been
studied in detail.23-27

Recently, we discovered that hydrous tungsten oxides with
the hexagonal tungsten bronze (HTB) structure, which are
highly stable in acidic solution, also display high selectivity
for Cs+ and Sr2+. The first HTB-like phase, WO3 3

1/3H2O,
was synthesized using the wet chemical methods reported by
Gerand and co-workers.28 The synthesis of the first HTB
phase containing exchangeable cations in tunnel sites was
reported by Reis and co-workers through adjustment of the
pH of a sodium tungstate solution followed by hydrothermal
treatment at low temperatures (140-200 �C).29-32 We have
already reported on the isomorphous substitution of molyb-
denum for tungsten in this system and the effect that this has
on the observed ion exchange properties using micromolar
concentrations in acidic solutions.33 The structure of the
HTB phase with nominal formula NaxWO3+x/2 3 zH2O
(Na-W-HTB) has been analyzed using neutron diffraction
and Rietveld refinement.29 The structure was refined in the
space group P6/mmm and was reported to be similar to that
of high-temperature reduced HTB except that it contained
Na+ ions at the (0, 0, 0) position (Figure 1a). Commonly, this
position is referred to as being at the center of the “hexagonal
window”, which is easily visualized using the additional
projections shown in Figure 1b and c. Along with cations
in the hexagonal tunnel architecture, water molecules were
also present with the water oxygen positioned at (0, 0,∼0.4).
In addition to water molecules, oxygen anions and hydroxyl
groups of the framework may also be present in these tunnel
positions, but to our knowledge, these species have never
been located using structural techniques. The tunnel dimen-
sions of these materials are much more restrictive than
observed in most microporous zeolites and all of the silico-
titanates, which might be expected to make transport
through the tunnel architecture more constrained and also
more susceptible to small changes in lattice dimensions
induced by isomorphic substitutions into the lattice as well
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as the level of hydration. Indeed, we have shown in previous
published work that relatively low-temperature heating can
essentially lock in these exchangeable cations.34-38

For the low-temperature, hydrothermally synthesized
Na-W-HTB phase, it has long been known that a propor-
tion of the tunnel Na+ atoms are relatively easily replaced
by other alkali metal atoms including K+, Cs+, alkaline
earth cations, and trivalent cations.30 What is not generally
appreciated is the fact that the tunnel dimensions appear to
impart a particularly high selectivity for cations with ionic
radii around1.2 and1.7 Å and thismakesHTBmaterials quite
selective for Cs+ and Sr2+ in acidic media and, therefore,
potentially useful for the pretreatment of radioactive wastes.
The aim of the present contribution is to elucidate the

nature of the Na+, Cs+, and Sr2+ cation siting in these
materials and then link this to the ion exchange behavior/
mechanism of the microporous hexagonal tungsten bronze
phase NaxWO3+x/2.zH2O, using X-ray and neutron diffrac-
tion techniques, 1D and 2D 23Na magic angle spinning
(MAS) nuclear magnetic resonance (NMR) spectroscopy,
and radiochemical ion exchange investigations. The effect on
selectivity/affinity when isomorphous substitution of molyb-
denum for tungsten occurs has also been readdressed.

2. Experimental Section

2.1. General. Standard laboratory-grade reagents (>98%
purity) from SigmaAldrich were employed for all syntheses and

ion exchange investigations. Elemental analysis ofmaterials was
undertaken by both energy dispersive spectroscopy (EDS),
which was coupled to a JEOL 6400m scanning electron micro-
scope, and X-ray florescence (XRF) analysis. XRF measure-
ments were conducted using a wavelength dispersive Philips
PW2400 X-ray Fluorescence Spectrometer equipped with a
rhodium anode tube. Samples were prepared by pressing in
boric acid and the results analyzed using the Uniquant software
suite. Thermogravimetric (TG) and differential thermal (DT)
analyses were conducted simultaneously on a Setaram TAG24
(France) with high-purity air carrier gas. Bulk particle size
distributions were measured using a Malvern Mastersizer 2000
(Malvern Pty Ltd., England). Samples were dispersed in water,
stirred (2 min), then subjected to ultrasonication (initial, 2 min;
final, 4 min) before measurement.

2.2. Synthesis of Na0.2MoyW1-yO3 3 zH20 (y= 0-0.2).
The hexagonal tungsten bronze (Na-W-HTB, y = 0) phase
was prepared according to the methodology of Reis and
co-workers,30,31 in which Na2WO4 solution (1 M) was acidified
with HCl (1 M) to within the pH range 1.65-1.75. Hydrother-
mal treatment (155 �C, 30-48 h) of the resultant solution was
undertaken in Teflon-lined Parr acid digestion bombs to afford
a pale green solid, which was collected by filtration and washed
with 1 M HNO3 and then deionized water until the pH of the
filtrate was neutral. The solid was dried to a constant weight at
75 �C in the air and stored in the absence of light. The prepara-
tion of variably molybdenum-doped phases (Na-Moy-HTB;
y = attempted Mo atom % substitution level) was undertaken
by adding the required quantity of Na2MoO4 solution (1 M) to
the Na2WO4 solution prior to acidification and hydrothermal
treatment.

2.3. Synthesis of AxWO3 3 zH20 (A=H, Cs, Sr).Varia-
bly Cs- or Sr-exchangedW-HTB samples were prepared by con-
tacting the parent Na0.2WO3 3 zH2O (Na-W-HTB; ∼2 g) with
acidic solutions (50 mL, 1 M HNO3) containing an increasing
concentration of the given metal cation for 24 h. During this
time, the reaction mixtures were agitated then filtered and the
resultant solid washed with deionized water until the pH of the
filtrate was neutral. The solids were dried to a constant weight at
75 �C in the air and stored in the absence of light. The uptake of
either Cs+ or Sr2+ (mmol g-1) was calculated on the basis of
the initial and final concentrations in solution, as determined by
ICPMS and the initial weight of Na-W-HTB.

Samples of Na-W-HTB where variable levels of Na+ were
present were prepared by contact (24 h) with either 1, 3, 6, 9, or
15MHNO3. The solids were then filtered and the resultant solid
washed with deionized water until the pH of the filtrate was
neutral. The solids were dried to a constant weight at 75 �C in air
and stored in the absence of light. The level of sodium remaining
after acid treatment was initially determined using EDS and
confirmed by routine XRF analysis.

2.4. Ion Exchange Behavior-Radiochemical Analysis.
The ion exchange behaviors of variably exchanged W-HTB
materials were investigated in triplicate using the batch contact
method. For carrier-free investigations, powdered sorbent (50(
1 mg) and a given nitric acid concentration solution (0.1-9 M;
4 mL) containing approximately 1� 10-6 cpm of 137Cs (>99%
purity; I3 Inc., Idaho Falls) or 85Sr (>98% purity; Perkin-
Elmer, USA) were contacted at 25 �C for 30 min with agitation
in a glass Kimble tube (5 mL). The appropriateness of the
contact time was ascertained by performing a series of experi-
ments with each radioisotope where the contact time was varied
from 5 to 60 min. The effect of the inactive carrier was
determined by the addition of a concentrated solution (1 M)
of the appropriate cation so as to achieve a final concentration
of approximately 2 ppm with respect to the carrier cation. After
the required contact time, the reaction mixtures were centri-
fuged (5000 rpm, 7min) and three separate 1mLaliquots of each
supernatant removed for analysis. Triplicate samples of the

Figure 1. (a) Projection of HTB framework as viewed down the c-axis.
(b) Selective projection of HTB framework as viewed down the c-axis.
(c) Projection of HTB framework as viewed on the a-c plane, approxi-
mately 30� from the b axis. Sodiumoccupancies at the 1a (0, 0, 0) position
are set equal to 1 in each projection.
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initial 137Cs or 85Sr activities and triplicate samples of the
individual contact experiments were counted for 10-20 s on
an automated Wallac 1480 Wizard 30 0 γ counter using the 661
and 514 keV γ emissions, respectively. Decay corrections were
applied during counting. The activities of the initial solutions
and final supernatants were taken as the average of the triplicate
analyses and the respective errors calculated using the range of
the three analyses.

Determination of the given radioisotope activities before and
after contact with a given sorbent allows the calculation of a
distribution coefficient (Kd) for the given radioisotope with
respect to the sorbent using the formula

Kd ¼ Ai -Af

Af
3
V

m 3F

where Ai = initial cation concentration, Af = final cation
concentration, V = volume of the solution contacted with the
sorbent, m = mass of the sorbent employed, and F = form
factor (%) to normalize for hydration of the given sorbent.
All batch contact experiments were conducted using V/m =
80 mL g-1 in order to allow a direct comparison of results.

2.5. X-Ray Diffraction. Survey powder X-ray diffrac-
tion patterns of the Na-W-HTB, variably Cs- and
Sr-exchanged W-HTB, and Moy-HTB phases were
recorded on a Panalytical X’Pert Pro diffractometer in
the range 5-80� 2θ using Cu KR radiation (1.542 Å) and
employing a solid-state detector utilizing real-time multi-
ple strip technology. Rietveld modeling was performed
using the Rietica-LHPM software,39 which derives from
the Hill-Howard-Hunter LHPM program.40

2.6. Neutron Diffraction. Powder neutron diffraction
data were collected on the medium-resolution powder
Diffractometer (λ = 1.6649 Å) at the HIFAR facility of
the Australian Nuclear Science and Technology Organi-
sation. The A-W-HTB (A = Na, Cs, Sr) phases were
first dried under vacuumat 373K for 72 h in an attempt to
remove the majority of H2O without altering the tung-
state framework. After cooling, the samples were con-
tacted with degassed D2O under an atmosphere of dry
nitrogen for 24 h. The supernatant was then removed and
samples dried under vacuum conditions (∼2 mTorr) at
ambient temperature. Loading of samples into vanadium
cans (Viton O-ring seal) was conducted in a dry (<1 ppm
H2O), argon-filled glovebox. Data were acquired at am-
bient temperature (303 K) over an angular range of
6-132� in increments of 0.1�. Refinements of the data
were conducted using the Reitica software package.39

2.7. Solid-State 23Na MAS NMR. High-resolution
23Na MAS NMR data were acquired at ambient
temperatures on a Bruker MSL-400 spectrometer (B0 =
9.4 T) operating at the 23Na frequency of 105.81MHz.All
1D data were acquired using single-pulse (Bloch decay)
experiments with a Bruker 4 mm double-air-bearing
probe from which typical MAS frequencies of ∼15 kHz
were implemented. For the 23Na MAS NMR measure-
ments, nonselective π/2 pulse times of 3.0 μs were mea-
sured on a 1.0 M NaCl solution, from which selective

pulse times of ∼0.6 μs were employed for data acquisi-
tion on all solid samples. Recycle delays of 3 s were
typically used; however, the quantification and specia-
tion of these data obtained with shorter recycle delays
were verified with experiments which had delays ex-
tending to 30 s. All 23Na chemical shifts were referenced
to 1.0 M NaCl, which was set to δ 0.0 ppm. All 23Na
shifts (δ) are reported as center-of-gravity measurements
and remain uncorrected for second-order quadru-
polar effects unless specifically reported as isotropic
values (δiso) obtained from simulation or graphical
methods.

23Na two-dimensional multiple-quantum magic-angle-
spinning (2D MQ-MAS) NMR studies41-44 were under-
taken at magnetic field strengths of B0 = 8.45 and 14.1 T
using Varian/Chemagnetics Infinity-360 and Infinity-600
spectrometers, respectively. AtB0= 8.45 T (95.25MHz),
an amplitude-modulated triple-quantum (3Q) MAS
NMR experiment41,45 was used which provided high-
resolution hyper-complex 2D spectra whose indirectly
detected (F1) dimensions have sign discrimination and
are free from the second-order quadrupolar broadening
exhibited by the central transition of the spin I=3/2 23Na
isotope. These measurements were achieved using a
Bruker 4 mm probe and MAS rates of ∼8-10 kHz. In
these experiments, 5.5 μs 3Q excitation pulses and 2.5 μs
3Q conversion pulses were utilizedwithRF field strengths
of B1 = 110 kHz, in conjunction with reduced power
(B1 = 16 kHz) Z-filter pulses of 9 μs duration. Typical
relaxation delays were 1 s, and each experiment took
approximately 24 h. At 14.1 T (158.83 MHz), a phase-
modulated split-t1 3QMAS sequence41 was implemented
using a Varian 3.2 mm T3 probe and MAS rates
of ∼10 kHz. For these experiments, 3.2 μs excitation
pulses (B1 = 155 kHz) and 10.0 μs echo pulses (B1 =
30 kHz) were used. Maximum-strength (B1 = 155 kHz)
single-period, sine-modulated 3Q conversion pulses
of 4.0 μs periods were used to reduce the intensity lost
by large CQ lineshapes in the 3Q MQ-MAS NMR data.
The echo times were 1.2 ms, relaxation delays were 2 s,
and each experiment took approximately 24 h.
A variable B0 field study of the 23Na resonances

characterizing these systems was also undertaken. To
effect this study, additional 1D MAS data were acquired
at the external B0 field strengths of 7.05, 8.45, and 14.1 T.
Similar pulse and recycle delay conditions were imple-
mented as described above, with accurate chemical
shift referencing against 1.0 M NaCl (δ 0.0 ppm) being
maintained throughout. All 23Na MAS data were
simulated using the dmfit NMR data fitting program46

with the apparent shift positions gained from this
deconvolution at each B0 field used to determine the
representative δiso and PQ spectral parameters for each
site from established quantum mechanical principles and
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graphical methods.47-52 Inmore difficult cases arising for
the parent Na-W-HTB phase, where large distributions
and unresolved line width issues prohibited an effective
variable B0 analysis, a reduced B0 field approach using
the 2DMQ-MAS data was implemented. In this case, the
simulated positions were supplemented by those obtained
using the 2D maxima (F2 or MAS dimension) and the
vertical projections (F1 or isotropic dimension) from the
MQ-MASdata acquired at 8.45 and 14.1T. The scaling of
the apparent shifts in these data causes these points to
occur on opposite sides of the origin.50

Samples for NMR analysis were dehydrated at various
temperatures in a conventional laboratory oven and
were transferred directly from the oven to a nitrogen-
filled glovebox in which the H2O and O2 contents
were <1 ppm. Within these glovebox conditions, all
samples were transferred into sealed polyethylene bottles.
These bottles were stored under these anhydrous condi-
tions until the subsequent transferal of each sample into
airtight NMR rotors was performed, which was similarly
undertaken under these controlled glovebox conditions.

3. Results and Discussion

3.1. Structure of Hexagonal Tungsten Bronzes
(AxWO3 3 zH2O, A = Na, x = 0.2; A = Cs, x = 0.16;
A = Sr, x = 0.08);Neutron Diffraction. Refinements
of the neutron powder diffraction data for the parent
hydrated Na-, Sr-, and Cs-exchanged phases were per-
formed using the reported structural model29 of the
hydrated hexagonal tungsten bronze as a starting point.
The neutron diffraction data and associated refinements
and residual plots are shown in the Supporting Informa-
tion section. The space group chosen was P6/mmm, with
the atoms placed at the following positions: W, 3f site
(0.5, 0, 0); O(1), 3g (0.5, 0, 0.5); O(2), 6l (x, 2x, 0), where x
=0.21; Na, 1a (0, 0, 0); and O(3), 2e (0, 0, 0.412). During
these refinements, it was clearly evident that the 1a (0, 0,
0) site of the tunnel cations was not fully occupied in any
of the three phases studied. The thermal parameters of
both Sr andNahad to be set at 1.0 and 2.0 to obtain even a
satisfactory refinement of the tungstate framework.
However, the goodness of fit parameters were reasonable
in light of the fact that a large amount of H2O had not
been exchanged for D2O despite attempts to the contrary
(see the Experimental Section). The refinements of each
data set clearly indicated significant positional disorder of
the tunnel cations andH andD atoms of the tunnel water
molecules. Importantly, there was no evidence to suggest
that the 1a (0, 0, 0) position was not the correct assign-
ment from these data. The refinement of the neutron data
for the Na- and Cs-W-HTB phases unequivocally
demonstrated that the tunnel cations all lie at the center
of the hexagonal window in the W6O6 plane, as the
location of the tunnel cation in anything other than the

1a (0, 0, 0) position afforded refinements which were
unstable or significantly inferior to that obtained using
the 1a assignment, in much the same way as that reported
by Reis et al.29 In the case of the Sr-W-HTB phase, the
Sr2+ cation experienced significant disorder, so much so
that very little regular scattering by Sr was observed. This
was evident from a dramatic decrease in the intensity of
the [010] reflection (see the Supporting Information for
refinement plots). The inability to locate the cations more
precisely makes the establishment of direct structure-
function relationships difficult on the basis of scattering
data alone, as these techniques only provide an averaged
picture of the structure. However, it would appear that
the exchange of Cs or Sr into the tungstate framework
increases the mobility of the species within the tunnels,
leading to increased positional disorder of the cations.
3.2. Solid State 1D and 2D 23Na MAS NMR. Solid-

state NMR techniques are particularly well-placed to
provide a detailed, localized perspective of an exchange-
able cation siting in hydrous oxide materials with tunnel
architectures, as the technique is inherently sensitive to
the immediate coordination sphere about the nucleus
of interest. In the present study and the following
companion article in this journal (part 2), the higher
gyromagnetic ratios and lower quadrupole moments of
nuclei such as 23Na (I = 3/2) and 133Cs (I = 7/2)
(γ = 7.0809 � 107 rad s-1 T-1/Q = 10.4 fm2 and
γ =3.5333 � 107 rad s-1 T-1/Q = -0.34 fm2, respec-
tively) coupled with the 100% abundance of these iso-
topes has enabled a probe of local speciation to
be undertaken with great sensitivity. This contrasts with
the low γ/high Q 87Sr (I= 9/2) nucleus (γ= -1.16394 �
107 rad s-1 T-1/Q=33.5 fm2), which also possesses a low
natural abundance of ∼7%, thus rendering it effectively
observable at high B0 fields (B0 > 16.4 T) only, and in
situations where some short-range order exists.
The 23Na MAS NMR spectra of parent Na-W-HTB

are shown in Figure 2a together with the spectral decon-
volution (Figure 2b) and the total simulation (Figure 2c)
in order to demonstrate the influence that hydration has
on the observable Na tunnel speciation. The 23Na MAS
data for the parent Na-W-HTB exhibit two primary
features: a very broad quadrupolar-dominated resonance
spanning a width of ∼150 ppm (species A) and narrower
featureless resonance(s) with a center of gravity located at

Figure 2. 23Na MAS NMR spectra acquired at 9.4 T of parent Na-
W-HTB (a) along with the individual components (b) and spectral
simulation (c).

(47) Samoson, A. Chem. Phys. Lett. 1985, 119, 29.
(48) Jager, C. NMR Basic Principles and Progress; Springer-Verlag:

Berlin, 1994; Vol. 31, p 135.
(49) Millot, Y.; Man, P. P. Solid State Nucl. Magn. Reson. 2002, 21, 21.
(50) Anupold, T.; Reinhold, A.; Sarv, P.; Samoson, A. Solid State Nucl.

Magn. Reson. 1998, 13, 87.
(51) MacKenzie, K. J. D.; Smith, M. E.Multinuclear Solid State NMR of

Inorganic Materials; Pergamon Press: Oxford, 2002.
(52) Samoson, A. J. Magn Reson. A 1996, 121, 209.



Article Inorganic Chemistry, Vol. 48, No. 13, 2009 5653

about δ -6 to -15 ppm. The simulation and deconvolu-
tion of these data for the parent Na-W-HTB shown
in Figure 2 reveal a Na tunnel species (species A)
characterized by a very large quadrupolar constant (CQ)
of 5.2 MHz at an isotropic chemical shift (δiso) of
-4.0 ppm. This Na site is consistent with the expected
crystallographic hexagonal tunnel window position at
(0, 0, 0) and represents a hexagonal planar site with short
Na-O distances. The high point symmetry of this posi-
tion (a C6 axis of rotation) demands that the asymmetry
parameter (η) be 0. Very large CQ values for this type of
hexagonal planar site symmetry have been predicted by
Koller et al. using point charge calculation methods.53

From these simplistic calculations,CQ values on the order
of ∼5-7 MHz are predicted for square-planar and
hexagonal planar sites and are in general agreement with
this assignment and the calculated CQ value for the
Na-W-HTB system. A CQ value of 5.2 MHz is among
the largest to be measured for any 23Na system and is
surpassed only by values of 11.34 MHz for Na3OCl,54

5.90MHz for the near-hexagonal planar tunnel site in the
sodalite Na6[AlSiO4]6,

55,56 and 5.80 MHz for the hexa-
gonal planar tunnel site in the dehydrated zeolite NaA.57

For an axially symmetric Na tunnel position to exhibit an
electric field gradient of this magnitude in the Na-W-
HTBphase, this sitemust assume a completely anhydrous
state within its primary coordination sphere; that is, there
exists discrete hexagonal planar oxo-coordination to the
Na+ cations within the tunnel confines only. The data
of Figure 2 also show two additional narrower 23Na
resonances with apparent shifts of δ -6 ppm and
δ -14 ppm that require consideration. Given the much
reduced linewidths (and PQ’s) in comparison to the large
CQ site (species A), these resonances appeared likely to be
hydrated variants of this site, in accord with the crystal-
lographic model. Further, more definitive assignments
can be attempted with these δ -6 ppm and δ -14 ppm
resonances being due to dihydrated and monohydrated
species (species B and C, respectively) based on the
magnitude of the chemical shift difference from purely
hydratedNa+. The three identified tunnel sodium species
(A, B, and C) are schematically represented in Figure 3.
In part 2 of this study, we discuss in depth the 23Na solid-

state NMRof this class of materials and provide evidence
in support of these assignments.
More precise information characterizing these hy-

drated moieties was elucidated from an analysis of
the variable B0 field behavior of these resonances. From
well-established quantum mechanical treatments of the
MAS NMR properties of quadrupolar nuclei, at any
particular B0 field, the apparent shift or center of gravity
of a central (-1/2 T +1/2) transition resonance is given
by the sum

δcg ¼ δiso þ δð2ÞQ, isoðI ,mÞ

where the isotropic shift δiso is augmented by a field-
and spin-number-dependent second-order quadrupolar
shift term δQ,iso

(2) (I,m) which can be expressed as47,48

δcg ¼ δiso þ δð2ÞQ, isoðI ,mÞ

¼ ½3C2
Q=ð40ν20I2ð2I -1Þ2Þ�½IðI þ 1Þ

-9mðm-1Þ-3�ð1 þ η2=3Þ

Hence, if the variation in δcg is monitored as a function of
B0 (i.e., with δcg being plotted against 1/ν0

2), then by
graphical methods the isotropic shift δiso and the quad-
rupolar interaction constant PQ are obtained from
the y intercept and slope of these data, respectively. The
quadrupolar interaction constant PQ is given by49,50,52

PQ ¼ CQ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 þ η2=3Þ

q

where the quadrupole coupling constant CQ and its
asymmetry parameter η are degenerate within this
expression. From the variable B0 data for Na-W-HTB
presented in Figure 4a, sufficiently resolved and undis-
torted data could only be identified for species C at 14.1,
9.4, and 8.45 T. A graphical solution to these data yielded
δiso and PQ values of -19.4 ppm and 0.84 MHz
(see Table 1), respectively; however, due to the inherent
disorder characterizing these resonances, no reliable
trend could be identified for species B. A related method
that employed the 2D MQ-MAS data presented in
Figure 5a and b facilitated the extraction of two positive
frequency points and two negative frequency points from
these 8.45 and 14.1 T data. In this case, the apparent shift
positions were supplemented by the 2D maxima (F2 or
MAS dimension) and vertical projections (F1 or isotropic
dimension), with the scaling of these shifts inducing an
apparent sign change, thus positioning data points on
both sides of the origin.50 A graphical solution by this
method (also given in Figure 4a) yielded a δiso value of-
3.0 ppm and a PQ value of 1.63 MHz for species B, the
large difference between the δiso value of this and species
C reflecting the very different degrees of water interaction
for the Na tunnel window positions. Similar application
of this method to species C provided data which were in
good agreement with data obtained from the more con-
ventional variable B0 approach (see Table 1 and
Figure 4a). The results of 23Na 2D MQ-MAS analyses

Figure 3. Schematic representation of tunnel sodium speciation for the
Na-W-HTB phase based on the 23Na NMR studies. Large orange
spheres in the centers of the hexagons are sodium atoms, blue spheres are
oxygen atoms, and smaller green spheres are hydrogenatomsbelonging to
water molecules.

(53) Koller, H.; Englehardt, G.; Kentgens, A. P.; Sauer, J. J. Phys. Chem.
1994, 98, 1544.

(54) Klosters, G.; Jansen, M. Solid State Nucl. Magn. Reson. 2000, 16,
279.

(55) Englehardt, G.; Sieger, P.; Felsche, J. Anal. Chim. Acta 1993, 283,
967.

(56) Felsche, J.; Luger, S.; Baerlocher, C. Zeolites 1986, 6, 367.
(57) Tijink, G. A. H.; Janssen, R.; Veeman,W. S. J. Am. Chem. Soc. 1987,
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performed at 14.1 and 8.46 T for the Na-W-HTB phase
are presented in Figure 5a and b.
The data acquired at both fields exhibited contours that

clearly define species B and C and support the simulated
data shown in Figure 2. Both data sets show that these
contours are pitched at ∼60-70� to the F2 axis (or along
the QCS or chemical shift distribution axis42,58), suggest-
ing that the large degree of disorder exhibited by these
species is dominated by chemical shift dispersion and
not by a distribution in the quadrupolar parameters.
This suggests that the positional disorder of both
hydrated species B and C within the tunnel window site
isminimal; however, there is probably a large distribution
of Na-O(H2O) bond lengths characterizing the coordi-
nation sphere of these mono- and dihydrated variants.
From Figure 5a, it can be observed that the expected
horizontal contour for species A (that exhibits character-
istic short-range order) is not detected at 8.46 T due to the
inefficiency of the RF pulses (B1 = 110 kHz) in exciting
to, and converting from, 3Q coherence pathways, with
signal intensity being sacrificed as CQ increases. The
smaller CQ/PQ resonances thus dominate these 8.45 T
data. However, in the 14.1 TMQ-MASdata of Figure 5b,
very low intensity features describing a horizontal con-
tour are just detectable above the baseline noise. These
features are expected for a structural position exhibiting
short-range order and minimal distributions affecting

the chemical shift and quadrupolar parameters. These
features were detectable for a number of reasons: the line
shape at 14.1 T is narrower; these 2D data were acquired
with stronger RF pulses (B1 = 155 kHz); the 3Q conver-
sion pulses implemented were enhanced by modulations;
and the signal was detected as an echo. The latter helps to
prevent broad signals such as those from species A from
being lost in probe dead-times and beneath the resulting
baseline distortions but requires an “echo” time period
during which the 23Na spins can lose coherence through
T2 relaxation. This relaxation is the probable cause of the
very different relative intensities observed for species B
and C at 8.45 and 14.1 T. These descriptions of the tunnel
Na speciation (species A, B, and C) for the Na-W-HTB
phase are seemingly at odds with that elucidated from the
diffraction studies. However, diffraction is not sensitive
to the local chemical environment but rather sees the
average structure which is being probed on a longer
time scale relative to the NMR measurement. Thus,
neutron and X-ray diffraction are simply inherently
insensitive to the disorder and rapid exchange occurring
in this system. This emphasizes the need for a multi-
technique approach in order to develop accurate struc-
ture-function relationships for such adsorbent phases.
Additional 23Na MAS NMR studies were undertaken

on several Cs- and Sr-exchanged HTB systems to inves-
tigate the extent of the exchange process, and to ascertain
whether the speciation of residual sodium occupying the
tunnel window positions was altered upon extensive
cation replacement. From the 23Na MAS NMR data

Figure 4. Field-dependent (B0)
23Na 1DMASNMRdata (solid symbols) anddata derived from2DMQMAS investigations (hollow symbols) for sodium

species identified via simulation of spectra for (a) Na-W-HTB, (b) Cs0.018- and Cs0.154-W-HTB, and (c) Sr0.019- and Sr0.075-W-HTB.

Table 1. Refinement Parameters for the Simulation of 23Na NMR Spectra of Na-W-HTB and Variably Exchanged Cs-W-HTB and Sr-W-HTB Phases

species A NaO6 species B NaO6(H2O)2 species C NaO6(H2O)

δiso (ppm) CQ (MHz) δiso (ppm) PQ (MHz) CQ
a (MHz) δiso (ppm) PQ (MHz) CQ (MHz)

Cs0.018-W-HTB -4.0 5.2 -3.1 1.49 2.98 -15.3 0.64 1.28
Cs0.154-W-HTB -4.0 5.2 -3.0 1.13 2.26 -12.1 1.12 2.24
Sr0.019-W-HTB -4.0 5.2 -8.5 0.42 0.84 -14.4 1.05 2.10
Sr0.075-W-HTB -4.0 5.2 -7.7 0.60 1.2 -13.6 1.07 2.14
Na-W-HTB -4.0 5.2 nd nd -18.1 0.87 1.74

-19.4 0.84 1.74
Na-W-HTBb na na -3.0 1.63 3.26 -19.3 1.05 2.10

a PQ ¼ CQ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1 þ η2=3Þp
. bUsing 2D MQ-MAS NMR data.

(58) Angeli, F.; Charpentier, T.; Faucon, P.; Petit, J.-C. J. Phys. Chem. B
1999, 103, 10356.
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presented in Figures 6c,f for saturated Cs- and
Sr-W-HTB samples, respectively, the presence of resi-
dual Na was unequivocal and easily detected, thus corro-
borating previous findings reported by Griffith et al.33,34

and Reis et al.29-32 In comparison to the spectrum of the
parent Na-W-HTB (Figures 6c,f), the most obvious
change to the Na tunnel speciation was the relative
reduction of the hydrated species B and C resonances in
comparison to the resonance of species A exhibiting the
large quadrupolar interaction. As the level of Cs or Sr
exchange increased, the population (total) of species B
and C decreased in comparison to that of species A;
that is, species B and C appear more exchangeable than
species A. These data also indicate that this process is
not identical for the Cs- and Sr-exchanged phases. The
relative loss of the hydrated species B and C was far
more pronounced after Sr exchange and is probably the
consequence of the increased charge of this cation.
In comparison, for the Cs-W-HTB phase, the ratio
of species B to C was inverted, with the former appearing
more favored. These observations appear driven by a
lack of water available to hydrate the Na tunnel sites
despite the water contents being comparable to the parent
Na-W-HTB, that is, ∼5% w/w. We suggest that this
is perhaps a result of a significant proportion of
tunnel water being redistributed by these cations into
larger occlusions by virtue of their much larger ionic
(or hydrated) radii or because Cs+ and Sr2+ cations
each command their own extensive hydration spheres,

which thus retard the transport of water through the
tunnels.
It is important to note that the δiso (δ-4.0 ppm) andCQ

(5.2 MHz) parameters characterizing the resonance of
species A are not significantly perturbed upon inter-
mediate (Figure 6b,e) or high (saturation) (Figure 6c,f)
Cs or Sr exchange, suggesting that the residual anhy-
drous Na+ species (A) are sufficiently isolated from the
exchanged Cs+ and Sr2+ cations. This scenario differs
considerably fromwhat is reflected in the variableB0 data
of Figure 4b and c and Table 1 for species B and C, as
these data clearly indicate that the introduction Cs+ and
Sr2+ cations (and the relative amounts) exerts a consider-
able influence on the δiso and PQ (and hence CQ) of the
associated resonances. For the Sr-W-HTB system, an
increasing degree of Sr exchange induced a downfield
shift of δiso of ∼1 ppm for both species B and C, which
were accompanied byminor increases inPQ of∼0.2MHz
and∼0.02 MHz, respectively. Variations of this type and
magnitude suggest that the hydrated Na+ tunnel species
are experiencing a marginally stronger (i.e., more ionic)
interaction with the tunnel water, presumably caused by
the more electropositive Sr2+ demanding a greater share
of the available tunnel water to complete its hydration
sphere. For the Cs-W-HTB system, more significant
yet conflicting changes to the NMR parameters were
measured: for species C, PQ was observed to increase by
∼0.5 MHz and δiso underwent a large downfield shift of
∼3 ppm, while for species B, δiso was virtually unchanged
andPQ exhibited a decrease of∼0.4MHz, with increasing
Cs exchange. Thus, substantially increasing ionic char-
acter appears to be characterizing species C presumably
due to increased interaction with its coordinated water,
resulting in smaller Na-O(H2O) distances when Cs+ is
present.
A clear distinction that emerges upon Cs+ or Sr2+

exchange in the HTB system is the marked reduction in
line broadening observed for the 23Na MAS spectra
presented in Figure 6. The measured linewidths for
species B and C in the parent material of ∼500-600 Hz
reduced to ∼300-400 Hz in the Cs- and Sr-exchanged
materials. A similar phenomenon was observed in the
Cs-W-HTB 2D 23Na MQ-MAS data (Figure 5c-f).
The contours defining the presence of the hydrated Na

Figure 5. 2D 23Na MQMAS NMR spectra for Na-W-HTB (a, b),
Cs0.018-HTB (c, d), and Cs0.154-HTB (e, f) acquired at 8.45 and 14.1 T
(left and right, respectively).

Figure 6. (a-j) 23Na MAS NMR spectra acquired at 9.4 T of variably
exchanged (left) Cs-W-HTB and (right) Sr-W-HTB. The spectrumof
the parent Na-W-HTB at comparable B0 is given in both.
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tunnel window species are more confined and exhibit
greater definition, which is consistent with the reduced
linewidths that characterize these systems. These
contours maintain an orientation disposed along the
QCS or chemical shift distribution axis, indicating that
distributions of δiso values still influence the residual
Na speciation; however, these distributions are now
significantly diminished with respect to that observed
for the parent Na-W-HTB phase. Such observations
are consistent with a reduced influence of tunnel water on
the residual Na speciation with each hydrated position
experiencing less chemical exchange (from reduced
water mobility) and a concomitant reduced distribution
of Na-O bond lengths. In analogous fashion to the 2D
23NaMQMAS data for Na-W-HTB (Figure 5a and b),
the excitation of the anhydrous Na site (species A)
characterized by the large CQ value has not been feasible.
The 14.1 T data (Figure 5d and f) exhibit incomplete,
low-intensity evidence of a horizontal contour expected
for a short-range ordered site; however, a more complete
measurement of this resonance would require extremely
large RF power levels for efficient triple quantum excita-
tion of the (-3/2 T +3/2) satellite transition.
3.3. Cesium and Strontium Ion Exchange Behavior ;

Radiochemical Investigations. In previous communica-
tions on the ion exchange behavior of the Na-W-HTB
and molybdenum-doped variants (Mo-W-HTB), we
presented the rapid kinetics and adsorption isotherms
for the exchange of cesium and strontium from acidic
media.33,34 Briefly, the apparent selectivity of the
Na-W-HTB phase in mildly acid solutions (1 M
[HNO3]) corresponds to the order Cs . Ca > Sr >
Na > K. Substitution of a small fraction of W by Mo
affords increased selectivity for Sr under similar condi-
tions so that the apparent order of selectivity then appears
to be Cs. Sr, Ca > Na>K (the effect of isomorphous
substitution of molybdenum for tungsten in the Na-W-
HTBphase will be discussed further in later sections). The
radiochemical investigations conducted as part
of this study using carrier-free 137Cs (661 keV of 137mBa,
94.6%) and 85Sr (514 keV, 99.3%) have confirmed the
majority of these earlier results, which were determined
using trace concentrations of Cs+ and Sr2+ (ca. 0.1 mM).
It is well-known that, for an ideal, binary exchange

process, there is a linear relationship for a plot of log Kd

versus log [H+],59 where the slope of this plot equals the
negative of the charge ratio for the incoming cation (AZa)
and the exchangeable cations (BZb) of the given ion
exchanger.60,61 Employing this approach in the cesium
and strontium exchange of the Na-W-HTB phase, the
individual distribution coefficients for 137Cs and 85Sr
were determined in nitric acid concentrations ranging
from 0.5 to 9 M and the log of these values plotted versus
log [HNO3] (Figure 7).

59

These results showed a clear linear dependence for
the exchange of 85Sr with the slope being -1.806,
demonstrating that the exchange of 2H+ within the

HTB phase for Sr2+ is the dominant ion exchange reac-
tion (Sr2+ T 2H+). In the case of 137Cs, initial exchange
appeared to conform to ideality (slope-1, Cs+TH+) at
[HNO3]e 1M), but above this concentration the slope of
the plot increased significantly to about-3.6 for 3, 6, and
9 M acid concentrations. Three possible reasons could
explain the observed deviation from ideal behavior for the
cesium exchange: (1) the selectivity coefficient, KCs/H, is
sufficiently large even though CB is still.CAwhich leads
to a suppression of the log Kd versus log [HNO3]

59 plot;
(2) the Cs+ T H+ exchange is not the dominant process
controlling the observed 137Cs Kd; (3) the site of cesium
exchange is changing with increasing acid concentration.
With respect to 1, the measured Kd values for 137Cs
adsorption at 0.5 and 1 M are exceptionally large, that
is >80 000 mL g-1, and are approaching the sensitivity
limits of the radiochemical analysis under these counting
conditions. Hence, it is possible that this could contribute
significantly to the deviation of the log Kd versus
log [HNO3] plot from linearity, but this then implies that
the slope of the plot should only take into account
the data points at higher acid concentrations where the
slope is approximately -3. The second point highlights
the reliance of the theoretical treatment on a binary ion
exchange system, namely, Cs+ T H+. In the case of
the Na-W-HTB phase, both hydronium and sodium
cations are present, and so there exists the potential
for the Na+ T 137Cs+ exchange to occur, especially
since it has already been shown that the affinity of the
Na-W-HTBphase forCs+ ismuch greater than that for
Na+ in mildly acidic solutions.33,34 Although any small
amount of Na+ exchanged is unlikely to compete against
the exchange of 137Cs+ given the difference in selectivity,
the same cannot be saidwith respect to 85Sr2+.As the acid
concentration is increased, the liberation of Na+ from
the HTB framework will potentially increase, and so the
H+ T Na+ exchange may become a significant factor.
Since the HTB materials have a unidimensional tunnel

architecture, the presence of Na+ within these tunnels
has the potential to impede ion exchange. Difficulty in
removing Na from silicotitanate ion exchangers has been
noted and ascribed to tunnel crowding effects.62 Given
that the presentmaterials have a fibrousmorphologywith
a large aspect ratio (width of nanometers and length of
micrometers), we hypothesize that it is difficult to achi-
eve complete exchange of cations sited deep within the

Figure 7. Plot of logKd (distribution coefficient;mL g-1) vs log [HNO3]
for the adsorption of carrier-free 137Cs (9) and 85Sr (b) byNa-W-HTB.
V/m = 80 mL g-1.

(59) Decaillon, J. G.; Andres, Y.; Abbe, J. C.; Tournoux, M. Solid State
Ionics 1998, 112, 143.

(60) Abe, M. In Ion Exchange and Solvent Extraction; Marcel Dekker:
New York; Vol. 12, Chapter 9, pp 381-441.

(61) Helfferich, F. Ion Exchange; McGraw-Hill Book Company: New
York, 1962.

(62) Poojary, D. M.; Bortun, A. I.; Bortun, L. N.; Clearfield, A. Inorg.
Chem. 1996, 35, 6131.
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tunnels of these crystallites. Moreover, as the exchanging
ion diffuses from both ends of the tunnels, Na+ becomes
trapped since the tunnels have diameters on the order
of only 0.35 nm. Therefore, to further explore the
contribution that the Na+ T Mx+ exchange has on the
ion exchange behavior of the parent phase, the 137Cs and
85Sr distribution coefficients for Na-W-HTB phases,
which had been pretreated with comparable acid
strengths to that employed in the log Kd versus
log [HNO3] plot experiments, were determined and are
presented in Figure 8. Since the samples of Na-W-HTB
employed throughout this study were prepared using a
washing step with 1 M HNO3, the “0 M HNO3” data
points in Figure 8 were prepared by washing the
as-prepared materials with deionized water only. In these
samples, the level of initial H+ T Na+ exchange should
have been minimized. The Na-W-HTB phase treated
with 1 M HNO3 displayed increased Kd’s for both

137Cs
and 85Sr in mildly acidic solutions. The increase was most
pronounced for 137Cs, where the 137Cs Kd increased to
∼88 000 mL g-1 from∼38 000 mL g-1 for the 0MHNO3

phase. This increase was observed for several (five)
different preparations of the “0 M” and “1 M” HNO3

Na-W-HTB samples and translates to an increase in the
percentage of 137Cs extracted from 99.8% to 99.91%.
Treatment of the Na-W-HTB phase with increasing
acid concentration decreased the measured 137Cs Kd to a
consistent value of about 60 000 mL g-1, as there was no
statistical difference between the 137Cs Kd’s measured for
the 3, 6, or 9 M acid concentrations.
The same general trend of increasing selectivity with

increasing acid concentration was observed for 85Sr
uptake. However, in this case, the increase was far more
progressive, and there was a statistically significant
increase in Kd observed through to the 6 M HNO3 data
point. The 85Sr Kd at this concentration was measured
at ∼4000 mL g-1, which was almost a 3-fold increase
from the 0 M HNO3 data point, and corresponded to
∼98% extraction of 85Sr. These results suggest that there
is a definite advantage in ensuring that any easily
exchanged Na+ is removed from the HTB phase prior
to exchange with strontium. Therefore, where the adsorp-
tion of a cation, for which the W-HTB lattice exhibits a
lower affinity than that of Sr2+, for example, Co2+, is
concerned, the presence of residual sodium (and other
competing ions) will drastically affect the observed level
of adsorption and reproducibility.

Nonetheless, the ideality observed in Figure 7 for 85Sr
adsorption demonstrates that exchange in even 1 M
HNO3 must be able to ensure that there is a sufficient
concentration of hydronium ions within the W-HTB
lattice, such that ion exchange predominately occurs via a
Sr2+ T 2H+ exchange process. Given that the 137Cs Kd

and, hence, selectivity were not dramatically affected by
Na+ present either within the W-HTB lattice or in
solution as a competing cation, this seemingly suggests
that the nonideality of the 137Cs exchange is due to a
change to the W-HTB lattice, structural or otherwise.
This conclusion is supported by the results presented in
Figure 9, where Na-W-HTB, which had been treated to
remove as much sodium as possible using 9 M HNO3,
still exhibited ideal exchange of 85Sr and nonideal ex-
change of 137Cs.
To explorewhether any structural change to theW-HTB

framework resulted from contact with increasing acid
concentrations, X-ray diffraction patterns of the Na-
W-HTB phases treated with 0-9 M HNO3 were ac-
quired and refined using Rietveld techniques. The
X-ray diffraction patterns were refined using the para-
meters derived from the previous neutron diffraction
studies as a starting point. Due to the insensitivity of
X-rays to the presence of either hydroxide or water
molecules, this led us to remove this possibility from the
associated refinements. The occupancies of the sodium
position and water molecules within the framework tun-
nels were fixed using results from the XRF and TG/DT
analyses of the respective Na-W-HTB phases, as
the initial refinement of each parameter yielded occupan-
cies which were highly improbable. In Figure 10 are
shown the individual unit cell volumes plotted along with
the respective 137Cs and 85Sr Kd values. Selected crystal-
lographic parameters are given in Table 2. The most
striking feature that arose from these structural analyses
was the decrease in the unit cell volume of the “0
M HNO3” phase from 180.8 Å3 to 180.3 Å3 for the
Na-W-HTB phase pretreated with 1 M HNO3. Treat-
ment with increasing acid concentrations resulted in
ostensibly little change to the unit cell volume, even when
the phase was contacted with concentrated HNO3.
If nothing else, this type of pretreatment with concen-
trated acid demonstrates the stability that the W-HTB
lattice has under acidic conditions. The results of the
XRF analysis and the measured sodium stoichiometry
(Na/W ratio) for the respective acid treatments are also

Figure 8. Plot of 137Cs (9) and 85Sr (b) Kd (distribution coefficient;
mL g-1) vs [HNO3], which was used to pretreat the Na-W-HTB phase
before use. V/m = 80 mL g-1.

Figure 9. Plot of log Kd (distribution coefficient; mL g-1) versus
log [HNO3] for the adsorption of carrier-free 137Cs (9) and 85Sr (b) by
Na-W-HTB treated with concentrated HNO3. The results of Figure 8
have been included for comparison as open symbols. V/m = 80 mL g-1.
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presented in Figure 10. The plots clearly demonstrate that
treatment with only 1 M HNO3 is sufficient to remove
almost 40% of the sodium present in the as-prepared Na-
W-HTB phase. Although the sodium stoichiometry con-
tinued to decrease with increasing acid concentration, the
change was relatively minor with respect to this initial de-
crease. These results strongly suggest a correlation between
the sodium stoichiometry and unit cell volume of the HTB
phase. This is perhaps not surprising given the degree of
flexibility that we have observed during the low-tempera-
ture thermal studies of Na-W-HTB and Cs-exchanged
W-HTB phases, that are reported in a companion article
in this journal.63As the simultaneous TG-DT analysis
of the phases containing variable sodium showed that
the relative hydration levels are comparable, that is,
∼5% w/w, we believe that the change in unit cell volume
is predominately a result of the level of sodium present
within the framework and not purely water content.
In light of the structural and compositional analysis of

the acid-treated Na-W-HTB phases, it appears that the
137Cs and 85Sr distribution coefficients of these materials
are influenced to varying extents by these two aspects.
Given our previous observation of the minimal competi-
tive cation effect of sodium on cesium adsorption, we
hypothesize that changes in the unit cell volume of the
Na-W-HTB phase is the predominant factor contribut-
ing to the observed 137Cs distribution coefficients for the
various acid-treated materials and indeed the overall

selectivity. Although similar considerationsmust be given
to interpretation of the 85Sr adsorption studies, the
observed 85Sr Kd continued to increase significantly
(statistically) with decreasing sodium content, while
the unit cell volumes of the W-HTB phases remained
relatively constant. Hence, we surmise that the decreasing
level of sodium present in the HTB phases is principally
responsible for the progressive increase in the 85Sr
distribution coefficient. Precisely whether this effect is
due to the increased number of ion exchange sites with
hydronium ions (rather than Na+), an increased ability
of Sr2+ to diffuse through the HTB framework, or a
decrease in liberated Na+ acting as a competing cation
against 85Sr2+ is unclear.
The results of the neutron diffraction and particularly

the 23Na solid-state NMR studies of the A-W-HTB
(A=Na, Cs and Sr) phases showed that, although there
appears to be varying degrees of positional disorder and
interaction with coordinated water for sodium, cesium,
and strontium within the tunnels of the W-HTB lattice,
each of the cations reside at, or near, the center of the
hexagonal window of the tunnel framework. On this
basis, there is little structural evidence that suggests
that two distinctive ion exchange sites exist within the
HTB framework. However, the question of unique ion
exchange sites for cesium and strontium was probed
further by determining the individual 137Cs and 85Sr
Kd’s for Na-W-HTB exchanged with macromolar
levels of inactive cesium or strontium. The exchange of
cesium and strontium was undertaken in 1 M HNO3

and the materials isolated, dried, and stored in an ana-
logous manner to that of the parent Na-W-HTB. The
maximum degree of cesium and strontium exchange
represents approximately 80% of the theoretical cation
exchange capacity (CEC) for each of the individual
cations and the Na-W-HTB phase.33,34 The 137Cs
and 85Sr distribution coefficients of variably exchanged
Cs-W-HTB and Sr-W-HTB phases were then deter-
mined individually in 1 M HNO3, and the results are
presented in Figures 11 and 12, respectively. These results
clearly show that, even with low levels of exchanged
cesium or strontium, the distribution coefficient for the
corresponding radiotracer was significantly less than
that of the parent Na-W-HTB. In the case of Cs-W-
HTB, the 137Cs Kd decreased from 88 000 mL g-1 to
18 000 mL g-1 upon exchange of only 0.02 mmol g-1

(10% of the CEC) of inactive cesium. With respect to
Sr-W-HTB, the 85Sr Kd decreased from 2544 mL g-1

to 254 mL g-1 upon exchange of only 0.019 mmol g-1

Figure 10. (a) Plot of Na/W ratio determined by XRF as a function
of the acid concentration used for pretreatment and (b) 137Cs (9) and
85Sr (b)Kd (distribution coefficient; mL g-1) and refined unit cell volume
(Å3, 2) vs Na/W ratio for Na-W-HTB treated with varying [HNO3].

Table 2. Crystallographic Parameters for Na-W-HTB Phases Treated with
Increasing Concentrations of Nitric Acid

Rp Rwp cell (Å3) a (Å) c (Å) Na

0 M 2.93 4.94 180.828(6) 7.327(2) 3.889(1) 0.17(8)
1 M 2.97 4.94 180.354(4) 7.320(6) 3.886(0) 0.13(9)
3 M 2.94 4.88 180.377(0) 7.322(1) 3.884(8) 0.13(3)
6 M 2.92 4.81 180.334(6) 7.321(8) 3.884(3) 0.13(1)
9 M 3.24 6.21 180.307(3) 7.322(0) 3.883(5) 0.12(5)

Figure 11. Plot of 137Cs (9) and 85Sr (b) Kd (distribution coefficient;
mL g-1) vs cesium-exchange level in Cs-W-HTB. V/m = 80 mL g-1.

(63) Luca V.; Griffith, C. S.; Hanna, J. V. Inorg. Chem. 2009, 48, DOI:
10.1021/ic801295c.
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(16% of the CEC) of inactive strontium. At the maxi-
mum level of cesium and strontium exchange for the
Cs-W-HTB and Sr-W-HTB phases, the 137Cs and
85Sr Kd’s decreased further to 613 and 75 mL g-1,
respectively.
In comparison, the data from the exchange of 85Sr

for the variably exchanged Cs-W-HTB phases showed
significantly different behavior. Exchange of up to
0.036 mmol g-1 (∼18% of the CEC) of cesium in fact
resulted in a statistically significant increase in the 85Sr
distribution coefficient. With higher levels of cesium
exchange, the 85Sr distribution coefficient progressively
decreased to 651 mL g-1 at the maximum level of
exchange. For the exchange of 137Cs with variably
exchanged Sr-W-HTB, even at the lowest level of
strontium exchange, a decrease of the 137Cs distribution
coefficient to 55 000mL g-1 was observed, but as the level
of strontium exchange increased, statistically the 137Cs
distribution remained unaltered.
The power of employing radioanalytical methods to

study ion exchange reactions lies first in the analytical
efficiency of such an approach but also because the
extremely low concentrations of the radioisotope in-
volved means that the site of exchange for one cation is
likely to be significantly removed from that of another
cation exchange, assuming that there is a significant
excess of ion exchange sites. Such a scenario means
that the subtle features of the individual ion exchange
reactions can be probed without interference arising from
exchange at adjacent sites, that is, saturation effects.
If one first considers the results from the increa-
sing macromolar levels of cesium and strontium
exchange, it is not surprising that the distribution coeffi-
cients for 137Cs and 85Sr, respectively, concomitantly
decrease as the sites for 137Cs and 85Sr exchange become
less prolific. Increased levels of exchange increase the
likelihood of an empty ion exchange site being close to,
or adjacent to, an already occupied (with an inactive
cation) ion exchange site. Moreover, the degree of repul-
sion between incoming 137Cs and 85Sr cations and cations
already exchanged within the tunnels would also be
expected to increase and suppress the observed distribu-
tion coefficient. This effect has been referred to by several
researchers as the “field gradient” of a given ion exchange
phase and is often responsible for the selectivity reversal
of an ion exchanger as its capacity for a given cation is
approached.59 Similar factors are also applicable if one
considers that only a single type of ion exchange site is

present and the exchange of a cation which is now dif-
ferent from that which already resides at the ion exchange
site occurs. However, in the case where two unique ion
exchange sites are present, with their own unique selec-
tivity for given cations, a degree of “insulation” of the
selectivity of the ion exchange phase for the incoming
cation, from the level of a different cation already residing
in the ion exchanger, would be expected. This scena-
rio appears akin to the results obtained for the exchange
of 85Sr and 137Cs by the variably exchanged Cs-W-HTB
and Sr-W-HTB phases, respectively.With the existence
of potentially unique ion exchange sites, the eventual
decrease in the 85Sr distribution coefficient at cesium
exchange greater than 0.036 mmol g-1 could be rationa-
lized by the expectation of increasing difficulty of a
divalent cation to diffuse to the available ion exchange
sites of the Cs-W-HTB phase as the level of cesium also
increases. The selectivity of the variably exchanged
Sr-W-HTB phases for 137Cs certainly demonstrates
that the level of macromolar strontium does not appear
to dictate the 137Cs selectivity to any large degree. How-
ever, does this necessarily support the possibility of two
unique ion exchange sites for cesium and strontium?
First, consider that the maximum strontium exchange
of 0.08mmol g-1 is still less than the calculated theoretical
exchange capacity for strontium of 0.12 mmol g-1.
Although this appears quite close to the theoretical capa-
city, in terms of a monovalent cation (such as 137Cs+),
this actually equates to 0.08 mmol g-1 of remaining
capacity, or approximately 4 � 10-6 remaining ion
exchange sites per contact experiment. Given that the
amount of 137Cs radiotracer employed in each experiment
is on the order of picomoles, it would appear that only
at the upper levels of strontium exchange might the 137Cs
selectivity be drastically impacted by saturation effects.
The increase of 85Sr Kd’s at low levels of Cs exchange is
then most probably an artifact of the initial cesium
exchange where any easily exchangeable sodium from
the W-HTB framework is removed (by H3O

+ or Cs+

exchange), thereby limiting competitive cation effects
during the adsorption of 85Sr.
3.4. Molybdenum Doping of the HTB Framework. As

we have reported previously,33 a proportion of the tung-
sten in the W-HTB framework can be substituted
for molybdenum through the incorporation of sodium
molybdate during hydrothermal synthesis. These phases
are poorly crystalline as judged from their X-ray diffrac-
tion patterns. Moreover, the progressive loss of the [001]
reflection with an increasing atom percent content of
molybdenum indicated that the HTB lattice contained
significant disorder in the a-b plane. It should be
noted again that the difficulty in extracting meaningful
structural data from these materials using scattering
techniques was the reason we focused on the parent
Na-W-HTB phase in this study. We also reported that
substitution of about 3%ofmolybdenum for tungstenwas
the optimum level, which resulted in an increase in selec-
tivity for Sr (in 1.0 M HNO3), and that the apparent
order of selectivity for the HTB phase corresponded to
Cs . Sr, Ca > Na > K. Given the subtle differences
observed for 137Cs and 85Sr selectivity, w.r.t. cation load-
ing, and so forth in the investigations outlined above,

Figure 12. Plot of 137Cs (9) and 85Sr (b) Kd (distribution coefficient;
mL g-1) vs strontium-exchange level of Sr-W-HTB in 1 M HNO3.
V/m = 80 mL g-1.
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we decided to revisit a series of Mo-doped HTB phases

(0-20% Mo content) using radioanalytical techniques.
The series of molybdenum-doped HTB phases investi-

gated (Moy-W-HTB, y = doping level atom %) was
prepared using the previously outlined synthetic pro-
cedure at y=0, 5, 10, and 20. The compositional analyses
of the molybdenum-doped phases by STEM-EDS re-
vealed molybdenum atom percentages of 7, 13, and
24 atom % for the three phases, namely, Na∼0.13-
Mo0.07W0.93O3 3 zH2O, Na∼0.06Mo0.13W0.87O3 3 zH2O, and
Na∼0.05Mo0.24W0.76O3 3 zH2O and, as such, were margin-
ally higher than the target levels.
The XRD patterns of these four phases are shown

in Figure 13 and are consistent with those reported
previously. Analysis of the parent Na-W-HTB phase
(y = 0) by STEM revealed that the phase consisted of
well-formed, rod-shaped crystallites (Figure 14a and b).
The aspect ratio of the observed crystallites was about
10 (length/width), with the largest particles observed
being about 1 μm in length (Figure 14a). Compositional
analysis of a range of particle sizes by EDS revealed
no observable differences between the crystallites and
compositions which were consistent with that reported
for material treated in accord with themethod outlined in
the Experimental Section. Micrographs from the STEM

examination of the Moy-W-HTB (y = 7, 13, and 24)
phases are shown in Figure 14c and d, e and f, and g
and h, respectively. These results appear to indicate a
progressive shift from well-formed, rod-shaped crystal-
lites (parent Na-W-HTB phase) to thin fibrils (Mo20-
W-HTB) as the level of molybdenum incorporation was
increased. Furthermore, “clumping” of smaller crystallites
appeared more prominent as molybdenum incorporation
was increased.
Given that the preparation of specimens on holey

carbon grids for STEM analysis is prone to sampling
inconsistencies, we also attempted to determine the bulk
particle size characteristics of each phase using laser
diffraction. The determined particle size distributions
for the y = 0-24 samples are presented in Figure 15.
The plots demonstrate that as Mo atom percentage was
increased from 0 to 24 atom%, the mean particle size for
the bulk materials progressively decreased from 10.3 to
4.33 μm. This physical trait should be considered further
when assessing the ion exchange properties (see later).
What was also apparent was the range and bimodal
nature of the y=0 and 7 materials’ particle size distribu-
tions. Both of these materials appeared to contain smaller
particles of about 0.12 μm size, and from analysis of
the distribution plots for various preanalysis runs, we
believe that this smaller size fraction is due to the degree
of ultrasonics required to successfully disperse these
samples. The range of particle sizes present in the y = 0
samplewas also reflected in the analysis of the particle size
data (Table 3) where both the Dv90 and Dv50 values for
the y = 7 sample were about half that of the former.
However, this trend does not continue with the y = 13
and 24 sample’s Dv90 or Dv50 values, as the presence
of the 0.12 μm fraction tends to skew the values toward
smaller particle sizes. Regardless, the particle size
determinations clearly demonstrated that, for the “bulk
samples”, increased molybdenum-doping leads to a
steady decrease in the average particle size, which is in
accord with the general trend observed by STEM.
Extensive examination of the Moy-W-HTB (y = 5,

10, and 20) phases (and a duplicate series) by STEM-EDS
confirmed the level of molybdenum incorporation and
demonstrated that all samples were monophasic. First,
with increasing molybdenum content, the level of sodium
concomitantly decreased, to the point where, for the
Mo20-W-HTB phase, the level of sodium was close

Figure 13. Powder X-ray diffraction patterns of Mox-W-HTB with
(a) x= 0, (b) x= 5, (c) x = 10, and (d) x = 20 atom%.

Figure 14. STEM micrographs of (a and b) Na0.14WO3 3 zH2O, (c and d) Na∼0.13Mo0.07W0.93O3 3 zH2O, (e and f) Na∼0.06Mo0.13W0.87O3 3 zH2O, and
(g and h) Na∼0.05Mo0.24W0.76O3 3 zH2O.
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to the practical detection limit (∼Na0.05) of the EDS
analysis. This could be due to the decreasing particle size
(about 10 f 4 μm) allowing more ready exchange of
sodium, but we believe that the increasing disorder of the
lattice with increasing molybdenum is the most likely
reason. The levels of molybdenum-doping indicated by
the EDS analyses were surprising given our previous
investigations, which indicated that the solid-solution
limit for molybdenum in the HTB phase was only about
3-5 atom %. Reanalysis of the materials employed for
our first study has revealed compositions consistent with
those found for the materials synthesized as part of this
study, and we suggest that the initial analyses may have
been affected by incorrect calibration of the EDS system.
However, the precise reason remains unclear. Nonethe-
less, the selectivity of the variably molybdenum-doped
phases (duplicates) for 137Cs and 85Sr from 1.0 M HNO3

were investigated, and the associated distribution coeffi-
cients are presented in Figure 16. In the case of the 137Cs
distribution coefficients, the observed behavior was very
different from that of 85Sr with the 137Cs Kd decreasing
dramatically on incorporation of molybdenum. The
observed 137Cs Kd decreased from 90 000 mL g-1 for
the parent Na-W-HTB phase to 45 000 mL g-1 for
the Mo5-W-HTB phase, then down to 25 000 mL g-1

for the Mo20-W-HTB phase. Increased molybdenum
doping of the W-HTB framework had a positive effect
on the selectivity for strontium, with the Kd increasing
from 2500 mL g-1 for the parent Na-W-HTB to
6500mL g-1 for theMo10-W-HTBphase. Statistically,
there is no difference between the 85Sr Kd for the Mo10-
W-HTB andMo20-W-HTBphases. Importantly, both
of the trends in selectivity and individual reproducibility
were reconfirmed for 137Cs and 85Sr adsorption with
a duplicate series of Moy-W-HTB (y = 0-20) phases.
In our initial report on molybdenum incorporation,

similar behavior to that presented here for strontium was

observed; namely, about 10 atom%Mowas the optimum
substitution level for molybdenum. However, the radio-
analytical investigations of this study demonstrate that
any incorporation of molybdenum into the HTB frame-
work has a deleterious effect on its selectivity for cesium.
We believe this behavior is intimately linked to the
increasing disorder of the W-HTB framework with
increasing molybdenum content, as this would also
disrupt the structure of the tunnel ion exchange sites.
Indeed, it is our hypothesis that this applies for all cations
which are strongly bound by the W-HTB framework.
Where theW-HTB framework exhibits lower affinity for
a cation, such as Sr2+, the presence of competitive cations
such as sodium has the potential to dominate the ion
exchange behavior. In the case of molybdenum doping,
we believe that this is the reason for the increase in affinity
with increasing molybdenum, given the decreased level of
sodium in these samples. Hence, we find a recent report64

purporting that molybdenum doping of the W-HTB
framework does not result in a systematic change to the
selectivity, quite puzzling in light of the investigations
reported here and numerous other studies by our group.
We suspect that the influence of the (not so) subtle effects
of competitive cation concentration, adsorbed cation
speciation, and ion exchange site structural aspects have
been neglected by these researchers.

4. Conclusions

The structural investigations of the hexagonal tungsten
bronze framework using neutron scattering, X-ray diffrac-
tion, and MAS NMR studies all point to the tunnel cations
residing at the middle of the hexagonal tunnel windows
formed by the corner-sharingW octahedra, as found initially
byReis and co-workers. This study has unequivocally shown
that the selectivity of the W-HTB framework for cesium is
defined by the structure of the hexagonal window, ion
exchange site. Compromising the geometry of this window
even in the slightest way by either (1) varying the cell volume
through changes to hydration or sodium content or (2)
introducing disorder in the a-b plane through molybdenum
doping is sufficient to reduce the selectivity.
The structural investigations and interpretations thereof

also indicate that strontium resides at a similar position to
cesium but that the positional disorder and mobility of
species within the tunnels are higher than in the case
of cesium. This study has unequivocally shown that the affi-

Figure 15. Volume percentage versus particle size (μm) plots for
Mox-W-HTB (x = 0, 5, 10, and 20 atom%) phases.

Table 3. Particle Size (μm) Data for Bulk Moy-W-HTB (y = 0, 5, 10, and
20 atom %) Phases Determined Using Laser Diffractiona

Mo atom% Dv10 Dv50 Dv90

0 0.596 7.432 32.873
7 0.153 4.182 13.842
13 1.457 5.346 14.842
24 1.525 4.247 10.787

aDv10 = 10%< x; Dv = 50% < x; Dv90 = 90% < x.

Figure 16. Plot of 137Cs (9) and 85Sr (b) Kd (distribution coefficient;
mL g-1) versus x (Mo atom%) in 1 M HNO3. V/m = 80 mL g-1.

(64) Smith, S. V.; Fuchs, A.; Kennedy, S. J. Labelled Comps. Radiopharm.
2005, 48, S12–S18.
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nity of the W-HTB framework for Sr2+ is less than that of
Cs+ and is most probably due to the slightly smaller effective
size of Sr2+; namely, it is less of a good fit for the hexagonal
window, ion exchange site. The effect of competing cations
(Na+, K+, and Ca2+) is far greater in the case of Sr2+, and
this is a particularly important aspect to appreciate since
there is always Na+ present in the Na-W-HTB phase. As
such, any interpretation must be conducted as a ternary
exchange system, namely, a H+/Na+solid-Mx+solution.
The strong link between the residual sodium content of the
Na-W-HTB or Moy-W-HTB phases and the observed
85Sr Kd leads us to propose that this is the principal factor
defining the affinity of the phases. Clearly, the influence of
competing cations is crucial to the adsorption of cations for
which the W-HTB lattices display even less affinity.

It is poignant to note that direct comparison of our
previous observations of cesium and strontium selectivity
for variably molybdenum-doped W-HTB phases and the
radiotracer results reported here are somewhat difficult given
themilligramper liter concentrations employed for our initial
studies. However, it is highly likely that, for the adsorption
of macro quantities of cesium and strontium, our initial
results were influenced by both “selectivity” and “capacity”.
In the current radiotracer study, we are certainly not obser-
ving any influence due to “capacity”, given the nanomolar
quantities employed.

Supporting Information Available: Neutron diffraction re-
finement plots are available, in addition to crystallographic
parameter tables. This material is available free of charge via
the Internet at http://pubs.acs.org.


