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Abstract

The fluorination of clays by a mild fluorinating reagent, HPFg was investigated using a sample of bentonite. The reaction resulted in the
fluorination at the aluminum sites to form octahedral aluminum oxyfluoride species. This led to considerable modification of the surface
characteristics such as surface area, porosity and particle size of nano-clay particles. The fluorinated clay was characterized by X-ray powder
diffraction, XPS, SEM, EDS, infrared spectroscopy and solid-state NMR.
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1. Introduction

Clay minerals, are an important, plentiful, and low-cost class
of materials with unique swelling, intercalation, and ion-
exchange properties. Their thermal stability, chemical inert-
ness, and laminate structure make them suitable for numerous
applications in such diverse fields as catalysis, adsorption and
ion exchange. The diversity of the uses of clay minerals is
increasing because of the progress in surface and chemical
modification possibilities [1]. Swelling behavior, adsorption
properties, colloidal and rheological phenomena can be
optimized and adjusted to the intended uses. In addition to
applications well-known for a long time, new uses are found
and new type of materials are created.

The modification of clay minerals is often used to tune
reactivity in the field of heterogeneous catalysis, and it is
common for solid catalysts to be pretreated or chemically
modified before the desired reactivity is observed. There are
various methods for the modification of solid catalysts
including: adsorption, ion exchange, reactions with acids,
binding of inorganic and organic anions, mainly at the edges
and dehydroxylation and calcination [2]. For example the
addition of chlorine and/or fluorine to the surface of alumina
has been shown to modify acidity and, subsequently, activity,
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for acid-catalyzed F/Cl halogen exchange [2-6], alkylation
[7,8], isomerization [9,10] and cracking reactions [11].

Fluorination is considered to be an important treatment for
catalysts to improve their catalytic activity. It is known to
modify surface acidity and subsequently the reactivity [3-5,7—
10,12]. For example, fluorinated alumina is generally more
reactive as a catalyst in acid-catalyzed hydrocarbon reactions
than alumina itself [13] and fluorinated silica has a higher
cumene cracking rate than non-fluorinated silica [14].

The fluorination of clay minerals has also been extensively
used to enhance their catalytic activity [6]. Several authors have
reported on the changes in structure and catalytic properties of
montmorillonite after activation by solutions of HF, NaF, KF,
NH,F, NH,HF,, (NH4);AlFg, (NH,),SiFg and CF;SO;H [13,15—
20]. In general, these investigators observed that activation
results in an increase in the number of acid centers and,
consequently, the application of the material to acid catalysis is
facilitated. The drastic changes in activity that result from
fluorine addition are believed to be associated with distinct
structural changes [2]. The changes caused by fluorination are
also accompanied by an increase in surface area and porosity.

The adsorbed or ion exchanged fluorine is easily lost at
higher temperatures or by treatment with acids or alkalies [20].
Therefore, the modification by adsorption or ion exchange
using alkali metal fluorides or fluorinated surfactants cannot be
as effective as the insertion of fluorine into the structure of
aluminosilicates by chemical reaction with fluorinating agents.
Also, the fluorination mechanism depends strongly on the

0022-1139/$ — see front matter. Crown Copyright © 2007 Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.jfluchem.2007.04.031


mailto:abdul.majid@nrc.gc.ca
http://dx.doi.org/10.1016/j.jfluchem.2007.04.031

A. Majid et al./Journal of Fluorine Chemistry 128 (2007) 1012-1018 1013

fluorinating agent [21]. Changing the fluorinating agents may
also affect the surface sites that are attacked first during the
initial fluorination reactions.

We have discovered that hexafluorophosphoric acid is a mild
fluorinating reagent that allows the controlled fluorination of
clays. Whereas, elemental fluorine and many electrophilic fluori-
nating agents are highly aggressive, unstable and require special
equipment and care for safe handling, hexafluorophosphoric acid
is much milder and can be operated safely and efficiently. In this
communication we report the reaction of hexafluorophosphoric
acid, HPFg with bentonite, a 2:1 layer clay mineral. We believe
the use of HPF¢ for modifying the surface and structure of clay
minerals to be a new process. The reaction of this fluorinating
reagent with the clay minerals results in the fluorination at the
aluminum sites to form octahedral aluminum oxyfluoride
species. The modified bentonite has been characterized by X-
ray powder diffraction, XPS, SEM, EDS, infrared spectroscopy,
solid-state NMR, density, and surface area measurements.

2. Experimental
2.1. Materials and methods

A grey colored powder form of Na-bentonite (source:
Wyoming, USA) and all other reagents used were obtained
from Aldrich and used as received. The chemical composition
of bentonite: Si0,, 48.9%; Al,O3, 14.9%; Fe,03, 3.0%; MgO,
2.2%; Na,0, 1.8%; K,0, 0.1%; CaO, 0.4% and approximate
formula of Nag 3Al; 44Feq 10Mg0 27[S14]019o(OH)s.

2.1.1. Procedure

Bentonite (10 g) was dispersed in 1 L of deionized water
using an ultrasonic bath. The suspension was stirred with
100 mL of 5 M H,SOy, in order to increase its surface activity
and to remove impurities [22]. The suspension was then
centrifuged and the cake re-dispersed in fresh deionized water.
The process of centrifugation and re-dispersion of the cake was
repeated three times in order to remove impurities. The washed
cake was transferred to a Teflon bottle and dispersed in a
mixture of isopropyl alcohol and water (1:1). The contents were
agitated overnight on a roller mill in the presence of 1/4 in.
alumina balls. The suspension was screened to remove alumina
balls and transferred to a 1 L Teflon beaker. Hexafluoropho-
sphoric acid (10 mL of 60 wt.% solution in water, 67.9 mmol;
molar ratio of acid washed bentonite:HPFg = ~22:67.9) was
added to this slurry. The mixture was stirred using a Teflon
coated magnetic stirring bar at room temperature for 24 h. The
suspension was then centrifuged and the cake washed several
times with isopropyl alcohol and dried at 200 °C in a vacuum
oven. Isopropyl alcohol decreases the interaction of water with
the pore wall during drying. This prevents agglomeration of
clay particles resulting in higher surface area product [23].

2.2. Measurements

X-ray powder diffraction data were collected between
26 = 5-70° with a scan rate of 2°/min at 21 °C and 33% RH, on

a Scintag XDS 2000 with a theta—theta geometry and a copper
X-ray tube. The diffractometer had a pyrolytic graphite
monochromator in front of the detector. The samples were
mounted on a zero background sample holder made of an
oriented silicon wafer.

PAS-FTIR (photo-acoustic Fourier transform infrared
spectroscopy) spectra were collected using a MTEC Model
300 photoacoustic detector combined to a Bruker IFS 66/S
FTIR spectrometer. Five hundred scans were collected at a
resolution of 8 cm ™' in the rapid scan mode. Sixty-four scans of
carbon black were used as reference and helium was the purge
gas.
2°Si NMR spectra were recorded at 40 MHz on a TecMag
Apollo series spectrometer. Samples were spun at 4.5 kHz in
zirconia rotors in a Doty 7 mm MASS probe. The 90° pulse
length was 10 ps. A 10 s delay between pulses was found to be
adequate, and spectra were accumulated overnight. >’ Al NMR
spectra were recorded at 78 MHz on a Bruker AMX-300
spectrometer, using a Doty 5 mm mass probe, a 5 mm zirconia
rotor and 8-8.5 kHz MASS. A pulse length of 1 s was used,
and 1000 scans were acquired, with a 0.5 s delay between
scans. A noticeable probe background was subtracted. The
chemical shifts of aluminum and silicon were referenced
against external 1 M aqueous aluminum nitrate and neat tetra-
methyl silane (TMS), respectively. '°F spectra were acquired at
376.6 MHz on a Bruker dsx400 spectrometer. Samples were
packed in 5 mm silicon nitride rotors and spun at the magic
angle at 10 kHz, in a probe supplied by Doty instruments. The
90° pulse length was 10 s, but a shorter 3 s pulse was used
due to the 400 kHz sweep width. One thousand scans witha 5 s
relaxation delay were acquired. No 'H decoupling was applied.
The chemical shift was referenced to external aqueous
trifluoroacetic acid taken as —79 ppm relative to the more
common standard of CFCl;.

XPS was performed with a Physical Electronics (Perkin
Elmer, Eden Prairie, MN, USA) model 550 instrument.
Monochromatic Al Ka radiation was used. The dry samples
were pressed into indium foil for analysis. Survey spectra were
collected using pass energies of 188 eV, while high resolution
spectra were recorded with a22 eV pass energy. An electron flood
gun was used to neutralize the charge during the experiment.
Binding energies were referenced to the carbon—carbon bond,
which was assigned a binding energy of 285eV. Atomic
compositions were estimated using a standard program provided
with the instrument. During analysis, the pressure inside the
instrument was always below 5 x 10~ Torr (<0.7 wPa).

Scanning electron micrographs were recorded using a
Hitachi Field Emission Scanning Electron Microscope (SEM)
Model S-4800 fitted with an Oxford Inca Energy Dispersive
Spectrometer (EDS) used for elemental analysis. The images
were taken at 1.2 keV electron volts and a current of 10 wA. The
working distance was 8 mm. Elemental analysis is semi-
quantitative and is measured at a working distance of 15 mm
with a 20 keV beam energy and 20 A of current. An average
of five determinations was carried out.

Specific surface areas, pore volumes and pore-size distribu-
tions were determined using a Micromeritics Gemini IIT 2375
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Table 1
Physicochemical characteristics of untreated and treated bentonite
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Sample ID BET surface  Density Micropore  Pore Particle Elemental composition (w/w%)?*
area (m? g’l) (g m3) area diameter  size
m?>g™H () (nm) o} F Na K Mg Ca Fe Al Si Si:Al
Untreated bentonite 31+1.1 27+£01 119 4.8 1400 £40 54 - 13 01 13 03 21 79 228 29
Acid treated bentonite 46 + 1.0 24+0.1 7.5 4.8 1386 +£55 53 - 12 01 08 03 10 7.7 233 30
Fluorinated bentonite ~ 67 &+ 1.5 23+0.1 0 6.2 485+ 6 378 206 1.1 01 07 03 09 83 9.5 1.15

? From EDS analyses (average of five determinations).

apparatus, using nitrogen as adsorbent at 77 K. The application
of the BET equation was used to obtain the adsorption data [24].
The pore-size distribution of the samples was calculated from
desorption isotherms, and the BJH method was used for
calculations [24-26]. The density of the materials was
determined by a Pycnometry measurement with helium using
Micromeritics Accupyc 1330 apparatus.

2.2.1. Particle size analysis

The particle size distribution of the samples was determined
using highly diluted dispersions in 1% aqueous solution of
Na3PO,. The measurements were performed using Malvern
Zetasizer Model 3000HS particle analyzer, which is based on
the principle of laser ensemble light scattering. The particles
are introduced to the analyzer beam in a sample presentation
cell located in the optical unit. For each sample, the mean value
of five replicate determinations was calculated. Values reported
are the mean value for two replicate samples.

3. Results and discussion
3.1. Physicochemical characterization

Table 1 compares the physicochemical characteristics of
untreated and treated samples of bentonite. The elemental
analyses show changes in the clay composition following
treatments. Acid treatment alone resulted in a strong reduction
of both MgO and Fe,O3 contents. The treatment with
fluorinating agent led to a significant decrease in silica and a
relative increase in alumina in addition to the incorporation of

* Montmorrilonite

over 20% fluorine in the clay sample. There is almost 60%
decrease in the Si:Al ratio after fluorination, resulting most
probably from the decomposition of the smectite structure. One
consequence of mineral transformations as a result of
fluorination process, is the significant increase in specific
surface area of fluorinated clay (67 m*g~') compared to
untreated clay (31 m”? g~ ') and acid washed clay (46 m* g~ ').
Higher surface area of the fluorinated clay is consistent with its
reduced particle size (485 £ 6 nm) as compared to the particle
size of the parent bentonite (1400 & 40 nm).

3.2. X-ray powder diffraction

Fig. 1 shows XRD patterns of acid treated and fluorinated
bentonites as well as the parent bentonite. Based on a comparison
of the reported XRD patterns for clay minerals it is apparent that
untreated bentonite contains montmorillonite as the major clay
mineral, with trace amounts of quartz and calcite [27-29]. The
XRD results show that acid treatment caused significant
structural changes of the bentonite particles which is consistent
with previous observations [30]. Acid treatment affected mainly
d(0 0 1) reflections because of the resulting disorder of arranged
laminar sheets of montmorillonite [30]. The intensity of the
(00 1) reflection peaks belonging to the main montmorillonite
mineral decreased and broadened after acid treatment. A broad
and weak peak at 26 = 19° corresponding to amorphous silica and
a sharp and strong peak at 20 = 28.2° belonging to clinoptilolite
[31] appeared in the acid treated sample. The quartz impurity
present in the parent bentonite became more visible on acid
treatment.

Q Quartz

C Calcite

Fluorinated Bentonite

Acid washed Bentonite

Untreated Bentonite

* Q
| W
0 ratfrmsiesthpusch :

T
0 20
2-0 Scale

Fig. 1. XRD patterns for untreated and treated bentonites.
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Fig. 2. SEM micrographs of: (a) untreated and (b) treated bentonites.

The XRD pattern of the fluorinated bentonite is significantly
different from that of the acid treated and the parent bentonites.
It essentially corroborate the absence of the characteristic
montmorillonite reflections; suggesting that the structure was
completely transformed. The characteristic peak for montmor-
illonite corresponding to the (0 0 1) plane and usually found
[31] between 260=5° and 10°, was found at a position of
20=7.1° for parent bentonite and 7.8° for acid treated
bentonite. It shifts to 26 = 9.3° for fluorinated bentonite. The
intensity of the (0 0 1) reflection peak was greatly increased and
sharpened after fluorination. The diffraction pattern for
fluorinated bentonite sample shows very broad peaks between
26 = 18° and 32°, suggesting a loss of clay crystalline structure.
The sharp reflections at 260 = 14.9°, 15.85°, and 25.6° could be
due to aluminum fluoride hydroxyl hydrate phases [32,33]. The
quartz impurity present in both parent and acid treated
bentonite remained unaffected by fluorination.

3.3. Scanning electron microscopy (SEM)

Fig. 2 shows SEM micrographs of both untreated and treated
bentonite samples. Both micrographs show crumpled platlets.
More compacted aggregates are also observed. This is
consistent with the reported SEM micrographs for bentonite
[34,35]. However, smaller platlet sizes for the fluorinated
samples compared to the untreated samples are clearly seen in
the micrograph for treated sample.

3.4. Solid-state NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy has
been shown to be capable of providing considerable
information about the structures of aluminosilicates and
clay minerals [36—41]. The position of silicon resonance is
affected primarily by its degree of polymerization, and by the
nature of the nearest neighbor cations, whereas the aluminum
resonance is sensitive primarily to the number of atoms in its
immediate coordination environment, i.e. to whether the
aluminum is four- or six-fold coordinated by oxygen. Solid-
state NMR is particularly sensitive to amorphous phases
or small crystallites many of which cannot be detected by
XRD.

Fig. 3 shows 2°Si MAS NMR spectra of the three bentonites.
The spectrum of parent bentonite shows one major broad peak
at —93 ppm and a sharper weak peak at —108 ppm. The major
peak at —93 ppm can be assigned to the Si(0Al) environment,
i.e. Si surrounded by three Si in the tetrahedral sheet [42,43].
The shoulder observed at —108 ppm is attributed to silicon
atoms in the three dimensional silica network (Q* state) [41]
and has been assigned to quartz impurity [44].

2%Si MAS NMR spectrum of the acid treated bentonite
contains an additional small peak at —62 ppm in addition to an
increase in the intensity of the Q* peak at —108 ppm. This peak
can be attributed to a silicate impurity like olivine [45].
Compared with the parent bentonite, the acid washed bentonite

Fluorinated Bentonite

Acid washed Bentonite

Parent Bentonite

£ T U T
200 -100

298i NMR Chemical Shifts (ppm)

Fig. 3. 2°Si MAS NMR spectra of treated and untreated bentonites.
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Fig. 4. 27 Al MAS NMR spectra of treated and untreated bentonites.

had a considerably reduced impurity of paramagnetic iron. This
is expected to result in an improved spectral sensitivity and
resolution thus explaining an increased Q* peak intensity at
—108 ppm, and the emergence of a small new peak at —62 ppm
in the °Si MAS NMR spectrum of acid washed bentonite [46].
Whereas there is no change in the position of Q* resonance
either on acid treatment or fluorination, the Q3 resonance shifts
to Q* chemical shift range (—114 as against —93) on
fluorination, suggesting the formation of amorphous silica
[47]. The peak at —62 ppm observed in the acid treated
bentonite disappears on fluorination.

The *’ A1 MAS spectra of parent and fluorinated samples of
bentonite, are shown in Fig. 4. A large peak at +2 ppm in the
27Al1 NMR of parent bentonite indicates that much of the
aluminum is in the octahedral Al environments [48—50]. This is
in agreement with the *°Si NMR spectra. Two poorly resolved
peaks at 62 and 69 ppm are attributed to four-coordinate
tetrahedral Al core [21,50]. As the fluorination process
proceeds, all peaks shift to negative values, which are
consistent with the formation of fluorinated species [21].
The major octahedral Al peak in the parent bentonite at 2 ppm
is shifted to —9 ppm in the fluorinated bentonite, suggesting
modification of the original smectite material, in which same
coordination number for Al is maintained. This peak can be
assigned to octahedral aluminum fluoride species [21,51]. The
most apparent change is the shift of two poorly resolved
resonances for four-coordinate tetrahedral Al species. The
peak at 62 ppm in the *’Al MAS NMR spectrum of parent
bentonite moves to 14 ppm after fluorination. This suggests the
formation of octahedral oxyfluoride species, AlO¢_,F, [48].
The peak at 69 ppm decreases in intensity and moves to
39 ppm. This region is usually assigned to five-coordinate Al
[32,50].

"YF MAS NMR spectra shown in Fig. 5 indicate the presence
of two major groups of resonances. The resonance represented
by a broad strong peak centered around —130 ppm is consistent
with octahedral aluminum oxyfluoride environments [48]. This
could also be attributed to an Al-Al-vacancy environment,
which is feature of the dioctahedral character of montmor-
illonites. A broad weak peak at —230 ppm could be assigned to

terminal fluorine in tetrahedral or five-coordinate Al-F species
[21,52-54].

3.5. Infrared spectra

In our previous investigations, we have demonstrated that
compared with other IR techniques Step-scan Photoacoustic
Fourier Transform Infrared (PAS-FTIR) is particularly suitable
for the characterization of powder samples with strong IR
absorption characteristics [55]. The technique is especially
appealing because it requires neither vacuum nor special
sample preparation techniques [56]. Fig. 6 shows PAS-FTIR
spectra of both untreated and treated bentonites. The infrared
spectra of parent and sulphuric acid washed bentonite were
identical. After fluorination of bentonite, the structural OH
stretching vibrations of clays at >3700 cm ™' do not present any
significant changes, whereas the free —OH stretching of surface
hydroxyl group at Al surface around 3630 cm ™' disappear and
the vOH band around 3400 cm ™' usually assigned to adsorbed
water [54] widens and increases in intensity. However, the
1650 cm ™! band, corresponding to the SOH vibration of water,
remained unchanged, suggesting that the broad band around
3370 cm™' may not represent contribution from adsorbed
water, but could be due to formation of amorphous

[ I T I L I ]
-800 -400 0 400 800

19F_Chemical shifts (ppm)

Fig. 5. '’F MAS NMR spectra of fluorinated bentonite.
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Fig. 6. PAS-FTIR spectra of untreated and treated bentonite.

aluminosilicate species [42]. The 915 cm™ ! band (deformation
SOH of Al-OH) [57] increases in intensity and shifts to
930 cm ™' which is characteristic for AI-Al-OH stretching in
the octahedral layer [29]. The broad band around 1025 cm”!
corresponding to Si—O and Si—O-Si stretching bands becomes
stronger and sharper on fluorination. The shifting of the band at
1025-1100 cm™" coupled with the presence of a band at
3740 cm ™! (elongation vibration vOH of free Si-OH groups),
and the emergence of a broad shoulder around 800 cm ™'
suggests the formation of amorphous silica [57]. The intensity
of the doublet at 460 cm ™' (Si—O—Al and Si—-O-Mg coupled by
OH vibrations or Si—O bending vibrations) decreased
considerably with the emergence of a new band around
540 cm™', which has been assigned to Al-O-Si stretching
mode [29]. A weak band at 630 cm™ ' increases in intensity
several folds. This is consistent with the formation of aluminum
oxyfluoride species [58]. A weak doublet around 780 cm™'
which is characteristic of the presence of quartz [59], remains
unchanged. This is consistent with the NMR data.

4. Conclusions

A methodology has been developed for the chemical
fluorination of clays using a mild fluorinating agent, HPFg. This
approach resulted in the successful substitution of fluorine in a
sample of bentonite leading to a substantial modification of not
only the chemical composition, but its surface characteristics
such as, surface area, porosity and particle size of nano-clay
particles. Quartz present as an impurity in the parent clay did
not react with the fluorinating agent.

The modification of the properties of bentonite on
fluorination may have rendered the resulting fluorinated clay
useful for several potential commercial applications such as: an
additive for polymer nano-composites (PNCs, because of
greater hydrophobicity) [60], heterogeneous catalysis (catalysts
and catalysts support) [12,14,16], fuel cell (modification of
proton exchange membranes, PEM) [61], for chemical and
biological agent decontamination (by adsorption), for chemi-
cal, biological, radiological and explosives (CBRE), protective
clothing (through filtration, adsorption or neutralization) after
coating the clothing or additives with fluorinating clays.
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