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The influence of the intrapore cation on the fluorination of zeolite Y from dilute fluoride solutions has been
studied, revealing fluoride reacts with the zeolite framework in the presence of a Brgnsted acid to form [SiO3F]
and [AIOsF] moieties. 2931{1H} Cross-polarised MAS NMR indicates the reaction proceeds by the substitution of
surface hydroxide moieties for fluoride. The fluorination reaction is strongly influenced by the nature of the
intrapore cation. Intrapore Brgnsted acids facilitate fluorination of the framework by in situ ion-exchange,

releasing the acidic ions to the zeolite surface. The fluorination reaction may be further promoted by the
presence of intrapore alkaline earth cations (viz. Mg?*, Ca2*, Sr?* and Ba2"). The conclusions of this work are
significant to the preparation of fluorinated zeolite catalysts, the application of zeolites in defluoridation and the
labelling of zeolite-based tracers with '8F for application in positron imaging techniques.

1. Introduction

Fluoride may be used as a mineraliser to catalyse condensation re-
actions in sol-gel syntheses of zeolites and related materials. In many
cases, fluoride ions remain in cages in the products [1-7] where they
may also bond to silicon atoms forming five co-ordinate [SiO4F] species
[4-7]. Alternatively, fluoride may be incorporated into zeolites
post-synthesis from aqueous solutions. Previous studies on fluoride up-
take by zeolites from aqueous solutions can generally be divided into
two categories: studies where zeolites are evaluated as adsorbents for
aqueous fluoride removal [8-14], and studies where fluoride is reacted
with the zeolite to modify the properties of the surface for catalytic
applications [15-21].

Studies that evaluate zeolite efficacy in aqueous fluoride removal
(defluoridation) are usually simple in conception, involving measuring
the amount of fluoride removed from solution by a natural zeolite
[8-10], or a zeolite modified with surface-sorbed trivalent cations
[11-14], using a fluoride ion-selective electrode. Post-treatment char-
acterisation of the zeolite is not reported in any case and mechanistic
understanding is limited to information gleaned from fitting equilibrium
uptake data to adsorption isotherms.

Defluoridation has been demonstrated for natural samples of

clinoptilolite [8], analcime [8] and stilbite [8-10]. For stilbite, the Ca
form (Ca-STI) achieves higher fluoride loadings than the Na form
(Na-STI) [9]. In another study on Ca/NH4-STI and Ca/Na-STI, fluoride
uptake was attributed to “connectivity defects” and ion-exchange lead-
ing to CaF, precipitation, respectively [10]; however, neither conclusion
is supported by any evidence. Hitherto, the mechanism by which fluo-
ride interacts with zeolites in dilute solutions has been unknown and
subject to supposition.

The modification of zeolites with Fe®" (stilbite) [111], ARt (zeolites
A, X, Y and clinoptilolite) [12-14] and La3t (clinoptilolite) [13] has
given rise to appreciable fluoride loadings. Fits to the
Dubinin-Radushkevitch isotherm reveal fluoride interacts by chemi-
sorption with Al**-modified zeolites A, X and Y [12,14]. In these
modified zeolites, it is believed fluoride substitutes for a hydroxide in
surface-sorbed M“-complexes [12,14].

In studies where zeolites are fluorinated to modify the properties of
the surface for enhanced catalytic performance, the zeolite is typically
treated with a concentrated acid solution containing NH4F and heated
under reflux or hydrothermal conditions for a period of hours to days
[15-19]. Alternatively, the zeolite may be loaded with a fluoride con-
taining solution by incipient wetness impregnation followed by thermal
treatment at ca. 500 °C [20,21]. The zeolites are typically those of
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catalytic significance such as ZSM-5 or related materials such as tita-
nosilicates with the MOR structure [16,20]. 19¢ MAS NMR spectroscopy
has confirmed the presence of [SiOsF] [15-18], [SiO4F] [15-18] and
[AIO3F] [19] moieties in fluorinated zeolites and related materials,
among species such as hexafluorosilicate ions attesting framework
destruction in some instances [15-17].

The mechanism by which the fluorination of zeolites occurs is
ascribed either to the addition of H'F~ ion pairs across T-O-T bonds, or
alternately, the substitution of fluoride for hydroxide at surface silanol
(Si—OH) or aluminol (Al-OH) moieties. Decreasing intensities associated
with silanol hydroxyl stretches in IR spectra are put forward to support
the latter mechanism (substitution at surface hydroxide moieties) [15,
21]. The only evidence put forward for the former mechanism is based
on adsorption measurements to determine surface acidity which appears
inconclusive and far from compelling [20].

Naturally, a greater understanding of how defluoridation by zeolites
occurs from low concentration fluoride solutions could inform strategies
to enhance fluoride loadings. Such strategies could also be applied to
enhance fluoride loadings attained by large zeolite particles labelled
with 18F~ for application as radiotracers in positron imaging techniques,
such as PEPT (Positron Emission Particle Tracking) [22]. In this study,
we have investigated the interaction between dilute fluoride solutions
and zeolites, determining the influence the intrapore cation has on the
affinity for fluoride, the fluoride containing moieties present in the
products and the likely mechanism by which defluoridation occurs.

2. Experimental
2.1. Materials

NHy-zeolite Y (NH4-Y) was obtained from Alfa-Aesar (product
45863). Na-Y was obtained from Sigma-Aldrich (product 334448). H-Y
was produced by calcination of NH4-Y at 550 °C in air in a muffle
furnace for 5 h.

M,(NHg)1.2x-Y and M,Naj.o-Y (M = Mg, Ca, Sr or Ba) species were
prepared by ion-exchange of the parent materials, NH4~Y and Na-Y,
respectively, with 0.25 M solutions of the appropriate divalent metal
nitrate salt agitated at 60 °C in a Memmert WNB14 shaking water bath
for 24 h (zeolite to solution ratio of 0.5 g:50 ml). Divalent metal nitrate
salts employed were Mg(NO3)2.6H,O (Sigma Aldrich, 99%), Ca
(NO3)2.4H20 (Acros Organics, 99%), Sr(NO3) (Alfa Aesar, 99%) and Ba
(NO3), (Sigma Aldrich, 99%). Following ion-exchange, the products
were collected by vacuum filtration, washed copiously with deionised
H20 and dried overnight at 60 °C.

2.2. Batch fluoride adsorption measurements

Sodium fluoride solutions in the desired concentration range (5-60
ppm fluoride) were made by dilution of the appropriate volume of 1000
ppm fluoride (1 g L™1) NaF solution (Hanna Instruments, HI70701L)
with deionised water in polypropylene volumetric flasks. Ca. 0.100 g of
zeolite, weighed accurately to 3 decimal places, was added to the so-
lution (20 ml) of desired concentration in a polypropylene vessel (ca-
pacity = 60 ml, diameter = 28 mm). The vessels were placed in a
Memmert WNB14 water bath equipped with a shaking attachment and
shaken laterally at approx. 110 shakes per minute for 24 h, at the
specified temperature. Following 24 h, 15 ml of supernatant solution
was decanted and added to 3 ml of TISAB-II buffer (Hanna Instruments,
HI401005L). The potential of the solution (mV) was measured with a
calibrated fluoride ion-selective electrode (Cole Parmer) connected to a
Hanna Instruments HI 3222 processor, calibrated across the range
1-100 ppm fluoride with standards (1, 10 and 100 ppm fluoride) made
by serial dilution of 1000 ppm F~ NaF solution. Calibrants were also
prepared in a 5:1 mixture with TISAB-II. Solution fluoride concentra-
tions were calculated from the appropriate calibration curve. Calibrant
and analyte solutions were stirred while measuring to ensure accurate
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readings. Blank measurements were employed for all analyte solutions
of a given concentration to adjust for any adsorption to the vessel.
Fluoride loadings (mg F~/g) of the initial zeolite material were calcu-
lated by equation (1).

F~ loading (mgF /g) = (co —c.)/p; wherep = m/v 1)

In Equation (1), ¢o and c are the initial and equilibrium fluoride
concentrations (mg L71), respectively, as measured by a calibrated
fluoride ion-selective electrode (ISE). V is the volume of the solution (L)
and m is the initial mass of the zeolite (g).

In solutions which were analysed by ICP-OES to determine the Na™
concentration, solutions were made by dilution of 1000 ppm F~ (1 gL™1)
NaF solution (Hanna Instruments, HI70701L) with ultrapure water.
Circa 0.150 g portions of zeolites H-Y or NH4-Y, weighed accurately to 3
decimal places, were added to the NaF solutions (30 ml). The solutions
were added to the water bath with shaking attachment at 25 °C as
described earlier and shaken for 24 h. After 24 h, solutions were filtered
through a 0.2 pm filter. Aliquots (15 ml) of the filtered solution were
added to TISAB-II (3 ml); the fluoride concentration was then measured
as described above. Separate aliquots of the filtered analyte solution
(9.71 ml) were diluted and acidified by the addition of 0.29 ml of 67 wt
% ultrapure HNO3 (VWR, NORMATOM™) rendering the final analyte
solution 2 wt% HNOs.

1:1 NaF:HNOs solutions, in the range 5-60 ppm fluoride, were pre-
pared by dilution of the appropriate amount of 1000 ppm F~ (1 g L)
NaF solution (Hanna Instruments, HI70701L) with deionised water,
where the required amount of 0.1 M HNOs to render the final solution
1:1 NaF:HNOs3 was added during dilution (e.g. in producing 250 ml of a
1:1 NaF:HNOs; solution with concentration 20 ppm F~, 2.60 ml of 0.1 M
HNO3; was added during dilution). Batch adsorption experiments with
Na-Y proceeded as described earlier with the 1:1 NaF:HNOj3 solutions.

2.3. Characterisation

Powder X-ray diffraction (PXRD) was performed on a Bruker D8
Advance diffractometer in reflection geometry equipped with a Ni-
filtered Cu K, X-ray source (1 = 1.5418 f\) and fitted with a solid-state
LynxEye position sensitive detector. Scans were measured over the 26
range 4-60° at a scan rate of 0.04° s~ with a step-size of 0.02°.

XRF spectrometry was performed on a Bruker S8 Tiger spectrometer.
All samples were measured as loose powders mounted on Mylar™ film
for the maximum 18-min data collection time. Quantitative results were
obtained from SPECTRAPS software. The K, emission line was used to
quantify all elements, except for Sr and Ba which were instead quanti-
fied by the L, emission line.

Scanning electron micrographs were obtained on a Phillips XL30
ESEM FEG microscope at an accelerating voltage of 20 keV and a
working distance of 10 mm. The imaged samples were mounted on
graphite tape then sputter coated with a gold thin film prior to imaging.

Solid-state 2°Si NMR spectra were acquired using a Varian VNMRS
spectrometer operating at 79.44 MHz for silicon, with a 6 mm (rotor
outside diameter) magic-angle spinning (MAS) probe and at a sample
spin-rate of approximately 6 kHz. Direct excitation spectra were ob-
tained following a 90° pulse with a 240 or 60 s recycle delay for H-Y and
Sr.14(NHy)g.72-Y, respectively. Cross-polarisation spectra were recorded
using a 10 ms contact time and 1 s recycle delay. Spectral referencing is
with respect to tetramethylsilane, carried out by setting the high-
frequency resonance from tetrakis(trimethylsilyl)silane to —9.9 ppm.

Fluorine-19 MAS NMR spectra were acquired using a Bruker Avance
III HD spectrometer operating at 376.48 MHz for fluorine, with a 3.2 mm
MAS probe and at a sample spin-rate of either 18 or 20 kHz. Spectra were
acquired using a rotor-synchronised Hahn-echo and with a recycle delay
of 4 s. Spectral referencing is with respect to CFCls, carried out by setting
the resonance from a 50:50% v/v mixture of CF3COOH/H,0 to —76.54
ppm. All MAS NMR spectra were recorded at ambient probe
temperature.
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ICP-OES analysis of Na concentrations was performed on a Perki-
nElmer OES Optima 8000 spectrometer. Calibrants, with concentrations
0.1, 1, 5, 10 and 100 ppm, were made by dilution of 1000 ppm Na
standard solution (Centripur®) with ultrapure water. 67 wt% ultrapure
HNO3 (0.29 ml) was added to each calibrant solution (9.71 ml), such
that each calibrant was acidified to ca. 2 wt% and to the same extent as
the analyte solutions. A representative blank solution of ultrapure water
(9.71 ml) was also acidified by addition of 67 wt% ultrapure HNOg3
(0.29 ml).

2.4. Adsorption isotherms

The Dubinin-Radushkevitch (DR) isotherm equation and its linear
form, as commonly applied to adsorption at the solid-liquid interface,
are presented in Equation (2). The adsorption potential (¢) in the DR
isotherm may be calculated by Equation (3) [23,24]. The adsorbate
solubility (cs) used in Equation (3) was calculated at each temperature,
using the equation presented in Reynolds and Belsher [25], then con-
verted to ppm F~ (c; = 18803 ppm F~ at 25 °C, and ¢; = 19621 ppm F~ at
40 °C). The characteristic adsorption energy (E.) may be derived from
the Dubinin-Radushkevitch constant (K) by the relationship in Equation
(4). Linear regression analysis to determine R the gradient and
y-intercept for each plot was performed in Sigmaplot software.

Vo b
Ing.=In{— ) — K 2
ng n<Vm) € (2)

Definitions for equation (2): qe, equilibrium uptake (mg g™1); K,
Dubinin-Radushkevitch constant (mol? kJ ’2); &, adsorption potential (kJ
mol’l); Vo, specific micropore volume (cm® g’l); Vm, volume of the
adsorbate (cm® mg’l).

e= RTIn <%> 3)

e

Definitions for equation (3): R, universal gas constant (kJ K!
mol’l); T, absolute temperature (K); c;, adsorbate solubility (mg L’l).

E.= (2K)" @

Fits to the Langmuir, Temkin and Freundlich isotherms have also
been tested and these isotherms, as well as plots and the results of fits (R?
and isotherm parameters), may be found in the Supporting Information.

3. Results and discussion
3.1. H-Y, NH4-Y and Na-Y: characterisation

The phase purities of H-Y, NH4-Y and Na-Y were confirmed by
PXRD (Supporting Information, Fig. S1). Unit cell parameters deter-
mined from a unit cell refinement by chekcell software [26] are also
presented in the Supporting Information (Table S1). XRF spectrometry
confirmed the Si/Al ratios of NH4-Y (2.8(1)) and Na-Y (2.7(1)) are
equivalent within error. The bulk Si/Al ratio of H-Y (2.7(1)) is within
error of the parent material NH4-Y (2.8(1)); however, intrapore
aluminium-containing species are known to form during the calcination
of NH4—Y [27]. The framework Si/Al ratio of H-Y determined from
deconvoluted integrals in the 2°Si MAS NMR spectrum is 4.7, attesting
dealumination of the framework and the formation of intrapore
aluminium-containing species. The 295i MAS NMR spectrum recorded
on H-Y along with peak positions, assignments and integrals may be
found in the Supporting Information (Fig. S2 and Table S2). Scanning
electron micrographs of NH4-Y, Na-Y and H-Y confirm a similar particle
dispersity in each sample, generally spanning 0.3-2.0 pm for discrete
particles with some larger aggregates also present (Supporting Infor-
mation, Fig. S3).
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3.2. H-Y, NH4+Y and Na-Y: fluoride loadings

Equilibrium fluoride loadings from dilute NaF solutions (5-60 ppm
F7) achieved by the zeolites H-Y, NH4-Y and Na-Y under isothermal
conditions as measured by a fluoride ion-selective electrode (ISE) are
plotted in Fig. 1 as a function of the initial fluoride concentration. The
contact time for all solutions with the zeolite was 24 h, loadings
measured following 48 and 72 h for H-Y show negligible variation from
those measured after 24 h, indicating that equilibrium is achieved by 24
h of contact between the zeolite and solution. Changing the intrapore
cation gives rise to markedly different equilibrium fluoride loadings
across the concentration range. No detectable change in fluoride con-
centration occurs following contact with Na-Y, indicating negligible
fluoride adsorption on this zeolite. In contrast, fluoride uptake is
observed for both H-Y and NH4-Y across the same concentration range
under the same conditions. The fluoride loadings achieved by H-Y are
greater than NH4-Y from solutions with the same concentration;
moreover, loadings for both zeolites increase upon increasing the tem-
perature from 25 °C to 40 °C.

3.3. Role of Brgnsted acids

While substantial fluoride uptake is observed for H-Y and NH4-Y,
negligible uptake under the same conditions is observed for Na-Y. The
NH4-Y and Na-Y employed possess similar particle sizes and bulk Si/Al
ratios; the only obvious characteristic difference between the two zeo-
lites is the nature of the intrapore cation. Unlike Na-Y, the intrapore
cations in NH4-Y and H-Y are Brgnsted acids; it would appear these
acidic cations are critical to the interaction occurring between the
zeolite and aqueous fluoride.

Measurement of the Na™ concentrations in supernatant solutions by
ICP-OES, following 24 h of contact with the zeolite, confirms ion-
exchange occurs between aqueous Na™ ions and intrapore NH} or H*
ions, in the case of NH4-Y and H-Y, respectively. Fig. 2 presents a plot of
equilibrium ion loading (mol g~1), for both F~ and Na™, for each zeolite
at 25 °C as a function of initial fluoride concentration (ppm F~), where
F~ and Na' concentrations were determined by a F~ ISE and ICP-OES,
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Fig. 1. A plot of equilibrium fluoride loading (mg F /g), by zeolites H-Y,
NH4-Y and Na-Y, at different temperatures as a function of initial fluoride
concentration (ppm F™).
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Fig. 2. Plot of Na® and F~ equilibrium ion loadings achieved for H-Y and
NH,4-Y at 25 °C.

respectively, of the same supernatant solutions. In Fig. 2 lines join the
data points to add clarity in areas where they are proximal. Fig. 2 shows
that at each concentration for each zeolite, a higher Na™ concentration is
exchanged into the zeolite than the F~ concentration that is adsorbed to
it, hence the concentration of H" or NHj ions released by ion-exchange
is greater than the amount of F~ adsorbed. Consequently, a stoichio-
metric equivalence of H or NHJ ions migrate to the surface, where they
may participate in fluoride adsorption.

XRF spectrometry performed on the zeolites, NH4-Y and H-Y,
following treatment with 60 ppm F~ NaF solutions at 25 °C and 40 °C for
24 h further attests that ion exchange occurs between the aqueous Na™
ions and intrapore NH} or H' ions. A Na/Al ratio of 0.11(2) was
measured for fluorinated H-Y samples treated at both 25 °C and 40 °C.
Slightly higher Na/Al ratios of Na/Al = 0.13(2) and Na/Al = 0.14(2)
were measured for NH4-Y treated at 25 °C and 40 °C, respectively.
Moreover, the Si/Al ratios measured for each fluorinated zeolite, at each
temperature, agree with the Si/Al ratios measured for the parent ma-
terials within error. A Si/Al ratio of 2.7(1) was measured for each NH4-Y
and H-Y species fluorinated at either 25 °C or 40 °C. While treating
zeolites with aqueous fluoride under driving conditions can often lead to
dealumination [28], XRF analysis indicates there is no discernible
dealumination occurring under the mild conditions employed in this
study.

The pH of the NaF solutions are near neutral ranging from pH = 6.9
at 5 ppm F~, decreasing slightly to pH = 6.7 at 60 ppm F~. Consequently,
the free [H'] concentration in solution is negligible compared with the
aqueous [F] concentration. The only source of protons to participate in
adsorption are Brgnsted acidic intrapore cations released following ion-
exchange with Na™. The essential role of a proton source in fluoride
adsorption on the zeolites has been further confirmed by measuring
fluoride loadings for Na-Y from fluoride solutions containing an
equivalent source of protons. The fluoride loadings achieved by Na-Y
from 1:1 NaF:HNOs solutions and pure NaF solutions are plotted in
Fig. 3. Appreciable fluoride loadings are achieved by Na-Y when an
equivalent source of H' is present in solution, whereas no fluoride is
adsorbed from pure NaF solutions at near neutral pH, further supporting
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Fig. 3. Equilibrium fluoride loadings attained by Na-Y from NaF solutions
(brown) and 1:1: NaF: HNOj solutions (yellow) as a function of initial F~
concentration. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

the essential role of H' in fluoride adsorption by zeolites.

The influence of protons on fluoride uptake has been further
demonstrated by measuring fluoride loadings from acidic solutions. The
pH of 60 ppm F~ NaF solutions were reduced to 4.1, 3.5 and 3.0 by the
addition of 0.1 M HNOs; fluoride loadings attained by Na-Y, H-Y and
NH4-Y at 25 °C from these solutions were measured and the results are
plotted in Fig. S5 in the Supporting Information. A moderate increase in
fluoride loading is observed for all zeolites upon lowering the pH from
6.7 to 4.1, with a further increase in loading upon reducing the pH to
3.5. In the case of NH4-Y and Na-Y, a yet higher fluoride loading may be
achieved at pH = 3.0; however, the fluoride loading attained for H-Y
decreases upon lowering the pH from 3.5 to 3.0. Critically, fluoride
uptake is observed for Na-Y in acidic media but not in near neutral
solutions (pH = 6.7), further supporting the essential role of Brgnsted
acids in the fluorination of the zeolites.

3.4. H-Y and NH4-Y: Dubinin-Radushkevitch (DR) isotherm

Good fits are observed to the linear DR equation for both zeolites at
both temperatures, with R> > 0.988 in each case (plots presented in
Fig. 4, and R?values and E. values from the fits listed in Table 1). The DR
isotherm is arguably the most informative model commonly applied to
solid-liquid adsorption as it permits the determination of the charac-
teristic adsorption energy (E.), also termed the free energy of sorption,
providing good fits are observed. The magnitude of E. is indicative of the
strength, and nature, of adsorption occurring; in instances where E. < 8
kJ mol ™!, adsorption is attributed to physical adsorption, whereas
values in the range 8 < E, < 16 kJ mol ! are often ascribed to chemical
adsorption [14]. The values of E, calculated from the gradient (K) by the
relationship, E. = 2K~ %5, are presented in Table 1. The magnitude of E,
for H-Y, at both 25 and 40 °C, indicates chemisorption is the dominant
mode of adsorption taking place, intimating a chemical bond is being
formed between fluoride and the zeolite.

The free energy of sorption, E., for NH4-Y at 40 °C (8.5 kJ mol ™)
indicates chemisorption is taking place; however, at 25 °C the value of E.
for NH4-Y (7.5 kJ mol ™) falls below 8 kJ mol’l, which by convention
demarcates physical and chemical adsorption. Although the magnitude
of E. indicates fluoride interacts by physisorption to NH4-Y at 25 °C,
solid state NMR of NH4-Y fluorinated at 25 °C, detailed later in Section
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Fig. 4. Plot of adsorption data fitted to the linear DR equation for H-Y
and NH4-Y.

Table 1
Characteristic sorption energies (E.) and R? for DR plots of H-Y and NH4-Y.
Zeolite T (°C) R? E. (kJ mol™})
H-Y 25 0.995 10.2
40 0.997 10.9
NH,-Y 25 0.992 7.5
40 0.989 8.5

3.5, shows fluoride reacts with, and forms a chemical bond to, the zeolite
framework. Ultimately, the 8 kJ mol™! value should be viewed as a
guideline and the value of E. at 25 °C reflects the lower favorability of
the reaction at lower temperatures, rather than a weaker interaction
with the adsorbent. The less favourable E. values observed for NH4-Y,
compared with H-Y, may be because dissociation of the ammonium ion
must occur to provide the proton which mediates the fluorination
reaction.
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3.5. H-Y and NH4-Y: fluorine environments

Fluorine-19 MAS NMR spectra measured on H-Y and NHy4-Y, fluo-
rinated by contact with 200 ppm F~ NaF solutions for 24 h at 25 °C, are
presented in Fig. 5. Fluoride loadings of 29 and 20 mg F~ /g were
measured for H-Y and NH4-Y, respectively, by a fluoride ISE calibrated
across the range 1-1000 ppm F~. The H-Y and NH4-Y fluorinated under
these conditions will hereon be referred to as H-Y(F) and NH4-Y(F). The
19F MAS NMR spectra for H-Y(F) and NH4-Y(F) contain 3 distinct res-
onances at approximately —119, —153 and —176 ppm. Recording the
spectrum for H-Y(F) at different spin rates, 20 and 18 kHz, enabled
centrebands to be differentiated from spinning sidebands. All the in-
tensity outside the range —115 to —180 ppm is produced by spinning
sidebands (denoted by asterisks in Fig. 5).

In the !°F MAS NMR spectra, peak B at —153 ppm occurs at a
chemical shift commonly associated with [SiOsF] moieties in zeolites
and other silicates [15-18,29,30]. Peak B has an asymmetric profile in
both spectra. Peak fitting indicates there may be an additional resonance
at 5 ~# —135 ppm in both spectra (Supporting Information), however
this does not account for all the observed peak asymmetry. The possible
origin of an additional resonance at g ~ —135 ppm is covered later
(Section 3.9). The asymmetric profile may be indicative of multiple
signals in the region giving rise to one unresolved peak. Several signals
resulting from [SiO3F] moieties could be expected in the 19F MAS NMR
spectra on account of the 4 observed silicon environments in the 2°Si
MAS NMR spectra of both H-Y (Supporting Information) and NH4-Y
(Section 3.6).

Peak C at 6p ~ —176 ppm corresponds to those observed in a previous
study on H-Y fluorinated by incipient wetness impregnation followed by
high temperature treatment. 2Al NMR experiments, including 2D NMR,
in the study demonstrated the resonance was produced by fluorine
atoms bonded to 4 co-ordinate aluminium atoms, i.e. [AIO3F] [19].

Peak A at 6 ~ —119 ppm occurs at a chemical shift often associated
with fluoride ions within the zeolite pores, but not within a cage, and
charge compensated by an intrapore cation [19,28,31,32]. In !°F NMR
spectra, aqueous fluoride ions in sodium fluoride solutions produce a
resonance at §g &~ —122 ppm [33], similar to the chemical shift observed
for intrapore fluoride within zeolites. As the anticipated environment of
both would comprise hydrated fluoride ions, the similar chemical shifts
are unsurprising. The charge on each intrapore fluoride ion must be
compensated by an additional intrapore cation, the associated cation
would be expected to migrate simultaneously into the framework with
the fluoride ion.

Ultimately, the dominant resonances in the 1°F MAS NMR spectra of
H-Y(F) and NH4-Y(F) may be assigned to [SiOsF] and [AlO3F] moieties

0 -50 -100 -150
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-200 -250 -300

0

-50 -100 -150 -200 -250 -300
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Fig. 5. '°F MAS NMR spectra recorded on fluorinated NH,~Y (left) and H-Y (right). * denotes spinning sidebands. Peaks are labelled A, B and C as discussed in

the text.
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in the zeolite. The presence of these moieties following fluorination
further supports that fluoride interacts by “chemical adsorption”,
reacting with the zeolite framework, as indicated previously by
adsorption energies derived from fitting to the DR isotherm. Indeed, the
presence of these environments in NH4-Y(F), fluorinated at 25 °C,
confirms that chemisorption is occurring despite the lower than ex-
pected E. value. It appears the presence of extra-framework aluminium-
containing species within H-Y do not affect the interaction between the
zeolite and fluoride, as the resonances present in the '°F MAS NMR
spectra are the same for both H-Y and NH,-Y. 1°F MAS NMR also reveals
the migration of small quantities of NaF ion-pairs into the zeolite, as
evidenced by the resonance attributed to intrapore fluoride.

3.6. Fluorination mechanism

Assignments in the MAS NMR spectra of H-Y(F) and NH4-Y(F)
indicate that fluoride reacts with the zeolite framework to form [SiO3F]
and [AIO3sF] moieties. The acid-mediated fluorination of zeolite frame-
works to produce these moieties may proceed by two plausible mecha-
nisms, illustrated in Fig. 6. Mechanism 1 depicts the substitution of
fluoride at surface hydroxyl groups (either silanol or aluminol) pro-
ceeding by the protonation of the hydroxyl group followed by the
elimination of water, enabling fluoride to form a bond to silicon or
aluminium. Alternatively, the addition of H'F~ ion-pairs across T-O-T
bonds could also lead to fluorination of the framework as illustrated in
mechanism 2 in Fig. 6. Critically, mechanism 1 would lead to a
commensurate decrease in surface hydroxyl moieties with increasing
fluoride loading, whereas the reaction proceeding by mechanism 2
would lead to a corresponding increase in the surface hydroxyl con-
centration with increasing fluoride loading. This distinction may be
exploited to determine which mechanism is occurring by measuring 2°Si
{1} cross-polarised MAS NMR (CP MAS NMR) spectra on the fluori-
nated zeolites.

In the 2°Si MAS NMR spectra of zeolites, Q3 Si(nAl) resonances
typically appear at a chemical shift a few ppm downfield of the corre-
sponding Q4 Si(nAl) resonance. Consequently, Q3 Si(n-1Al) resonances

Mechanism 1

H*-mediated (T = Si or Al)

(TH
!
57 ?oo

NH4*-mediated (T = Si or Al)

IR
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often appear co-incident with Q4 Si(nAl) resonances in 2°Si MAS NMR
spectra [34]. In 2si{'H} CP MAS NMR, magnetisation is transferred
from the 'H nuclei of the silanol moieties to the 2°Si nuclei, enhancing
the intensity of Q3 Si resonances [34]. As all nominally assigned Q4 Si
(nAl) resonances, except Si(0Al), will have some Q3 Si(n-1Al) contri-
bution, comparing changes in peak intensity in the 2°Si{'H} CP MAS
NMR spectra between the parent material and fluorinated derivative
may intimate by which mechanism the reaction proceeds.

Fig. 7 depicts the 2°Si{'H} CP MAS NMR spectra of NH4~Y and
NH4-Y(F), where intensity has been normalised such that the intensities

Normalised intensity

T T T

-100 -120 -140

i (ppm)

— NHzY —— NH,-Y(F)

Fig. 7. Normalised 2°Si{'H} CP MAS NMR spectra for NH,~Y and NH,-Y(F).
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Fig. 6. Possible mechanisms for the fluorination of zeolite frameworks.
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of the Si(0Al) peaks (5si =~ —106 ppm) are equivalent in both spectra to
allow comparisons on differing intensities in the other peaks. In the
spectra in Fig. 7, the Si(1Al), Si(2Al) and Si(3Al) peaks occur at §g; =~
—101, —96 and - 90 ppm, respectively. A decrease in the intensity of the
Si(1Al) and Si(2Al) peaks is apparent for NH4~Y(F), compared with the
parent material, NH4~Y, indicating the silanol concentration decreases
following fluorination, and therefore the reaction likely proceeds by
mechanism 1, the substitution of fluoride at surface hydroxyl moieties. A
downfield shift is observed in the Si(1Al), Si(2Al) and Si(3Al) peaks of
NH4-Y(F), compared with the peak positions in the NH4~Y spectrum,
with the magnitude of the shift increasing with increasing n. The origin
of this shift is unclear but may relate to the different intrapore cation
concentration in NH4-Y(F), resulting from ion exchange between
aqueous Na™ and intrapore NHj during the treatment.

3.7. My(NHy)1.2¢-Y: characterisation

The influence of intrapore cation on zeolite fluorination has been
further studied for zeolite Y containing divalent intrapore cations, as
divalent cations possess greater charge density than monovalent cations,
and the presence of divalent cations within channels lowers the overall
cation concentration thus increasing accessibility to guest species.
NHy4-Y partially ion-exchanged with alkaline earth cations, M,(NHy);.
Y (M = Mg2+, Ca%*, Sr** or Ba®™), have been characterised by PXRD
and XRF spectrometry. PXRD patterns and unit cell parameters may be
found in the Supporting Information. The extent of ion-exchange has
been quantified by XRF spectrometry; Table 2 contains the Si/Al and M/
Al ratios measured for M,(NH4)1.2,-Y species, where x in the formula has
been determined for each species directly from the M/Al ratio.

3.8. M, (NH4);.2xY: fluoride loadings and DR isotherms

Equilibrium fluoride loadings (g.) attained across the concentration
range (5-60 ppm F™) at 25 °C for M,(NH4)1.25-Y species are plotted in
Fig. 8, for comparison loadings measured for the parent material,
NH,4-Y, are also plotted. The partial exchange of M?" in all cases leads to
enhanced equilibrium F~ loadings achieved by the zeolite across the
entire concentration range. Analogous plots for equilibrium loadings at
40 °C (Supporting Information) demonstrate modest increases in
loading upon increasing temperature.

Applying the linear DR equation to equilibrium uptake data for
M, (NH4)1.25-Y species leads to good agreement in all instances, with R?
> 0.988 for each species at both temperatures. DR plots at each tem-
perature are presented in Fig. 9. R? values for fits along with E, calcu-
lated for each plot are collated in Table 3. In each instance where a
divalent cation has been partially exchanged into NH4-Y, the charac-
teristic fluoride adsorption energy is greater at 25 °C than the value for
the parent material, NH4-Y (7.5 kJ mol ™). For each My(NHg)1.0xY
species, increasing the temperature from 25 to 40 °C leads to a further
increase in E.. Modest increases are observed for Cag 17(NHy)g 66-Y and
Srg.14(NH4)g.72-Y upon increasing the temperature to 40 °C (ca. 0.1-0.2
kJ mol 1), whereas greater increases in E. are observed upon increasing
the temperature for Mgo 15(NH4)o.70-Y and Bag 21(NH4)o 58-Y.

Table 2

M/Al and Si/Al measured for M,(NH4)1.25-Y by XRF spectrometry.
Zeolite M/Al Si/Al
NH,-Y - 2.7(1)
Mgo.15(NH4)o.70-Y 0.15(1) 2.7(1)
Cag.17(NH4)o.66-Y 0.17(1) 2.7(1)
S10.14(NHa)o.72-Y 0.14(1) 2.6(1)
Bag.21(NH4)o.58-Y 0.21(1) 2.6(1)
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3.9. M, (NH4)1.2xY: fluorine environment

Fluorine-19 MAS NMR spectra recorded for M,(NHy)1.05-Y species,
treated with 60 ppm F~ NaF solutions for 24 h at 25 °C, are presented in
Fig. 10. The approximate chemical shifts for resonances 1-4 (as labelled
in Fig. 10) in each spectrum are listed in Table 4. The spectra recorded
on NH4-Y partially exchanged with alkaline earth metals (Mg, Ca, Sr and
Ba) resemble the spectrum for the fluorinated parent material (NH4-Y
(F)): all contain the same 3 peaks at similar chemical shifts within the
range —115 to —180 ppm with some spinning sidebands outside this
range. The only significant difference is the appearance of an additional
peak (2) at 6 ~ —135 ppm in the spectra for all M,(NH4)1.25-Y species.
While there is no distinct maximum at 6 ~ —135 ppm in the
Cag.17(NH4)o.66-Y(F) spectrum, peak fitting demonstrates there is a
resonance at this chemical shift (Supporting Information). Peak fitting
also indicates there is likely a resonance at 6 ~ —135 ppm in the fluo-
rinated parent material, NH4-Y(F); however, the estimated integral of
this resonance in the NH4-Y(F) spectrum is less than in spectra recorded
on fluorinated M,(NHy4)1.0,-Y species.

Peak 1 in the '°F MAS NMR spectra of fluorinated M,(NH4)1.2x-Y
species corresponds to peak A at g &~ —119 ppm in the NH4-Y(F)
spectrum and is therefore attributed to the intrapore fluoride environ-
ment. Peak 3 corresponds to the [SiO3F] resonance which dominates the
NH4-Y(F) spectrum (peak B) at 6 ~ —153 ppm, however in the
M,(NH4)1.2x-Y spectra this resonance occurs at &g shifted downfield by
3-8 ppm. The higher chemical shift of the [SiOsF] resonance reflects
deshielding of the fluorine nuclei caused by the greater charge density of
the divalent intrapore cations. Peak 4 corresponds to the [AlIOsF] reso-
nance at 5 ~ —176 ppm in the NH4-Y(F) spectrum (peak C); this
resonance also occurs at &g shifted downfield by 3-8 ppm, for analogous
reasons to peak 3. The relative intensity of the [AlO3sF] peak appears to
be reduced compared with the corresponding intensity in the NH4-Y(F)
spectrum; the origin of this diminished intensity is not clear.

The origin of peak 2 observed at g ~ —135 ppm in all spectra is
unclear. The invariance of the chemical shift with different M?* ions
within the system, and the likely presence of this environment in NH4-Y
(F), indicates the environment is not directly bonded to the M2t jon
[35]. If present in M,(NH4)1.05-Y species, resonances for [SiO4F] moi-
eties would be expected at g ~ —135 ppm, approximately 10 ppm
downfield of the [SiOsF] resonances [5]; however, the 2°Si MAS NMR
spectrum recorded on fluorinated Srg 14(NH4)g 72-Y, (Supporting Infor-
mation), shows no intensity in the region where five co-ordinate silicon
resonances would be expected (6s; &~ —145 ppm) [5]. It could be argued
that the proportion of silicon in five co-ordinate species would be too
low to give rise to a discernible peak in the spectrum; however, if only
40% of the fluoride adsorbed to Srg 14(NHy4)g.72-Y were bonded to silicon
in [SiO4F] moieties, this would correspond to ca. 1% of all silicon atoms
within the zeolite being present as [SiO4F] moieties. A discernible peak
would therefore be expected if [SiO4F] moieties were responsible for
peak 2; ultimately, it is unlikely these moieties are responsible for the
unassigned resonance. Furthermore, there is no satisfactory explanation
for how the [SiO4F] moiety may be produced in the fluorinated zeolites
by a proton-mediated process.

A resonance at g & —135 ppm has been observed in fluorinated
derivatives previously, where the identity remained unsolved [15,16].
The [SiOoF;] moiety was put forward in each study as a candidate
responsible for the resonance, but no evidence for this assignment was
provided. For fluorination to proceed by the proposed mechanism,
[SiO2F2] could only be produced by substitution of fluoride for both
hydroxide components of geminal silanol moieties (i.e. [SiO2(OH)2]).

A new theoretical explanation for the unassigned resonance is that it
is caused by neighboring or proximal [SiO3F] groups. The presence of
[SiO3F] groups in close proximity could cause deshielding of the fluorine
nuclei and a consequent downfield shift in &g from the values typically
associated with [SiO3F] resonances. If sufficiently close, fluoride atoms
bonded to the framework could exert Coulombic repulsion on one
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Table 3 another through space, serving to distort the electron cloud and subse-
able

R? and E, for fits to the linear DR equation for M,(NH,)1.2x-Y.

Zeolite T (°C) R? E. (kJ mol ™)
Mgo.15(NH4)o.70-Y 25 0.993 10.0

40 0.995 11.1
Cag.17(NHa)o.66-Y 25 0.995 11.9

40 0.995 12.0
S10.14(NHa)o.72-Y 25 0.994 11.9

40 0.992 12.1
Bag.21(NH4)o.58-Y 25 0.989 10.4

40 0.997 11.0

quently affect the shielding of the fluorine nuclei. Furthermore, the
presence of fluorine substituents on neighboring silicon atoms in the
framework could lead to increased polarity of the Si-F bonds,
deshielding the fluorine nuclei through inductive effects. Comparable
downfield shifts (ca. 10 ppm) are observed in °F NMR spectra upon the
introduction of fluorine substituents at neighboring carbon atoms in
fluoroalkanes [37].

If proximal [SiOsF] groups are responsible for the resonance, the
question of how the divalent cations promote reactivity at proximal
silanol groups is raised. It is surmised that a divalent cation on the
zeolite surface co-ordinates the fluoride ion prior to the reaction,
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Fig. 10. 19F MAS NMR spectra of fluorinated M,(NH4)1.2,-Y species as labelled. * denotes spinning sidebands. Peaks are labelled 1-4 as discussed in the text.

Table 4
Approximate chemical shifts in!°F MAS NMR spectra for M,(NHg)1.2,-Y species
and NH,4-Y.

Zeolite &g (ppm)

1 2 3 4
NH4-Y -119 -153 -176
Mgo.15(NH4)o.70-Y -118 -137 —-150 174
Cag.17(NHa)o 66-Y -118 -134 -145 -167
Sro.14(NHa)o.72-Y -118 -136 —144 -168
Bag,21(NHa)o.s58-Y -118 -136 -144 -166

bringing the fluoride into close proximity to silanol moieties that may
neighbor the divalent cation, allowing a reactive intermediate to form
more readily. A divalent cation in a fixed position on the surface could
promote the reaction on two or more proximal silanol groups if they are
present, whereas in the absence of a divalent cation, reactivity at silanol
groups is expected to be random. Moreover, in the absence of divalent
cations, the Coulombic repulsion incurred by proximal fluoride ions may
prevent the formation of proximal [SiO3F] moieties in any significant
concentration. Naturally, the proximal [SiOsF] assignment, and how
divalent cations may promote reactivity at proximal silanol groups, re-
mains only a theory unless empirically proven.

Except for the unassigned peak at g =~ —135 ppm, which may also be
present in NH4-Y(F), the fluorine environments observed in fluorinated
M,(NHy)1.2xY species correspond to those observed in NH4-Y(F), con-
taining [SiOsF], [AlO3F] and intrapore fluoride. Critically, while higher
fluoride loadings and increased characteristic adsorption energies are
observed for M,(NH4)1.2x-Y species, there is no evidence that the diva-
lent cations directly co-ordinate the fluoride ions. It would appear the

divalent cations promote the fluorination of zeolites without directly
coordinating the fluoride ions. A full understanding of how divalent
cations promote the reaction is hindered by the unassigned resonance in
the 1°F MAS NMR spectra of the fluorinated zeolites.

It was reported in a study on defluoridation by a natural Ca/Na-STI
sample that ion-exchange between intrapore Ca?" and aqueous Na™
followed by precipitation of CaF, was responsible for observed fluoride
uptake [10]. °F MAS NMR spectra recorded on alkaline-earth
exchanged zeolites (M,(NH4)1.2-Y) contain no resonance correspond-
ing to MF; species, which would be expected at —107 (CaF3), —83.2
(SrF3), —196 (MgF3) and —11.2 ppm (BaFy), respectively [35]. All MF,
species for M containing zeolites, except CaFs, have a greater solubility
than the highest fluoride concentration employed in these studies, as a
result ion-exchange between aqueous Na* and intrapore M2* could not
give rise to MF; precipitation in these systems [36]. In the case of CaF,,
precipitation could occur from solutions with concentrations greater
than 7 ppm F~, provided a stoichiometric equivalence of Ca?" were
present in solution. The absence of a resonance at 6p = —107 ppm in the
19F MAS NMR spectrum of Cag 17(NHg)g66-Y(F) confutes the calcium
fluoride precipitation theory.

3.10. MyNaj ox-Y: fluoride loadings

MNajorY (M = Mg?", Ca?*, Sr>* or Ba?") prepared by ion-
exchange, analogously to M,(NHy)1.25-Y, have been characterised by
PXRD and XRF spectrometry (Supporting Information). Equilibrium
fluoride loadings (ge) for M,Naj_o,-Y and M,(NH4)1.2,-Y from 20 ppm F~
solutions at 25 °C are listed in Table 5. Despite higher divalent metal
content in M,Naj.o-Y compared with M,(NH4);.2,Y, equilibrium
loadings for M,Naj.2,-Y are much lower than the analogous M,(NH4);.
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Table 5
Equilibrium fluoride loadings achieved by M,Na; o,-Y and M,(NHy)1.2,-Y from
20 ppm F~ NaF solutions at 25 °C.

M Ge; M Nay.5-Y (mg Ge, M (NH4)1 .25

% (e, MyNay.25-Y)/(qe,

gh Y M, (NH4)1.2:Y)
(mgg™
Mg 0.11 1.88 5.9
Ca 0.14 2.74 5.1
Sr 0.07 2.64 2.6
Ba 0.12 1.92 6.3

2x-Y species with equilibrium loadings for M,Na;.o,-Y corresponding to
between 2.6 and 6.3% of the loadings attained for M,(NH4)1.2,-Y. As the
pH of the solutions are near neutral (pH = 6.8) and there is no proton
source, this further supports the essential role of a proton source in
mediating fluoride uptake in the divalent substituted zeolites.

While the fluoride loadings achieved for M,Naj.oxY species are low
compared with the loadings for M,(NHy4)1.2,-Y under the same condi-
tions, there is still detectable fluoride uptake for M,Naj.2,-Y which is not
observed for the parent compound Na-Y under the same conditions. As
there is no H' source, the only fluoride environment observed in
M, (NHy4)1.2x-Y species that would be anticipated in the Na analogues is
the intrapore fluoride environment. The presence of this environment in
M,Naj_2,-Y but not in Na-Y may be rationalised by the greater accessi-
bility to the pores afforded by lower intrapore cation concentrations,
allowing the migration of Na*F~ ion pairs into the framework. Intrapore
fluoride ions being responsible for the observed uptake in M,Naj.oxY
remains supposition, however, as NMR experiments have not been
performed on fluorinated M,Naj_o4-Y species to confirm this assignment,
due to the low fluoride content and long experiment durations required
to obtain informative spectra.

4. Conclusions

NH4-Y and H-Y exhibit reactivity with aqueous fluoride, whereas
Na-Y does not. The importance of a H' source in mediating the fluori-
nation reaction between the zeolite and fluoride has been established.
Moreover, by employing '°F MAS NMR spectroscopy to probe the local
environment, it has been determined that fluoride reacts with the
framework forming four co-ordinate fluorine containing species,
[SiOsF] and [AlOsF]. A minor amount of fluoride is also present as
fluoride ions in the pores, suggesting the migration of some Na*F~ ion-
pairs into the zeolite. 2°Si{'H} CP MAS NMR spectra have been used to
differentiate between two plausible mechanisms for the fluorination
reaction in NH4-Y, intimating the reaction proceeds by substitution of
fluoride at surface hydroxyl groups, the same mechanism by which
fluorination is reported to proceed in hydrothermal and high tempera-
ture treatments on other zeolites, as inferred in those reports by IR
spectroscopy [15,21].

Findings on the fluorination of zeolite frameworks have important
implications on the potential application of zeolites in defluoridation, as
the environmental remediation of excess aqueous fluoride from solu-
tions with typical concentrations 20-50 ppm fluoride is desirable [8,14].
Here, the efficacy of H and NHj-bearing zeolite Y in fluoride uptake
from solutions in this concentration range has been demonstrated. In
addition, the fluorination of zeolites under mild conditions, 25 °C and
200 ppm fluoride solutions, has achieved significant loadings (ca. 2 wt
%) for zeolites containing acidic intrapore cations. These conditions
achieve loadings comparable with those reported for fluorinated zeolites
prepared for catalytic applications [18], yet under significantly milder
and safer conditions.

Partial ion-exchange of alkaline earth divalent cations (Mg
Sr?* and Ba%") into NH,4-Y leads to enhanced fluoride loadings achieved
and an increase in the characteristic adsorption energy in all cases,
compared with the parent material (NH4~Y). In contrast, there is little

2+’ Ca2+,

10
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change in the fluoride uptake measured for the divalent cation
exchanged forms of Na-Y compared with the parent material, with
comparatively low uptake observed for all M,Na.o-Y species. 1°F MAS
NMR spectroscopy reveals no direct M-F bonds are formed in fluorinated
M,(NHy4)1.2,-Y species, nor are MF5 species precipitated, rather the re-
action appears to proceed in the same manner as for NH4-Y evidenced
by resonances attributable to [SiO3F], [AlOsF] and intrapore fluoride
species. An additional resonance of unknown origin is present at & ~
—135 ppm in the '°F MAS NMR spectra; it has been postulated that the
resonance is caused by proximal [SiO3F] moieties with a downfield shift
in 8 caused by, either or both, through space Coulombic repulsion be-
tween near fluorine atoms and inductive effects leading to deshielding of
the fluorine nuclei. A theory has been put forward for how M?* cations
could promote fluoride reactivity at adjacent silanol moieties; however,
the assignment remains unproven. Ultimately, it appears the H"-medi-
ated mechanism for fluorination is also responsible for the observed
uptake in M,(NH4)1.2,-Y species. While there is no evidence to suggest
that the divalent metal ion directly co-ordinates fluoride, the presence of
divalent intrapore cations nevertheless increase the observed fluoride
loadings and characteristic adsorption energies, therefore promoting
reactivity between fluoride and the zeolite framework.
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