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The use of zirconium in chemical industries generates a potential risk of Zr contamination in the environment,
with particular concern for the decommissioning of uranium-graphite reactors. Among the natural adsorbents
employed for the treatment of nuclear waste, clay minerals showed a very high affinity adsorption for radio-
nuclides, but the influence of the chemical composition, pressure, temperature and time reaction have not yet
been analysed on deep. Thus, the objective of this research is to explore several experimental conditions for an

actual prediction of the behaviour of zirconium immobilization by clay minerals. The results have shown that
factors such as zirconium cation nature (Zr‘“r or Zr02+), temperature, time and pH influence the extent of zir-
conium immobilization by clay minerals and the zirconium phases generated. At moderate conditions, zirconium
tectosilicates are formed and evolve to zircon at high temperature and a longer time reaction.

1. Introduction

Increasing demands for nonconventional energy sources, the
worldwide Paris Agreement and the need to reduce the reliance on fossil
fuels have driven attention to nuclear energy again, due to its efficient
and cost-effective power production. However, the management of
radioactive waste generated during the fission process is the biggest
concern when using this energy source.

In nuclear power plants, graphite reactors cladding is constructed
with zirconium alloys, which allows a low neutron-capture cross section
and resistance to corrosion under normal service conditions (Brown
et al., 2005). However, its use implies the emission of 97y (t12=1.5x
106 years) after the irradiation and consequently this isotope should be
considered in nuclear waste management (Shoesmith and Zagidulin,
2011).

Several natural adsorbents have been employed for the treatment of
nuclear waste. Among them, clay minerals stand out due to their high
affinity adsorption for radionuclides and low water permeability (Kot-
lyarevskiy et al., 2016; Yapar et al., 2015). In fact, they have been
selected as the engineering barrier in the expected deep geological re-
positories (DGR) for the disposal of high-level radioactive waste (HLRW)
disposal (Cuevas et al., 2018). Moreover, their availability, low cost, and
high stability under oxidizing and reducing conditions and high cation
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exchange capacity (CEC) have made them excellent adsorbent materials
for all kind of pollutants (Stathi et al., 2007).

Recently, Montes et al. (2021) observed that zirconium cation type,
Zr0** or Zr4+, influenced the main zirconium retention mechanisms
under subcrital conditions. Their results showed that precip-
itation/crystallization was the main retention mechanism when ZrO™2
was involved whereas new zirconium silicate phases were formed after
the interaction of Zr** with clay minerals.

However, the hydrothermal conditions conducted in those experi-
ments (300 °C, 7 days, and 8.59 MPa) were not the ones expected in the
DGR currently under consideration. For example, the initial expected
storage temperature in the DGR is expected to be lower than 200 °C,
with temperatures falling below 150 °C several hundred years after the
emplacement (Ojovan and Lee, 2014; Poinssot et al., 1996). In addition
to temperature, other important parameters, such as pH, time, or
metallic ions present in the solution, should be explored in terms of
security (Abdel Hakam Mahdy and Ghazala, 2019; Guo et al., 2020;
Senol et al., 2021). Thus, for an actual prediction of the behavior of
zirconium inmobilization by clay minerals, it is necessary to explore the
influence of parameters such as temperature, pH and time.
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2. Experimental section

2.1. Materials

The clay mineral samples examined were 2:1 phyllosilicates: two
different bentonites (FEBEX and MX80) considered suitable buffer ma-
terial in HLRW repositories (Rao and Ravi, 2013) and one saponite. This
latter was chosen because previous researchers demonstrated that tri-
octahedral smectites with aluminium in tetrahedral sheet enhanced
their HLRW retention properties (Alba et al., 2001a, 2001b).

FEBEX bentonite was extracted from the Cortijo de Archidona de-
posit (Almera, Spain). Processing in the factory consisted of disaggre-
gation and gentle grinding, drying at 60 °C and sieving by 5 mm
(ENRESA, 2006, 2000). The montmorillonite content in FEBEX
bentonite was 90-92% (Fernandez et al., 2004). Based on chemical
analyses, the structural formula of the FEBEX smectite is:
(Cag.sNao,0sKo.11) (Siz.78Alo22) (Alp7gFeo 35Fe"n 02Mgo.81)020(0H)4
(Fernandez et al., 2004).

MX80 bentonite was extracted from Wyoming (USA) and supplied in
the form of powder (Madsen, 1998). The batch used in this investigation
was mainly composed of montmorillonite (83%) (Villar et al., 2012).
Based on chemical analyses, the structural formula is: (Nag 36Cag.20)
(Siz.06Alo.04) (Al31Mgo s6Fe™ o 18Fe0.16)020(0H)4 (Montes-H et al,
2005).

Saponite has been obtained from the Source Clay Minerals Re-
pository University of Missouri (Columbia) and has the following
chemical formula: Nao.élKolozcao'og (Si7.2A10.8)IV(Mg5'79F60,15)-
VI0,0(OH)4 (Alba et al., 2001a).

ZrO(NO3)2-7H20 (CAS 14985-18-3) and Zr(SO4)2-4.5H20 (CAS
34806-73-0), which are commercially available from Sigma-Aldrich,
have been used in this work as possible chemical analogues of uranyl
and tetravalent actinides presents in HLRW (Chapman and Smellie,
1986).

2.2. Hydrothermal reaction

Three hundred milligrams of clay minerals were added to 3.65 mmol
of zirconium salts (mmol zirconium: mmol smectite 11.2 + 0.6), sus-
pended in 50 ml of water and heated, in a stainless steel reactor, at
300 °C or 150 °C between 2 days and 16 weeks; the experimental details
are summarized in Table 1. All experiments were carried out at natural
pH, pH = 1.4 for ZrO**and 1.0 for Zr**. After hydrothermal treatment at
300 °C, the pH was 0.5 for ZrO**and 5.0 for Zr** and after hydrothermal
treatment at 150 °C, the pH was 2.0. Furthermore, the experiment with
ZrO(NOs3); at 300 °C for 2 days was repeated by previously adjusting the
pH with a 0.5 M NH40H solution at a value of 4.5. The reaction products
were collected by filtering, washed with distilled water, and dried at
room temperature (RT). The samples were named Zr-x-y-T-t-z; where x
is the zirconium source, N for ZrO(NOs3); or S for Zr(SO4); y is the clay
minerals, SAP, FEB or MX; T is the temperature; t is the time; and; z
indicates if the pH has been adjusted, null (without pH correction) or pH
(with pH correction).

Table 1

Samples name and experimental variables.
Samples” Zr source pH T Q) T Variable”
Zr-N-X-300-2d-pH ZrO(NO3), 4.5 300 2d pH
Zr-N-X-300-2d ZrO(NO3)2 1.4 300 2d pH, t
Zr-N-X-300-7d ZrO(NO3), 1.4 300 7d t
Zr-S-X-300-2d Z1(SO4)4 1.4 300 2d t, T
Zr-S-X-300-7d Z1(SO4)4 1.4 300 7d t
Zr-S-X-150-16w Zr(SO4)4 1.4 150 16w T

# X = FEB (FEBEX), MX (MX80) or SAP (Saponite).
Y pH = pH variable, t = time variable, and, T = temperature variable.
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2.3. Characterization techniques

X-ray diffraction (XRD) patterns were obtained in the X-ray labora-
tory (CITIUS, University of Seville, Spain) on a Bruker D8 Advance in-
strument equipped with a Cu Ka radiation source operating at 40 kV and
40 mA. Diffractograms were obtained in the 26 range of 3-70° with a
step size of 0.015° and a step time of 0.1 s.

Single-pulse (SP) MAS NMR spectra were recorded in the Nuclear
Magnetic Resonance Unit at the University of Cordoba (Spain) on a
Bruker AVANCE WB400 spectrometer equipped with a multinuclear
probe. Powdered samples were packed in 3.2 mm zirconia rotors and
spun at 10 kHz. 2°Si MAS NMR spectra were acquired at a frequency of
79.49 MHz, using a pulse width of 2.7 ps (n/2 pulse length = 7.1 ps) and
delay times of 3 s 2 Al MAS-NMR spectra were recorded at 104.26 MHz
with a pulse width of 0.92 ps (/2 pulse length = 9.25 ps) and a delay
time of 0.1 s. Chemical shift values were reported in ppm from tetra-
methylsilane for 2°Si and from a 0.1 M AlCl; solution for 2’Al. Spectra
were simulated using the DMFIT software (Massiot et al., 2002),
Gaussian-Lorentzian model was used for all the peaks, and linewidth,
position, and amplitude were the fitted parameters.

3. Results
3.1. XRD analysis

The XRD pattern of untreated FEBEX (Fig. la) exhibits typical
montmorillonite reflections with a series of narrow and sharp peaks
indicating its crystalline structure. The basal spacing, dgo1, is 1.49 nm
due to bilayer hydrated Ca" in the interlayer space (El Mrabet et al.,
2014). Additionally, quartz reflections are observed.

Treatment with ZrO(NO3), and Zr(SO4), at natural pH (Fig. 1b, c,
and le, 1f, 1g) causes total disruption of the smectite framework and the
disappearance of the quartz impurity. Additionally, new phases are
observed, mainly baddeleyite, monoclinic ZrO,, accompanied by zircon,
ZrSiO4, and kaolinite as minor phases. In Zr-S-FEB-300-2d and Zr-S-
FEB-300-7d (Fig. le and f), a remnant montmorillonite with a basal
spacing, dyo1, of 1.52 nm is observed, due to the replacement of the
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Fig. 1. XRD of a) raw FEBEX bentonite, b) Zr-N-FEB-300-2d, c) Zr-N-FEB-300-
7d, d) Zr-N-FEB-300-2d-pH, e) Zr-S-FEB-300-2d, f) Zr-S-FEB-300-7d, and &)
Zr-S-FEB-150-16w. Lines = baddeleyite (monoclinic ZrO,) PDF 00-037-1484; *
= zircon (ZrSiO4) PDF 04-007-5058; o = cubic ZrO, PDF 04-015-0098; k =
kaolinite PDF 00-001-0527; and q = quartz PDF 00-003-0419.
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initial interlayer cations with leached octahedral Al>*or/and Zr**. The
same basal spacing, dyo; = 1.57 nm, is observed when the initial pH of
the ZrO(NOs), solution is adjusted to 4.5 (Fig. 1d, Zr-N-FEB-300-2d-
pH). In this sample, the main crystalline ZrO, phase is the cubic poly-
morph instead of the monoclinic one. Additionally, all of the XRD pat-
terns show a background due to the presence of noncrystalline phases.
This background is more evident in the sample treated at 150 °C for 16
weeks (Zr-S-FEB-150-16w), where nearly no crystalline phases can be
observed, only small reflections due to montmorillonite and quartz
(Fig. 1g).

Similar results are found for MX80 samples (Fig. 2). The XRD pattern
of untreated MX80 (Fig. 2a) exhibits typical reflections of montmoril-
lonite with a series of narrow and sharp peaks indicating its crystalline
structure. The basal spacing is ca. 1.21 nm is mainly due to one-layer
hydrate monovalent cations in the interlayer space (Bergaya et al.,
2006; Grim, 1968). In addition, reflections of quartz and tridymite are
observed. Treatment with ZrO(NOs3),; and Zr(SO4), at natural pH
(Fig. 2b, c and 2e, 2f, 2g) provokes the same lamellar disturbance as in
the FEBEX samples and the consequent disappearance of the smectite
framework. On the contrary, the quartz and trydimite impurities do not
completely disappear in Zr-N-MX-300-2d and Zr-N-MX-300-7d (Fig. 2b
and c). Baddeleyite, accompanied by minor phases (kaolinite and zircon,
ZrSiOy4) are also present.

The lame structure is poorly conserved when the initial pH of ZrO
(NO3)2 solution is adjusted to 4.5 (Fig. 2d, Zr-N-MX-300-2d-pH) and the
remnant montmorillonite shows a basal spacing of 1.53 nm. In this
sample, the main crystalline ZrO5 phase is the cubic polymorph,
accompanied by kaolinite, zircon, and baddeleyite as minor phases. The
residual montmorillonite is also observed in the samples treated with Zr
(SO4)2 at 300 °C for 2 days (Fig. 2e, Zr-S-MX-300-2d), Its basal spacing is
1.46 nm, probably due to the replacement of the initial interlayer cations
with leached octahedral AI*3 and/or Zr**. Additionally, all the XRD
patterns show a background due to the presence of noncrystalline pha-
ses, as well as in the FEBEX samples, which is more evident in the sample
treated at 150 °C for 16 weeks, Zr-S-MX-150-16w, where nearly no
crystalline phases can be observed, only small reflections due to mont-
morillonite and quartz.
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Fig. 2. XRD of a) raw MX80 bentonite, b) Zr-N-MX-300-2d, ¢) Zr-N-MX-300-
7d, d) Zr-N-MX-300-2d-pH, e) Zr-S-MX-300-2d, f) Zr-S-MX-300-7d, and &)
Zr-S-MX-150-16w. Lines = baddeleyite (monoclinic ZrO») PDF 00-037-1484; *
= zircon (ZrSiO4) PDF 04-007-5058; o = cubic ZrO, PDF 04-015-0098; k =
kaolinite PDF 00-001-0527; q = quartz PDF 00-003-0419 and t = trydimite PDF
04-011-3620.
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Pristine saponite shows an XRD pattern (Fig. 3a) characterized by
two distinct types of reflection, general and basal ones. The basal
spacing of 1.21 nm corresponds to the one-layer hydrate Na™ cations in
the interlayer space (Bergaya et al., 2006; Grim, 1968). As observed in
the bentonites FEBEX and MX80, treatment at natural pH and 300 °C
with ZrO(NO3), and Zr(SO4) causes total disruption of the structure of
the smectite (Fig. 3b, c and 3e, 3f) with the presence of residual saponite
in the Zr-S-SAP-300-2d sample (Fig. 3e). In this case, the basal spacing is
ca. 1.46 nm, is higher than the base spacing of the pristine sample,
probably due to the replacement of the initial interlayer cations with a
leached framework cation and/or Zr**. In all of these treatments, sec-
ondary phases emerge after treatment, mainly baddelyite and zircon.
When pH is adjusted, Zr-N-SAP-300-2d-pH, remnant saponite is also
observed in the XRD pattern (Fig. 3d) with a base spacing of 1.47 nm. In
the last case, cubic ZrO, is also observed. All XRD patterns show a
background due to the presence of noncrystalline phases that is more
evident in the sample treated at lower temperature (150 °C) and higher
time (16 weeks), Fig. 3g. In this last sample, some small reflections due
to remnant saponite with basal spacing of 1.41 nm is also observed.

3.2. NMR spectra analysis

2951 MAS NMR spectrum of the untreated FEBEX bentonite (Fig. 4a,
left) shows two sets of signals. The main one is in the range of —100 to
—80 ppm and is due to typical Q° (mAl) environment of smectite, and, ii)
the second one is in the range of —100 to —115 ppm and is due to Q*
(mAl) of the impurities (Engelhardt and Michel, 1987). The deconvo-
lution parameters of the 295§ MAS NMR spectrum (Table S1) show that
the contribution of the smectite contribution to the 2°Si MAS NMR
spectrum (Fig. 4a) reaches 90%. The Q3 (mAl) signals of smectite are
centred at —93.85 ppm, Q3(0A1), and —87.32 ppm, Q3(1Al), which is
compatible with a dioctahedral configuration and with an isomorphical
substitution of Si by Al in the tetrahedral sheet (Alba et al., 2001b).

27A1 MAS NMR spectrum of the untreated FEBEX bentonite (Fig. 4a,
right) shows a main resonance centred at approximately O ppm, due to
the octahedral Al environment and compatible with the dioctahedral
character of the montmorillonite (Engelhardt and Michel, 1987).
Additionally, a small signal between 50 and 70 ppm is observed, due to
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Fig. 3. XRD of a) raw saponite, b) Zr-N-SAP-300-2d, c¢) Zr-N-SAP-300-7d, d)
Zr-N-SAP-300-2d-pH, e) Zr-S-SAP-300-2d, f) Zr-S-SAP-300-7d, and g) Zr-S-
SAP-150-16w. Lines = baddeleyite (monoclinic ZrO,) PDF 00-037-1484; * =
zircon (ZrSiO4) PDF 04-007-5058; o = cubic ZrO, PDF 04-015-0098.
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FEB-300-2d, f) Zr-S-FEB-300-7d, and, g) Zr-S-FEB-150-16w.

Al in tetrahedral coordination (Engelhardt and Michel, 1987). This last
signal is made up of two signals; the main one at ca. 57 ppm due to q*
environment of the impurities observed in the XRD diagrams, and the
very small one at ca. 65 ppm due to q° environment in smectite phase
(Engelhardt and Michel, 1987).

After treatment, a complete transformation of the 2°Si MAS NMR
spectra is observed (Fig. 4b-g, left).

295§ MAS NMR spectrum of Zr-N-FEB-300-7d is deconvoluted into
six peaks (Fig. 4c, left, and Table S1). Signals corresponding to zirco-
nium silicates are observed: i) one at ca. —81 ppm of ZrSiOy4, 4.4%; and;
ii) two peaks at ca. —103 ppm and ca. —88 ppm due to Q*(1Zr) and
Q4(22r), respectively, (Ferreira et al., 2001; Lin and Rocha, 2004;
Mackenzie and Smith, 2002). The total contribution of Zr environments
is c. a. 14%.

In this spectrum, Q3(0Al) signal of montmorillonite shifts to —95
ppm; this shift together with the absence of Q3(1Al) indicate the
leaching of the tetrahedral aluminium (Alba et al., 2001b). A new Q3
environment is observed at about. —91 ppm, which corresponds to the
transformation of montmorillonite, 2:1 phyllosilicate, to kaolinite, 1:1
phyllosilicate (Mantovani et al., 2009) and accounts with a 66.8%.
Finally, signals at ca. —111 ppm is observed and corresponds to tridy-
mite (Mackenzie and Smith, 2002).

The deconvolution of 2°Si MAS NMR spectra of Zr-N-FEB-300-2d and
Zr-N-FEB-300-2d-pH (Fig. 4b and d, left and Table S1) shows that the
main environment corresponds to Q3(0Al) signal of montmorillonite,
48.3% and 67.5%, respectively. Also signals of kaolinite and Q*(1Zr) are
observed. Signal corresponding to Q*(1Zr) decreases when pH is
corrected.

27A1 MAS NMR spectra of bentonite FEBEX after hydrothermal
treatment with ZrO(NOs)2 (Fig. 4b-d, right) show a unique aluminium
symmetric resonance at ca. 0 ppm, due to six-coordinated aluminium.
The position at ca. 0 ppm and the low quadrupolar line shape of the band
(symmetry band) are compatible with aluminum in the octahedral sheet
of kaolinite (Engelhardt and Michel, 1987). The absence of both tetra-
hedral resonances is compatible with the disruption of the smectite
framework (or its dissolution) and with the dissolution of the q4 impu-
rities of the initial samples.

The 2°Si MAS NMR spectrum of Zr-S-FEB-300-2d (Fig. 4e, left) is
characterized by a main signal at ca. —94 ppm with small signals mainly

Journal of Environmental Management 308 (2022) 114635

at higher chemical shifts. The spectrum is the convolution of three sig-
nals: i) signals at ca. —93.5 and —87.6 ppm due to Q3(OA1) and Q3(1Al)
of the remnant montmorillonite, and, ii) a signal at —81.3 due to ZrSiO4
(Cota et al., 2013). Its 2’Al MAS NMR spectrum (Fig. 4e, right) shows a
main asymmetric resonance centred at ca. 0 ppm, due to the octahedral
Al environment and a small signal at ca. 70 ppm due to the tetrahedral
aluminium of the remnant montmorillonite (Engelhardt and Michel,
1987).

Severe damage in short range order is observed after hydrothermal
treatment of FEBEX with Zr(SO4)2 at 300 °C for 7 days and no 295 MAS
NMR signal is observed in its spectrum (Fig. 4f, left). The 2’ Al MAS NMR
spectrum (Fig. 4f, right) has a very low S/N ratio and shows a very broad
band at ca. O ppm due to aluminium in octahedral coordination
(Engelhardt and Michel, 1987).

The 2°Si MAS NMR spectrum of Zr-S-FEB-150-16w (Fig. 4g, left) is
characterized by a main signal at ca. —94 ppm with small signals mainly
at lower chemical shifts. This spectrum is the convolution of three sig-
nals: i) signal at ca. —93.5 ppm due to remnant montmorillonite, and, ii)
two signals at —83.4 and —106.4 ppm due to Q4 (nZr) (Ferreira et al.,
2001; Lin and Rocha, 2004; Mackenzie and Smith, 2002). Its %Al MAS
NMR spectrum (Fig. 4g, right) shows a main asymmetric resonance
centred at ca. 0 ppm, due to the octahedral Al environment of the
remnant montmorillonite (Engelhardt and Michel, 1987).

2951 MAS NMR spectrum of the pristine MX80 (Fig. 5a, left) is quite
similar to that of FEBEX but the deconvolution parameters (Table S2)
show that the Si smectite environments are different in both bentonites.
The 2°Si MAS NMR spectrum of MX80 shows a symmetric signal at
-93.66 ppm due to Q3(0Al), reaching 77.8% of the total Si of the
spectrum. The absence of Q3(1Al) environment is due to the lack of
substitution of Si by Al in the tetrahedral sheet. The 2°Si MAS NMR
spectrum is compatible with its mineralogical composition (Montes-H
et al., 2005).

The %Al MAS NMR spectrum of MX80 (Fig. 5a, right) shows a main
resonance centred at ca. 0 ppm, due to the octahedral Al environment
and compatible with the dioctahedral character of montmorillonite
(Engelhardt and Michel, 1987). Additionally, there is a small signal at
ca. 57 ppm, due to q* environment of impurities, is also observed
(Engelhardt and Michel, 1987).

The 2°Si MAS NMR spectra after the hydrothermal treatment with
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Fig. 5. 29Gi (left) and %Al (right) MAS NMR spectra of a) raw MX80 bentonite,
b) Zr-N-MX-300-2d, ¢) Zr-N-MX-300-7d, d) Zr-N-MX-300-2d-pH, e) Zr-S-MX-
300-2d, f) Zr-S-MX-300-7d, and, g) Zr-S-MX-150-16w.
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ZrO(NOs3), (Fig. 5b—d, left) are characterized by a main narrow signal at
high frequency accompanied by other minor signals at lower frequency.
The spectrum of Zr-N-MX-300-7d is deconvoluted into six peaks
(Fig. 5c, left, and Table S2). Several signals corresponding to zirconium
silicates are observed: i) one at ca. —81 ppm of ZrSiO4 (Cota et al., 2013),
3.5%; and; ii) two peaks at ca. —104 ppm and ca. —92 ppm due to
Q4(1Zr) and Q4(2Zr), respectively (Ferreira et al., 2001; Lin and Rocha,
2004; Mackenzie and Smith, 2002), and the total Q4 (nZr) is 44.6%.

The montmorillonite signal is absent but a new Q® environment is
observed at ca. —91 ppm, which corresponds to the transformation of
montmorillonite, 2:1 phyllosilicate, to kaolinite, 1:1 phillosilicate
(Mantovani et al., 2009) and accounts with a 38.4%. Finally, signals at
ca. —111 ppm and at ca. —108 ppm are observed as due to tridymite and
quartz (Mackenzie and Smith, 2002), respectively.

The deconvolution of 2°Si MAS NMR spectra of Zr-N-MX-300-2d and
Zr-N-MX-300-2d-pH (Fig. 5b and d, left and Table S2) shows that the
main environment corresponds to Q3(OA1) signal of montmorillonite, a
41.5% and 61.7%, respectively. Among montmorillonite, signals of
kaolinite, trydimite, and quartz are also observed. The signal corre-
sponding to ZrSiO4 is only observed when the pH has been corrected.

The #A1 MAS NMR spectra of bentonite MX80 after hydrothermal
treatment with ZrO(NOs), (Fig. 5b—d, right) show a unique aluminium
symmetric resonance at ca. 0 ppm, due to six-coordinated aluminium.
The position at ca. 0 ppm and the low quadrupolar line shape of the band
(symmetry band) are compatible with aluminum in the octahedral sheet
of kaolinite (Engelhardt and Michel, 1987). The absence of both tetra-
hedral resonances is compatible with the disruption of the smectite
framework (or its dissolution) and with the dissolution of the q* impu-
rities of the initial samples.

The 2°Si MAS NMR spectrum of Zr-S-MX-300-2d (Fig. 5Se, left) is
characterized by a main signal at ca. —94 ppm with small signals on both
sides. The spectrum is the convolution of six signals: i) a signal at ca.
—92.7 ppm due to remnant montmorillonite, ii) a new Q® environment is
observed at ca. —93 ppm due to kaolinite, iii) signals at ca. —113 ppm
and at ca. —107 ppm due to tridymite and quartz, and finally, iv) two
signals at —81.8 ppm and —86.8 ppm due to zircon and Q*(2Zr)
respectively. Its 2’Al MAS NMR spectrum (Fig. Se, down-right) is very
noisy and shows a main asymmetric resonance centred at ca. 0 ppm, due
to the octahedral Al environment of the remnant montmorillonite and a
small signal of the tetrahedral aluminium (Engelhardt and Michel,
1987).

Severe damage in short range order is observed after hydrothermal
treatment of MX80 with Zr(SO4)2 at 300 °C for 7 days, but it is less severe
than in FEBEX (Fig. 5f). Only a very broad symmetric signal is observed
at ca. —104 ppm in the 2°Si MAS NMR spectrum, that could be inter-
preted that the main Si environment corresponded to Q4 (1Zr) envi-
ronment (Ferreira et al., 2001; Lin and Rocha, 2004; Mackenzie and
Smith, 2002) but it has not been able to be quantified. The 27A1 MAS
NMR spectrum has a very low S/N ratio and shows a very broad band at
ca. 0 ppm due to aluminium in octahedral coordination (Engelhardt and
Michel, 1987).

The 2°Si MAS NMR spectrum of Zr-S-MX-150-16w (Fig. 5g, left) is
characterized by a main signal at ca. —94 ppm with small signals on both
sides. The band is the convolution of three signals (Table S2): i) a signal
at ca. —92.7 ppm due to remnant montmorillonite, and, ii) two signals at
—81.3 ppm and —107.5 ppm due to zircon and quartz respectively
(Ferreira et al., 2001; Lin and Rocha, 2004; Mackenzie and Smith,
2002). Its A1 MAS NMR spectrum (Fig. 5g, right) shows a main
asymmetric resonance centred at ca. 0 ppm, due to the octahedral Al
environment of the remnant montmorillonite and the small signal of the
tetrahedral aluminium (Engelhardt and Michel, 1987).

The 2°Si MAS NMR spectrum of the pristine saponite (Fig. 6a, left) is
characterized by three main signals at —95.8, —90.8 and —85.0 ppm
corresponding to Q3 (mAl), 0 < m < 2, in an intensity ratio of
10:4.6:0.22 (Alba et al., 2001b) (Table S3). From these results, the Si/Al
ratio can be calculated (Engelhardt et al., 1981) as 8.9, which is in good
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Fig. 6. 2°Si (left) and 2”Al (right) MAS NMR spectra of a) raw saponite, b) Zr-N-
SAP-300-2d, ¢) Zr-N-SAP-300-7d, d) Zr-N-SAP-300-2d-pH, e) Zr-S-SAP-300-
2d, f) Zr-S-SAP-300-7d and, g) Zr-S-SAP-150-16w.

agreement with the chemical composition, Si/Al = 9.0. The Al MAS
NMR spectrum of the untreated saponite (Fig. 6a, right) shows a unique
signal centred at 65 ppm due to tetrahedral aluminium, q>(3Si)
(Engelhardt and Michel, 1987).

The 2°Si MAS NMR spectra of saponite treated with ZrO(NOs); at
natural pH (Fig. 6b-c, left) are characterized by a broad band in the
range between —120 ppm and —70 ppm. This broad band is the
convolution of several peaks (Table S3). The peak was at ca. —82 ppm
corresponds to zircon (Cota et al., 2013) and accounts with the 10.7%
and 7.0% for treatment during 7 and 2 days, respectively. And the peaks
at lower chemical shifts correspond to Si Q* (nZr), n = 0, 1 and 2
(Ferreira et al., 2001; Lin and Rocha, 2004; Mackenzie and Smith,
2002), which are not crystalline because those zeolite species are not
observed by XRD. The 2’Al MAS NMR spectra (Fig. 6b—c, right) are
characterized by a narrow signal at ca. 0 ppm due to aluminium in
octahedral coordination (Engelhardt and Michel, 1987) and corrobo-
rates the total disruption of the saponite framework as previously
observed by XRD.

When pH is corrected, Zr-N-SAP-300-2d-pH, the 2°Si and 2’Al MAS
NMR spectra (Fig. 6d) are quite similar to those of the pristine saponite,
in agreement with the XRD that evidenced the remnant saponite, but a
small contribution of 6.1% of Si due to zircon is observed (Table S3).

The 2Si MAS NMR spectrum of Zr-S-SAP-300-2d (Fig. 6e, left) is
characterized by a main signal at ca. —94 ppm with small signals on both
sides. This band is the convolution of four signals (Table S3): i) two
signals at ca. —95.2 ppm and —91.1 ppm due to remnant saponite ac-
counting for 41.1% of the total Si, ii) a signal at ca. —81.8 ppm due to
zircon, and, iii) a signal at —104.6 ppm due to Q*(1Zr). Its 2Al MAS
NMR spectrum (Fig. 6e, right) is very noise-free and shows a remnant
signal of tetrahedral aluminium and an asymmetric resonance centred at
ca. 0 ppm, due to the octahedral Al environment of the leached frame-
work aluminium (Engelhardt and Michel, 1987).

The 2°Si MAS NMR spectrum of Zr-S-SAP-300-7d (Fig. 6f, left) is
characterized by a broad symmetric band at ca. —81 ppm that corre-
sponds to zircon (Cota et al., 2013) and accounts with the 100% of the
total Si environment (Table S3). No signal in the 27A1 MAS NMR spec-
trum (Fig. 6f, right) is observed due to the total disruption of the sapo-
nite framework and the leaching of aluminium to the supernatant.

Finally, the 2°Si MAS NMR spectrum of Zr-S-SAP-150-16w (Fig. 6g,
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left) is quite similar to that of raw saponite, but with a boarder linewidth
due to partial disruption of the saponite framework as corroborated by
27A1 MAS NMR spectroscopy. 2’Al MAS NMR spectrum (Fig. 6g, right)
exhibits a main Al environment due to tetrahedral aluminium as sapo-
nite but more asymmetric than the original one and, additionally, a
small signal at ca. 0 ppm is observed due to six-coordinated leached
aluminium. The deconvolution of the 2°Si spectrum (Table S3) shows a
contribution of 33.6% of the Q4(22r) among Si environment of saponite.

4. Discussion
4.1. pH effect

Independent of pH value, the interaction of zirconyl with clays at
300 °C for 2 days under hydrothermal conditions caused the disruption
of the layered structure of the smectites and the formation of new
phases.

At the lowest pH, the amount of remnant smectite for both bentonites
(Zr-N-FEB-300-2d and Zr-N-MX-300-2d) was lower than at pH 4.5
(Zr-N-FEB-300-2d-pH and Zr-N-MX-300-2d-pH), Table S1-S2 (Alba
etal., 2010), and this smectite was no crystalline (Figs. 1c and 2c). When
pH was corrected to 4.5, the smectite framework remained with hy-
drated ZrO** as interlayer cation (Figs. 1d and 2d). Part of the smectite
structure (2:1 phyllosilicate) was transformed into kaolinite (1:1 phyl-
losilicate), with this transformation highest at natural pH (Table S1-52),
as previously observed in bentonites that reacted with chemical analo-
gous of actinides (Osuna et al., 2015).

In the case of saponite, non-remnant smectite was observed at the
lowest pH, Zr-N-SAP-300-2d, (Table S3); as a consequence the
aluminium framework was leached (Fig. 6¢, right) and tectosilicate,
Q4(4Si), was generated (Table S3). When the pH was corrected to 4.5
(Zr-N-SAP-300-2d,-pH), the amount of remnant smectite was ca. 98%
(Table $3) and the basal space was compatible with hydrated ZrO>* as
interlayer cation (Fig. 3d). As a difference from bentonite, non-
transformation of 2:1 phyllosilicate to 1:1 phyllosilicate was observed
due to the trioctahedral character of the saponite. As previously re-
ported, bentonites evolve to saponitic clay minerals under the corrosion
environment expected in the DGR (Cuevas et al., 2018), indicating a
higher stability of these clay minerals.

The main crystalline phase was ZrO; as previously reported for the
heating of zirconium salt solutions (Kim and Kim, 1995) but different
polymorphs were observed at different pH values. Monoclinic ZrO, was
mainly crystallized at pH 1.4 and cubic ZrO; at pH 4.5. Jada and Peletis
(Jada and Peletis, 1989) reported that the pH of the precursor solution
had a marked influence on polymorphic phase formation or trans-
formation and crystallite growth in gel-derived ZrO, powders. The
prevalence of the monoclinic polymorph is in good agreement with the
stability range of ZrO, observed in the thermal decomposition of zir-
conium salts to generate ZrO, (Stefanic et al., 1996). A small amount of
crystalline zircon was also observed in saponite at both pH values and
accounted for 6-7% of total Si.

Furthermore, other non-crystalline zirconium silicates such as tec-
tosilicates (Q4(12r)), in FEBEX bentonite and saponite or ZrSiO4, were
observed in MX80 at pH 4.5. The amount of tectosilicates was higher at
the lowest pH value. Thus, the waste forms depend on the solution
chemistry and local acidity/alkalinity, as observed by Guo et al. (2020).

In general, the amount of immobilized zirconium increased at the
lowest pH value and was accompanied by a higher disruption of the
smectite structure, saponite being the most reactive clay minerals as
previously reported by Alba et al. (Alba et al., 2001a, 2001b).

4.2. Effect of the reaction time
The interaction of ZrO?* or Zr** with clays at 300 °C under hydro-

thermal conditions caused the disruption of the layered structure of the
smectite, which was transformed into kaolinite in the case of bentonites
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(Figs. 1-3). The smectite Q3 environments decreased, with increasing of
the kaolinite Q° environment as reaction time increased, being this
transformation higher when the final pH was lower (Table S1-S3). Only
in the case of treatment at 300 °C, 2 days with Zrtt (Figs. le, 2e and 3e) a
small portion of crystalline smectite (approx. 40% of Si of saponite,
Table S3) was observed and it contained hydrated Zr** in the interlayer
space.

For bentonites, the main crystalline phase was monoclinic ZrO5 and a
small amount of crystalline zircon, ZrSiO4, being favoured in the reac-
tion with Zr** (Table S1-S2). In saponite, the main crystalline phase
depended on the nature of the zircon cation and was monoclinic ZrO, for
reaction with ZrO?* and ZrSiO4 for reaction with Zr**.

The formation of zirconium-containing tectosilicates was favoured in
the treatment with ZrO?* for FEBEX and with Zr** for MX80 (Table S1-
S2). At a long reaction time, the decrease in tectosilicate was accom-
panied by the formation of ZrSiO4. In addition, The formation of
zirconium-containing tectosilicates containing zirconium was observed
in saponite (Table S3). No influence was observed on the total amount of
zirconium silicate phases with time or cation nature; however, the
longer time and Zr** favoured the formation of ZrSiO4 vs zirconium
tectosilicates, as previously reported in the literature (Montes et al.,
2021).

4.3. Effect of temperature

At both temperatures, the layered structure of the smectites broke
down (Figs. 1-3f and 1-3g), the smectite Q3 environment decreased with
increasing temperature (Table $1-S3) and the interlayer hydrated Zr**
balanced the layer charge. At 150 °C, the non-crystalline phase was
observed being 300 °C for the crystallization of monoclinic ZrO; and a
minor amount of crystalline zircon, ZrSiO4 and monoclinic ZrO,, in
saponite.

At low temperature, zirconium tectosilicates were formed and
completely transformed into zircon at high temperature and were the
predominant phase in MX80 (Table S1-S3).

5. Conclusions

The experimental factors such as cation nature, temperature, time
and pH value influence the extent of immobilization of zirconium by
clay minerals and the zirconium phases generated.

The reaction time or nature of the zirconium cation do not influence
the total amount of zirconium silicate phases. However, immobilized
zirconium increased at the lowest pH, making saponite the most reactive
clay minerals.

At low temperature, zirconium tectosilicates were formed and
completely transformed into zircon at high temperature. A similar effect
was observed at long reaction time. In general, Zr** favoured the for-
mation of ZrSiO4 and ZrO?* the formation of zirconium tectosilicates.

Finally, immobilization of zirconium was possible both by bentonites
and by saponite even under extreme conditions.
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