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Highlights
e A simplified synthesis of Zr and Hf phosphate ion exchangers is presented
e Direct comparisons of the capacity and selectivity for Cs* of crystalline, alpha zirconium and
hafnium phosphates, and their amorphous analogues is provided
¢ The main factor controlling Cs-exchange capacity and selectivity is crystallinity: more
amorphous analogues (either Zr or Hf) exhibit considerably better exchange behavior
¢ Amorphous Hf-phosphate exhibits higher selectivity and capacity for Cs* than the Zr-analogue,
which may be attributed to the inherently poorer crystallinity of the Hf-phases



Abstract

Removal of radioactive Cs from sodium-rich solutions is a technical challenge that goes back to
post World War II nuclear waste storage and treatment; and interest in this topic was reinvigorated
by the Fukushima-Daiichi nuclear power plant disaster, 10 years ago. Since the 1960’s there has
been considerable focus on layered Zr phosphates as robust inorganic sorbents for separation of
radionuclides such as Cs. Here we present synthesis and characterization, and direct comparison
of Cs sorption capacity and selectivity of four related materials: 1) crystalline a-Zr phosphate and
o-Hf phosphate, and 2) amorphous analogues of these. Powder X-ray diffraction,
thermogravimetry, solid-state 3'P magic angle spinning nuclear magnetic resonance (MAS-NMR)
spectroscopy, and compositional analysis (inductively coupled plasma optical emission
spectroscopy and mass spectroscopy, ICP OES and ICP MS) provided formulae; respectively
M(HPO4)2-1H20 and M(HPO4)2-4H20 (M=Hf, Zr) for crystalline and amorphous analogues.
Maximum Cs loading, competitive Cs-Na selectivity and maximum Cs-Na loading followed by
the above characterizations plus '*Cs MAS-NMR spectroscopy revealed that amorphous
analogues are considerably better Cs-sorbents (based on maximum Cs-loading and selectivity over
Na) than the well-studied crystalline Zr-analogue. Additionally, crystalline a-Hf phosphate is
better Cs-sorbent than crystalline a-Zr phosphate. All these studies consistently show that Hf
phosphate is less crystallize than Zr phosphate, when obtained under similar or identical synthesis
conditions. We attribute this to lower solubility of Hf phosphate compared to Zr phosphate,

preventing ‘defect healing’ during the synthesis process.

Introduction

Inorganic layered metal oxides are of significant interest for many scientific applications
due to their diverse and tunable compositions, and post-synthesis processability. Post-synthesis,
they can be delaminated to achieve high surface area for catalysis, ion-exchanged (both cations
and anions) to remove contaminants, and pillared by large ions and molecules to increase gallery
space and provide function.! With redox-active or acidic metals, layered materials can be used for
catalysis, electrochemistry, ion conduction, energy generation and storage.’

As ion-exchangers and sorbents, layered materials are generally endowed with high
exchange capacity and rapid exchange kinetics. Post World War II legacy nuclear wastes has

spurred decades of research targeting removal of radioactive Cs* (Cs-137) and Sr** (Sr-90) from



highly alkaline, Na-rich solutions (~ 2 molar Na) at the Hanford and Savannah River waste storage

facilities.>”” Studied ion exchangers for nuclear waste treatment include layered oxide materials,’
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naturally occurring clays and zeolites,*!! zeotypes, amorphous and semicrystalline

1519 and various other cation-exchangeable frameworks.?®?*> There has been a

materials,
resurgence of interest in ion exchange materials selective for Sr** and Cs”™ over Na* during the last
10 years, since the core-meltdown of the Fukushima-Daiichi nuclear power plant followed by
release of these radionuclides into the environment.?* %’

Broadly speaking, nano-porous (zeolites and zeotypes) materials, layered materials (clays
and synthetic oxides), and amorphous/semicrystalline materials all offer different advantages as
ion exchangers. Layered materials, due to 2-dimensional access and expandability of the
exchangeable space, exhibit rapid exchange kinetics and high exchange capacity, yet poor
selectivity. Conversely, nano-porous materials may have lower exchange capacity and slower
exchange rates within the 1-dimensional tunnels, yet higher selectivity based on pore size and
bonding geometry within the tunnels and pores. Finally, amorphous or poorly crystalline materials
have high surface area with multiple exchange sites, but they are difficult to synthesize
reproducibly, and their exchange mechanisms are poorly understood.

Layered zirconium phosphate (ZrP) and hafnium phosphate (HfP) and their poorly
crystalline analogues are of particular interest due to their stability in high temperatures and highly
acidic conditions (as well as alkaline conditions). Structures and some ion exchange properties of
amorphous and crystalline ZrP have been previously described by Clearfield**°, and studies of
these continue to date.>!>* Notably, the vast majority of the studies have been performed on ZrP;
likely due to its cost (~60% less than Hf) and presumption that Hf is chemically identical to Zr. The
crystalline forms are typified by the chemical formula, Zr(HPOs)2:1H20*% known as a-Zr
phosphate (abbreviated a-ZrP). Briefly, in a-ZrP, Zr*" is 6-coordinate with bond lengths ~2.1 A
and shares all six corners with POs-tetrahedra. Each PO4 shares three corners with ZrOs, and the
fourth oxo (corner) binds a proton, pointing into the inner layer space (figure 1). The layers stack
in the c-direction, and lattice water resides in the interlayer space. The structure of the Hf-analogue
(HfP) has not been determined by single-crystal X-ray diffraction; however, Rietveld analysis of
PXRD data*® and neutron powder diffraction studies’’ describe it as isostructural, but with
different ion exchange behavior. The amorphous forms are not represented in any ideal chemical

formula and their exact structure is not known.
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Figure 1. Two views of prior-reported o-M(HPO4)2: 1H20;**7 left is view down the c-axis
and right is view down the g-axis. Zr/Hf polyhedra are silver, phosphorous polyhedra are
pink. Water molecules are depicted as black (hydrogen) and red (oxygen) spheres.
Hydrogen bound to the phosphates are also black.

Traditionally, the synthesis of crystalline ZrP involved a starting material of a zirconium
salt, most often ZrOCl2-8H20, mixed into high concentrations of H3POs or lower concentrations
with addition of HF as a mineralizer.?3*4° The HF-process is potentially dangerous and involves
repeated heating and refluxing.?®2% 4% This method for synthesis is not ideal from a safety or
efficiency prospective. On the other hand, the reported syntheses of amorphous ZrP does not
require refluxing nor the use of HF.** Overall, studies of amorphous and crystalline ZrP are
relatively abundant, while studies of amorphous and crystalline HfP are far scarcer,?83%-33-41

Ion exchange studies have been most commonly conducted using crystalline ZrP with
alkalis, primarily Cs, assessing their utility in nuclear waste treatment.*'* Many of the results
indicate Cs ion exchange efficacy for crystalline ZrP. Despite all these studies, there are few that
provide side-by-side comparison and analysis of crystalline and amorphous Zr and Hf layered
phosphates, or comparison between Zr and Hf analogues, and this was one of the main motivations
for this study.

Here we present a simplified synthesis of crystalline ZrP and HfP, in addition to a
comparative characterization and ion exchange study of both crystalline and amorphous ZrP and
HfP. Characterizations included 3'P and '**Cs solid-state MAS NMR (magic-angle spinning
nuclear magnetic resonance), thermogravimetry, X-ray powder diffraction (PXRD), and
compositional analyses of ion exchange solids and solutions (via ICP OES and ICP MS,

inductively coupled plasma - optical emission spectrometry/mass spectroscopy). We correlate



higher selectivity and capacity for Cs with poorer crystallinity, amongst the family of compounds.
For material obtained under identical synthesis conditions, amorphous HfP shows higher
selectivity and capacity for Cs" in the presence of Na than amorphous ZrP. The crystalline
analogues, although with far poorer Cs-sorption performance, also show this same trend, with
better performance for the Hf-analogue. PXRD of both amorphous and crystalline materials
suggests that HfP phases exhibit inherently higher disorder than the ZrP phases, and we attribute
this to poorer solubility of the Hf-phosphates in water, meaning ‘annealing processes’ are not so
effective during the hydrothermal treatment. Therefore, we correlate the better Cs-sorption
performance of the HfP analogues to their poorer crystallinity, defining a clear path to further

optimization of these robust ion-exchange materials.

Experimental

Synthesis of amorphous ZrP and HfP. Amorphous ZrP was synthesized with
ZrOCl2+8H20 (0.123 g) as the starting material. Teflon liners to Parr hydrothermal (23 ml) reactors
were charged with the starting material plus DI-H20 (10 mL). Under continuous stirring, H3PO4
(aq., 170 puL, 14.7 M) was added into the mixture. The final ratio is 6.5:1 P:Zr. The Teflon reactors
were sealed in the stainless steel Parr vessels and placed into an oven at 120°C for 24 hours. After
cooling, the contents of the Teflon containers were poured into a centrifuge tube for washing and
separation of the solids. The white gel-like samples were rinsed with DI-H2O and were
subsequently centrifuged. This cycle of washing and centrifuging was conducted at least three
times. Following washing and separation, the product was dried in vacuo until no water or moisture
was observed. Amorphous HfP was prepared using the same method as amorphous zirconium
phosphate, except the starting material was HfOCl2+8H20 (0.156 g).

Synthesis of crystalline ZrP and HfP. Crystalline ZrP was synthesized with
ZrOCl2+8H20 (1.23 g) as the starting material. Teflon liners to Parr hydrothermal (23 ml) reactors
were charged with the starting material plus DI-H20 (10 mL). Under continuous stirring, H3PO4
(aq., 1.7mL, 14.7 M) was added into the mixture. The final ratio is 6.5:1 P:Zr. The Teflon reactors
were sealed in the stainless steel Parr vessels and placed into an oven at 220°C for 24 hours. After
cooling, the contents of the Teflon containers were poured into a centrifuge tube for washing and
separation of the solids. The white powders were rinsed with DI-H20 and were subsequently

centrifuged. This cycle of washing and centrifuging was conducted at least three times. Following



washing and separation, the product was dried in vacuo until no water or moisture was observed.
Crystalline HfP was prepared using the same method as crystalline ZrP, except the starting material
was HfOClL2#8H20 (1.56 g). This also gave a final ratio of 6.5:1 P:Hf.

Powder X-ray diffraction (PXRD). PXRD analysis was conducted on a Rigaku Miniflex
with a Cu source for Ka radiation (A = 1.5406 A). Measurements were collected from 20 = 2° -
60° with a step size of 1.5°/s. Samples were first ground to a fine powder with a mortar and pestle
and pressed firmly and flat with a microscopic glass slide into a sample holder.

Scanning electron microscopy - energy-dispersive X-ray spectroscopy (SEM-EDX).
SEM-EDX was conducted on a FEI Quanta 600F for imaging and estimating elemental
compositions. Samples were mounted on a double sided conductive carbon adhesive tape atop a
clean SEM sample holder. The samples were coated with gold on a Cressington 108SE sputter
coater to improve conductivity and reduce charging.

Thermogravimetry (TGA) TGA data were obtained from a TA Instruments SDT Q600
scans with air as a carrier gas (100 mL min™"). The samples (~15 mg each) were heated from room
temperature to 800 °C at a heating rate of 10 °C min".

MAS-NMR The solid state *'P and '**Cs magic angle spinning (MAS) NMR spectra were
obtained on a Bruker Avance Il instrument operating at 243.0 MHz and 78.7159 MHz, respectively.
A 4 mm broadband MAS probe was used, with a spinning speed of 10 kHz at room temperature.
The 1D direct polarization (DP) *'P MAS spectra were obtained using a single pulse Bloch decay
with high power TPPM 'H decoupling, using a 240s recycle delay and 32 scan averaging. The 'H-
3P cross polarization (CP) MAS NMR spectra were obtained ramped contact CP pulse with a 1
ms contact time. The 1D DP '33Cs MAS NMR spectra were obtained using a 1 s recycle delay with
256 scan averages. The *'P and '**Cs chemical shift was references to the external standard
phosphoric acid §(*'P) = 0.0 ppm and 1M CsCl §('*Cs) = 0.0 ppm.

Ion exchange Three studies were performed with the four studied materials: a competitive
sorption study between Cs and Na matrix, a maximum Cs-Na loading study, and a maximum Cs
loading study. Crystalline or amorphous ZrP and HfP (20-50 mg) were used for each study. For
maximum Cs loading, CsCl (5 mL, 0.5 M) was used. For the maximum Cs-Na loading studies,
CsCl (2.5 mL, 1.0 M) was combined with NaCl (2.5 mL, 1.0 M). For the competitive sorption
study between Cs and Na matrix, the ZrP and HfP samples were exposed to a matrix solution (50

mL) composed of CsCl (0.5 M) and NaCl (0.6 M). We sampled the Cs concentration remaining



before and after contact with the solutions using inductively coupled plasma optical emission
spectroscopy (ICP-MS). Ion exchanged samples containing high concentrations of Na* ions were
diluted 20-fold to reduce matrix effects and plasma loading prior to the analysis of Cs by ICP-MS.
The calibration curve for Cs is shown in figure S1.

Compositional analysis of ZrP/HfP materials and ion exchange solutions. Solid
samples were isolated from exchange solutions by centrifuging and washing with water to remove
any excess surface-adsorbed alkali. They were then digested in a minimal amount of HF (5%, 1
mL) and diluted for analysis with HNO3 (2%, 25 mL). ICP-OES and ICP-MS was conducted on a
Spectros Arcos I ICP-OES for elemental analysis of P, Hf, and Zr and on a Thermoscientific iCAP
RQ ICP-MS for elemental analysis of Cs and Na. Prior to analysis, all samples were further diluted
with 2% HNO3 (5-fold for ICP-OES and 125 to 5000-fold for ICP-MS)..

Results and Discussion

The syntheses presented here are very simple, without use of HF and refluxing. We believe
hydrothermal processing instead of refluxing can improve reproducibility and also simplifies the
apparatus. The only difference between the protocol for obtaining amorphous vs. crystalline
product is the temperature, respectively 120 °C and 220 °C. PXRD analysis confirmed identify of
crystallized o-Zr/Hf phosphate®**7 for the crystalline samples (figure 2). A similar approach was
reported recently for Zr analogues.*® The broad diffraction peaks of the amorphous analogues do
not align with the diffraction peaks of the a-Zr/Hf phosphate, meaning they are not simply smaller
particles of the crystalline phases. They are similar to each other, and notably the ZrP phase has a
broad peak below 10° 20, suggesting an interlayer spacing; and this will be discussed later. This
peak is not so evident in the HfP phase, but other broad peak positions are similar between the Zr
and Hf analogues. Compositional analysis by ICP-OES unambiguously showed the 2:1 P:M (M =
Hf, Zr) in both the crystalline and amorphous phases (ranging from 2.002 — 2.046, P:M). The
compositions are summarized in Table 1, along with those for the ion-exchanged samples that will
be discussed throughout the text. Since the materials are synthesized hydrothermally with a ~6:1
P:M ratio, this unalterable ratio of 2:1, even for the amorphous materials, is likely a reflection on
the poor solubility of Zr/Hf-HPOs4 ion pairs in the applied synthesis conditions. SEM images

(figure 3) show thin plates and sheets on the scale of micrometers and nanometers for the



crystalline analogues. On the other hand, the amorphous ZrP and HfP show no such features at

this scale; and they have almost a glassy appearance.

Table 1.

Summary of composition of acid forms and ion exchanged forms of ZrP and HfP (amorphous

and crystalline)

Material Acid form' Maximum Cs-loading? Cs-Na competition®
Amorphous ZrP | Zr(HPO4):24H>0 | CsoasZr(Ho76PO4)22xH,O | Csp.55Nag.019Z1(Ho.715PO04)2xH,0
Amorphous HfP | Hf(HPO4),4H0 | Cso4sHf(Ho77PO4)22xH20 | Csi.s0Nag.osoHf(Ho225PO4)22xH,0
Crystalline ZrP | Zr(HPO4),*1H,0 | Cs.033Z1r(Ho.98PO4)22xH,0 | Csg.018Nao.0023Z1(Ho.909PO4)2exH,O
Crystalline HfP | Hf(HPO4):°1H>O | Cso.037Hf(Ho.98PO4)2xH20 | Cso.024Nag.150Hf(Ho.913PO4)22xH,O

!pased on ICP OES, ICP MS and TGA
’based in ICP OES and ICP MS, water content not determined
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Figure 2. PXRD of amorphous (A) and crystalline (B) ZrP and HfP. Also shown is the
simulated peak positions for a.-Hf{HPO4),*1H,0.%**’




Figure 3. SEM images of (A) crystalline ZrP, (B) crystalline HfP, (C) amorphous ZrP, and (D)
amorphous HfP

Thermogravimetric analysis (TGA) for all four samples are compiled in figure 4. Crystalline ZrP
and HfP show two distinct weight loss events, respectively below 200 °C and between 400 —
600 °C. On the other hand, the amorphous analogues exhibit less distinctive weight loss curves
from room temperature to approximately 800 °C. The thermal decomposition of the crystalline

phases, can be described as:

M(HPO4)2xH20 — M(P207) + (x+1)H20 (1)

The 12% weight loss for crystalline ZrP corresponds with exactly 2 water molecules, meaning x=1,
with a formula of Zr(HPO4)2¢1H20. This is exactly consistent with the prior reported o-ZrP.
Alternatively, we could describe the formula as Zr(PO4)222H30, especially given the well-known
ion-exchange behavior of the compound; and MAS NMR provides a more informed analysis
(discussed later). The crystalline HfP has 10% weight loss, also consistent with a formula of

Hf(HPO4)221H20 or Hf(PO4)222H30. The amorphous analogues do not exhibit the second high



temperature distinct weight loss event, and the total volatile content removed by heating to 800 °C
is 14 wt % and 17 wt % respectively for amorphous HfP and amorphous ZrP. Amorphous Zr and
Hf analogues both have ~four water molecules per formula unit based on TGA. In sum, the TGA
and ICP-OES analyses together provide formulae for the amorphous materials of Hf(HPO4)224H20
and Zr(HPOa4)2+4H>0.
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Figure 4. Thermogravimetric analysis for the crystalline HfP and ZrP, and amorphous HfP and
ZrP.

3P NMR. 3'P NMR. The 3'P direct polarization (DP) MAS NMR spectra for the
crystalline ZrP and HfP is shown in figure 5a and revealing a dominant peak at & = 18.9 ppm (ZrP)
and d ~ -13.0 ppm (HfP). The +6 ppm higher frequency shift (more positive 6) of HfP is consistent
with previous studies of different types of Zr and Hf phosphate. For example, the ~ +6 ppm high
frequency shift with Hf substitution in CsZr2FsPO4-4H20 (8 = -15.7 ppm) and CsHf2FsPO4-4H20
(8 =-10.0 ppm)*, the +7 ppm high frequency shift with Hf substitution in the P(OHf)4 (8 = -16.89
ppm) and P(OZr)4 (8 -24.04 ppm) environment in NASICON materials.* These shifts result from
the polarizability of the metal cation and changes in the P-O bond strength.***” In the P(OM)4
(M=Zr, Hf) series, the difference between the Hf and Zr species has also been attributed to the role

of f-electrons in shielding of the phosphorous nuclei.*’



The 3'P MAS NMR spectra also offer some insight about the location of the protons in the
crystalline ZrP and HfP. Crystalline ZrP has a single *'P peak at -18.9 ppm (FWHM=166 Hz, see
figure 5a and Table S1) that is also observed in the CPMAS NMR experiment. However, the peak
observed by CP is ~12x weaker and most likely reflects non-optimized CP MAS conditions. The
peak position is fully consistent with prior reports®® and reflects that a single P environment is
present in this material and corresponds to a P connected to 3 Zr metal centers through a bridging
oxygen (corresponding to a Q3 nomenclature).*® The crystalline HfP analogue is different. There
are four resonances observed in the >'P DP MAS NMR spectrum. Three are very minor, accounting
for ~5% total of the integrated peak area (Table S1). The two nearly overlapping peaks (-13.0 and
-13.2 ppm, respectively 126 Hz and 465 Hz peakwidth) are present in ~1:1 ratio (figure 5, Table
S1) and still correspond to Q P environments. Interestingly, only the former narrower peak (5 = -
13.0 ppm) is observed in the '"H->'P CPMAS NMR experiment. This suggests the peak at -13.2
ppm corresponds to a P environment with a very weak 'H-3'P dipolar coupling, perhaps due to
rapid exchange with water.** Deprotonation of this phosphorous would be expected to have a
significant impact (~ 10 ppm shift) on the chemical shift, as seen in deprotonated ZrP materials
and therefore is not a consistent argument.’® The small difference in the chemical shift between
these two P environments may reflect subtle variations in the hydration and the extent of hydrogen
bonding for the -13.2 ppm environment.’! Nonetheless, there are two chemically distinct P-sites

in crystalline HfP, and there is only one in the analogous crystalline ZrP.
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Figure 5. 3'P MAS NMR of crystalline ZrP and HfP. The left side of a, b and c is the direct
polarization (DP) 3!P spectra, and the right side is the 'H->'P cross-polarization (CP) *'P spectra.
a) crystalline ZrP, b) crystalline HfP, and c) crystalline HfP showing the integration of peaks.
(see also Table S1).

In contrast, the amorphous ZrP and HfP both have five peaks (figure 6, Table S1) revealing
multiple unique P environments, and are consistent with micro-crystalline-type phases with
different number of P-O-Zr linkages. Again the change in the chemical shift between the Hf and
Zr species can be related to polarizability of the metal center and changes in the P-O bond
strength.***” These P environments in the amorphous materials are generally represented by
broader peaks than those observed in the crystalline ZrP and HfP materials (Figure 5) and reflect
the additional disorder present in the range of Q" connectivity. (figure 6, ‘n’ refers to number of
POs corners shared by Zr/Hf). Based on prior studies of a Nafion-ZrP (poorly crystalline)

52

membrane, the peaks can be assigned as Q!, Q% Q°® and Q* P environments;*? respectively,



phosphate bridging to one, two, three and four Zr/Hf, where the Q® P environment dominates.
Notably, the Q* environment is also that which is observed in the crystalline phase. The 'H-'P
CPMAS NMR spectra also reveal multiple Q" environments, but the resonances are even more
broadened (Table S1), and a lower relative signal intensity with respect to the DP NMR spectra).
These can be assigned to extremely disordered amorphous ZrP and HfP domains. The reduction
in CPMAS signal intensity arises from a reduced 'H-*'P dipolar interaction either due to lack of

nearby protons or increased rotational dynamics, most notably for the Q! P species.
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Figure 6. *'P MAS NMR of amorphous ZrP and HfP. The left side of a and b is the direct
polarization (DP) 3!P spectra, and the right side is the "H-*'P cross-polarization (CP) spectra. a)
amorphous ZrP, b) amorphous HfP,

Ion exchange

In order to compare the performance of the four analogous Zr/Hf crystalline/amorphous
materials for Cs removal from seawater, ion exchange studies must be performed in close to neutral
conditions. Prior Cs-exchange of crystalline ZrP were carried out in CsOH media, and complete
exchange was achieved.” Highly alkaline ion-exchange media has the obvious benefit of
neutralizing the exchangeable H'-ions, which is the driving force intercalation of alkali cations.

While ion exchange studies in alkaline media are relevant to Hanford and Savannah River tank



wastes, they are not as relevant to decontamination of seawater and the current problem at
Fukushima. A very recent study of Cs-sorption onto zirconium phosphate from seawater revealed
relatively low selectivity, but exchange capacity was not studied.>* On the other hand, Isao and co-
workers>> demonstrated complete K*-exchange in the self-buffering conditions of crystalline o.-
HfP employing KCl solutions for exchange.

Maximum Cs-loading studies revealed the amorphous materials absorb >10x more Cs than
their crystalline analogues (see Table 1). Compositions of crystalline Cs exchanged samples,
considering the acid-form formulae determined above by *'P MAS NMR and TGA are
Cs0.033Z1(Ho.98PO4)2exH20 and Cso.037Hf(Ho.98PO4)2exH20, or about 1.5% exchanged. The
approximate formulae for the amorphous analogues are Cso.48Zr(Ho.77PO4)2exH20 and
Cs0.46Hf(Ho.76PO4)20xH20, or about 25% exchanged. The crystalline Hf-analogue absorbed
slightly more than crystalline Zr analogue, while the amorphous Zr analogue absorbed slighted
more than the amorphous Hf analogue, but they are unremarkably similar. The '**Cs NMR (Figure
7 and Table S2) of the exchanged phases qualitatively agree with the compositional analyses—
considerably more Cs is observed in the amorphous phases than the crystalline phases, based on
signal:noise ratio. For the amorphous materials, the sole **Cs resonance occurs between & = +4
and +5 ppm, and can be assigned to a very hydrated Cs environment, based both on chemical shift
and relative peak width. These peaks are up to 10x more narrow than the peaks of the crystalline
samples, suggesting motion. While not studied, a dynamic Cs" is more likely to be back-exchanged
than the static sites of crystalline ZrP and HfP. This indicates reusability of these amorphous
sorbents, and should be studied in the future. A very deshielded Cs-environment is observed for
the crystalline ZrP (6 ~ +50 ppm) and a very shielded Cs-environment is observed for crystalline
HfP at 6 =-20 ppm, as well as a minor deshielded Cs-environment at 6 = -10 ppm. These respective
shielding (Zr) and deshielding (Hf) values are consistent with the Cs being strongly associated
within the phosphate framework, and not present as a hydrated species. The reason between the
opposite shielding behavior for the Hf and Zr materials may be related to differences in the surface

interactions, but the exact mechanism for the shielding variations has not been determined.

Despite the incomplete Cs-exchange, *'P NMR peaks are considerable broader and greater
in number for the Cs-exchanged materials (figure S1 and Table S3), even for the crystalline
materials with very low Cs-capacity in the applied conditions. Since these phases are very

insoluble, this is not related to any dissolution-precipitation reactions. We can only conclude that



disorder is induced not only by ion-exchange, but variable amounts of water in the interlayer space,
migration of exchangeable protons to edge and surface sites, and so on. PXRD of the amorphous
Cs-exchanged ZrP and HfP (figure S2) also show small changes that indicate decreased order.
Specifically, for the amorphous, Cs-loaded ZrP, the broad peak below 10° 2-theta is no longer
apparent.

For the 3'P CPMAS NMR experiments, mainly one hydrated P-environment is observed
(figure S3, Table S3) for the crystalline samples, suggesting that the multiple environments
observed in the direct spectra do not contain significant association with H". This observation is
consistent with the argument for migration of exchangeable protons located originally on the
phosphates and as H3O™ in the interlayer spaces to surface and edge sites. In correlation with this,
simply placing any of the studied phases in water decreases the pH to around 2-4, depending on
the solid:water ratio. Similarly, for the amorphous Cs-exchange materials, the CPMAS has reduced
signal intensity, and highlights environments with larger line widths than observed in the direct
spectra. The diminished intensity of the CP 'H - *'P MAS NMR peaks is much greater for the
amorphous materials than the crystalline materials (figure S3), and this is consistent with the 10x

greater H" <> Cs" exchange for the amorphous materials.
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Figure 7. '3Cs NMR spectra (direct polarization) of Cs-exchanged (maximum
loading from CsCl solutions) amorphous and crystalline ZrP and HfP.

Competitive sorption studies (Cs* vs. Na") in 0.5 M NaCl (Na-concentration similar to that

in seawater) revealed much higher selectivity for Cs by the amorphous materials compared to the

crystalline materials (figure 8), consistent with the trend for maximum Cs-loading. Rather than

using Cs-concentrations similar to that found in '*’Cs-contaminated seawater, we employed a 1:1

ratio of Cs:Na, in interest of accurately measuring Cs-concentration after contact with the sorbent

via ICP-MS. The concentration of Cs in a typical contaminated water sample is so low it can only

be measured accurately by its radioactivity.

Amorphous HfP absorbed a maximum of ~400 ppm Cs* over the course of the experiment,

while crystalline ZrP absorbed ~200 ppm Cs". On the other hand, the crystalline samples did not

exhibit discernable Cs absorption, consistent with the maximum Cs-loading studies.
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Figure 8. Plot of [Cs'] remaining in solution from a 0.5 M Cs, 0.6 M Na solution, after contact
with the amorphous and crystalline ZrP and HfP materials.

PXRD and compositional analysis of the Cs/Na exchanged samples from the competitive
sorption studies

While the Cs maximum loading studies presented fairly straightforward results of higher
absorption (>10x) onto the amorphous materials, and similar absorption between the Zr and Hf
analogues, the results were not so straightforward for the competitive Na/Cs sorption studies
(Table 1). The amorphous Hf-analogue absorbed 3x more Cs than the amorphous Zr analogue.
Both amorphous samples absorbed an order of magnitude less sodium than cesium, and the Hf-
analogue absorbed more than twice the amount of sodium as the Zr analogue. The amorphous Hf-
analogue exchanged 75% of its protons. The crystalline analogues exchange 2% (Zr) and 18% (Hf)
of protons, without strong preference for Cs nor Na for the Zr analogue, and preference of Na over
Cs for the Hf analogue. Notably, the crystalline HfP exchanged almost 10x more of its protons
than the crystalline ZrP analogue. This result seems puzzling when compared to the studies
summarized in figure 8, in which crystalline ZrP and HfP are similarly poor ion exchangers in

these neutral conditions. However, different batches of crystalline ZrP and HfP were used for these



studies, and crystallinity may not be reproducible between batches. PXRD of the above described
Cs/Na loaded samples provided further insight (figure 9). Consistent with compositional analysis,
there is a greater shift in the crystalline HfP (002) peak at ~11.6° 2-theta and the peak at ~20° 2-
theta, compared to the equivalent peaks for crystalline ZrP, upon ion-exchange. The shift to higher
2-theta represents a decrease in interlayer spacing with increasing Cs/Na intercalation. This may
be due to accompanying decreased water in the interlayer space with increasing H'<> A"
(A=alkali) exchange. Interestingly, we note that: (1) the peak widths for crystalline HfP are greater
than those for crystalline ZrP and (2) peak widths for both analogues increase with ion exchange.
This correlates with the increasing number of different phosphate environments observed by 3!P

NMR, for the Cs-loaded samples.
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Figure 9. X-ray diffraction of crystalline HfP and ZrP, before and after cation-sorption from
Na/Cs solutions.

In light of these results, we can conclude that under the same synthesis conditions, HfP
exhibits lower crystallinity than ZrP, and this may be influenced by the relative solubility of the
M-HPO4 (M=H{/Zr) ion pair in the aqueous synthesis media. During the hydrothermal process,
there is continuous dissolution-precipitation of the material, and increased temperature and time
of heating leads to more ‘repairing’ of disorder, ultimately leading to higher crystallinity. This

process necessitates mobility of the lattice ions, which is accelerated by solubility. Notably, prior



optimized syntheses of crystalline materials utilized HF as a mineralizer, which increases the
crystallinity, but as shown here, not necessarily the ion exchange function. Second, the more
amorphous and disordered the ion-exchange phase, the better ion exchange behavior it exhibits
(i.e. completeness of H'-exchange). Certainly, comparing the Cs-loaded and Na/Cs-loaded
crystalline analogues to amorphous analogues supports this conclusion (Table 1). At this point,
we cannot accurately comment on the relative disorder (i.e. lack of crystallinity) of the amorphous
HfP and ZrP. However, we do note (as stated prior) that amorphous ZrP exhibits a broad X-ray
diffraction peak at <10° 2-theta, suggesting a poorly crystalline layered phase with higher
interlayer spacing than crystalline o-Zr/HfP, and this peak is not observed for HfP (figure 2). The
diffraction pattern of the amorphous ZrP looks most similar to a sample prepared at room
temperature with a 25:1 H3PO4:ZrOCl: starting composition, recently reported by Zhou and
colleagues.®® They attributed the various degrees of poor crystallinity to turbostratic disorder.

The vast majority of prior studies of the ion-exchange behavior of Zr/HfP have been
performed on ZrP, likely due to the cost and the assumption that Zr and Hf are essentially
chemically identical. In this study we show that the amorphous or poorly crystalline analogues are
more effective in removal of Cs from aqueous media, even in the presence of abundant Na.
Moreover, a difference is noted between the crystalline analogues of HfP and ZrP—under identical
synthesis conditions, the Hf-analogue exhibits poorer crystallinity, and this most likely translates

to its observed superior ion exchange behavior.

Conclusions

From these preliminary comparative studies, we can conclude that ZrP will always exhibit
higher order than HfP synthesized under identical conditions. This seems to be inherent to the
respective Group IV metal cations, likely related to the poorer solubility of the Hf-PO4 ion-pairs,
compared to Zr-POa. This means during the synthesis process, with or without heating, more rapid
precipitation of the HfP material will ensue. With more rapid precipitation and less crystal
coarsening via Oswald-ripening-type crystal growth, HfP will always be more disordered than ZrP.
Additionally, this family of materials demonstrates a clear correlation between poor order and ion
exchange efficacy. This is directly related to surface area and high accessibility to interlayer space
in the poorly ordered materials. In addition, abundant edge sites correlated with poor crystallinity

may also contribute to the ion exchange capacities. This survey study brings to light the importance



of disorder in ion exchange behavior of the ZrP and HfP materials. Future studies we plan include
structural analysis of the amorphous materials, optimizing synthesis to invoke poorer order in the
Zr-analogues (since Zr is far more economical than Hf), and comparing the Sr-sorption behavior
on the four Zr/HfP materials. Obvious paths to less crystalline materials include lower processing
temperature (i.e. room temperature to 100 °C) or higher pH. Both options will be investigated to
delineate materials characteristics in optimizing ion exchange capacity, selectivity, and kinetics,

particularly toward separation of radioactive Sr and Cs for Na-rich solutions such as seawater.
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