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KMg1_,Pd, F3 with perovskite-like structures as precursors
for the catalytic hydroconversion of CCloF, and CHCIF,
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Several fluoride type perovskites, with formula KMg1_ Pdx F3, have been prepared for the first time. The enlargement of their cell
parameters has been associated with the insertion of Pd into the structure. After reduction, these new compounds, when tested in the
hydrodechlorination reaction of CCloF, and CHCIF,, showed higher selectivities to CHCIF, and CH»F,, respectively, than other Pd

catalysts supported on KMgF3.
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1. Introduction

Catalytic removal of chlorine from organic compounds
such as chlorofluorocarbons (CFCs) and hydrochlorofluoro-
carbons (HCFCs) is of increasing interest on account of their
high contribution to the depletion of the ozone layer [1-3].
The CFCs are being reduced owing to the United Na-
tions Environmental Protection Protocol for CFC regulation
adopted in Montreal, Canada, in 1987 and later meetings,
which promulgated a set of guidelinesto restrict the produc-
tion of CFCs and eliminate the use of specific CFCs [4,5].
Moreover, the CFCs are being replaced at present by HCFCs
as transition compounds in some kind of applications. For
example, CHCIF, (HCFC-22) is used as refrigerant in air
conditioners.

However, HCFC compounds do not exhibit null values
of ozone-depleting potential (ODP). Then, it is planned to
replace in the near future all the CFCs and HCFCs by more
environmental friendly products as HFCs, with very low or
null ODP. Therefore, in the next years, the main stocks will
be HCFCs, especially HCFC-22.

In order to eliminate these substances, many destruction
techniques have been proposed [6-9] but it appears morein-
teresting to convert CFCs and HCFCs into valuable chemi-
cal compoundssuch asHFCs. For this purpose, noble metals
have been mainly used as catalysts for CFC hydrodechlori-
nation. Palladium is the preferred active meta for this re-
action, in particular, supported palladium is the most widely
used catalyst [10-29]. The role of the support appears im-
portant for the devel opment of new catalysts capable of very
selective chlorine removal from CFC molecule because the

* To whom correspondence should be addressed.

metal—support interaction can modify favourably the elec-
tronic state of the metal particles [17,18]. Support effects
from fluoride-based materials have been identified as a clue
to achieve high selectivity to HFCs [12,16,18].

Perovskite-like structure materials have been of great in-
terest to the condensed matter physics, solid-state chem-
istry and materials science communities over the past four
decades [30]. Fluoride perovskites of AtB2+F3 typeform a
large family of compounds, which show various interesting
structures. These complex fluorides have been extensively
studied due to their particular physical properties such as
piezoelectric characteristics [31,32], photoluminescence be-
haviour [33], ionic conductivity [34] and nonmagnetic in-
sulator behaviour [35]. Complex fluorides are usually pre-
pared by solid-state reaction at high temperature [30,34,36—
39]. Recently, the preparation of complex fluorides with
perovskite-like structure, in solid-state reaction, has been
reported at milder conditions (353-513 K) [40-42]. This
synthesis route to complex fluorides can be a useful method
for the obtention of micro-mesoporous solids with high sur-
face areas. Besides, these materials may exhibit interest-
ing acid—basic properties and the challenging introduction
of some B2* reducible noble metal cations in the structure
can yield supported noble metal catalysts, after reduction.
In these materials both the metallic function and the acid—
basic properties might be tailored through several parame-
ters such as nature and amount of the cations and activa-
tion conditions. On that account, these materials would be
of special interest for hydrogenation reactions in which the
catalytic properties could be modified by tuning the acid or
basic sites of the support, i.e., “€electron acceptor or donor”
properties.
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Inthiswork, we haveinvestigated the catalytic properties,
after reduction, of KMgs . Pd, F3 with perovskite structures
in the hydrodehal ogenation reaction of CClaF, (CFC-12)
and CHCIF, (HCFC-22) in the gas phase. These perovskite
structures have been prepared by the not yet reported hy-
drothermal synthesis method (at 333 K in agueous medium).
Also, one sample of pure KMgFs wasimpregnated with pal-
ladium in order to compare its catalytic behaviour with the
results obtained by using the reduced KMg;_,Pd, F3 sam-
ples.

2. Experimental

Thehydrothermal synthesisof KMg;_, Pd, F3 compounds
with perovskite-like structures were performed as follows:
a solution with appropriate amounts of Mg(NOs3)»-
6H,0 and PdCl, was precipitated with a solution of KOH
(0.1 M) at room temperature and pH = 10. The obtained
precipitate was filtered and washed with distilled water to
eliminate KOH excess. The gel was then suspended at room
temperaturein a Teflon vessel in distilled water under mag-
netic stirring. An appropriate amount of two agueous so-
lutions of KOH and HF (both 0.1 M) was added dropwise
until pH ~ 6-7 was achieved. The mixture was then stirred
and heated at 333 K for 12 h. The solid formed was filtered,
washed with distilled water and ethanol and dried at 373 K
overnight.

Three samples with K/Mg/Pd/F ratios of 1/1/0/3, 1/0.98/
0.02/3 and 1/0.93/0.07/3 were synthesized by this method
and labelled as S;, S; and Sz, respectively. Another sample
(called S4) was prepared by impregnating the pure KMgFs
with palladium in asimilar amount as for the Sz sample.

Samples S, Sz and S4 were reduced in a Hy/Ar flow
(10/90 vol/vol) at 523 K for 4 h. These catalysts are labelled
as SR, Sgr and SyR, respectively.

The samples and catalysts were characterised by X-ray
diffraction (XRD), N2 adsorption (BET surface area), hy-
drogen chemisorption, thermogravimetric analysis (TGA),
X-ray fluorescence, scanning electron microscopy (SEM)
and infrared spectroscopy (FT-IR).

Powder X-ray diffraction patterns (XRD) of the samples
were obtained with a Siemens D5000 diffractometer using
a nickel-filtered Cu Ko radiation. Samples were dusted on
double-sided sticky tape and mounted on glass microscope
dides. The patterns were recorded over arange of 20 angles
from 7° to 70° and the crystalline phases were identified us-
ing the files of the Joint Committee on Powder Diffraction
Standards (JCPDS). The JCPDS files used were 18-1033,
1-1107, 5-0681, 41-1443 and 75-0296 for the perovskite,
PdO, Pd, MgF> and KCI phases, respectively.

The BET surface areas were calculated from the nitrogen
adsorption isotherms at 77 K using a Micromeritics ASAP
2000 surface analyser and avalue of 0.164 nm? for the cross-
section area of the nitrogen molecule.

The hydrogen chemisorption was measured with a Mi-
cromeritics ASAP 2010C instrument equipped with a tur-
bomolecular pump. Samples had previously been reduced
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in the same conditions in which the catalysts had been pre-
pared. After reduction, the hydrogen on the nickel surface
was removed with 30 ml min~1 of He for 30 min at 683 K.
The sample was subsequently cooled to 303 K under the
same He stream. The chemisorbed hydrogenwas analysed at
343 K using the adsorption—backsorption isotherm method
proposed by Benson et al. [43] to eliminate the contribu-
tion of B-PdH phase. The nickel surface atoms were cal-
culated assuming a stoichiometry of one hydrogen molecule
adsorbed per two surface nickel atoms and an atomic cross-
sectional areaof 6.49 x 10~2° m%/Ni atom.

TGA analyses were carried out in a Perkin—Elmer TGA
7 microbalance equipped with a273-1273 K programmable
temperature furnace. Each sample (30 mg) was heated in a
Ar flow (80 cm® min—1) from 323t0 873K at 10 K min—1.

X-ray fluorescence analyses were made with a Philips
EM 301 microscope equipped with an electron probe mi-
croanalyser (EPMA), CAMECA Camebax SX-50, and op-
erating at acceleration voltages between 35 and 45 kV. The
atomic ratios of F, K, Mg and Pd of the samples were ob-
tained.

Scanning electron micrographswere obtained with a Jeol
JSM-35C scanning microscope operating at an accelerat-
ing voltage of 35 kV, a work distance (wd) between 10
and 13 mm and magnification values in the range 25000
40000x%.

The infrared spectra (FT-IR) were recorded with a Nico-
let 5ZDX spectrometer in the 4000400 cm~1 wavenumber
range using pressed KBr pellets.

The reaction of CCl2F2 and CHCIF, with hydrogen was
carried out at atmospheric pressure in a microflow reactor
(filled with 250 mg of catalyst) at 1000 h~1 space velocity
and at 523 K. Themolar ratio of CFC/H, or HCFC/H» wasin
the range 0.2-5.0 and feed partia pressures of CFC, HCFC
and H» were between 120 and 640 Torr. The flow rates of
CFC, HCFC, Hz and Ar (as an inert gas) were controlled
by Bronhorst Hi-Tec digital mass flow controllers. The re-
action mixture outflowing from the reactor was analyzed by
an on-line gas chromatograph using a PoraPLOT Q capillar
column (30 m x 0.032 mm ID) and equipped with a FID
detector.

3. Resultsand discussion

Table 1 shows some characterization datafor the samples
S1, S and S3. Their chemical composition, determined by
X-ray fluorescence, agrees with the elemental composition
for the sample preparation.

Table 1
Characterization of the samples.
Sample Chemica composition BET area  XRD Cell parameter
(m?g~1) phases? (A)
Sl KM J0.99 F2Agg 41.1 P 3.9789 + 0.0006
S KMgp.978Pdo. 021 F3.01 535 P 4.0007 £+ 0.0001
83 KM J0.935 Pdo'oeg Fg'o 46.8 P 4.0020 £ 0.0001

ap: perovskite phase.
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The XRD patternsof the S1, S; and S3 samplesare shown
in figure 1 and can be indexed in the cubic system, spatial
group Pm3m. The cell parameters were calculated collect-
ing the datawith an angular step of 0.05° at 5 s per step with
silicon as an internal standard and using FULL PROF soft-
ware [44]. The results, reported in table 1, show that there
is an increase in the cell parameter of the samples higher
than 0.002 nm when Pd?* is incorporated in the perovskite-
like structure due to its higher radius (0.086 nm) with re-
spect to the Mg?+ (0.072 nm). There is also a correlation

Intensity (a.u)

30 35 40 45 50 s5 60 65
20 scale

Figure 1. XRD for S (@), Sp (b), Sz (€) and Sy (d) samples. (o) Si, (M) pe-
rovskite and (¢) PdO phases.

Figure 2. SEM micrograph of the sample S;: KMgF3 (magnification
12000x, reduced to 80% of original size).
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between the cell parameter and the palladium content of the
perovskite. Theincorporation of palladium in the perovskite
structure is also confirmed by XRD spectra which did not
show any line of a PdO phase (see figure 1 (b) and (c)). In
contrast, when the pure KMgF3 is impregnated with palla
dium in a similar amount as for the S3 sample (hereafter
called sample S4) the XRD lines characteristic of the PdO
phase are detected after calcination (see figure 1(d)).

The specific surface areas of the samples are in the range
41-53 m? g1 (see table 1). The surface areas are dightly
higher for the Pd samples. The SEM of the obtained solid ex-
hibits cubic particles (see figure 2) where the average length
of cornersrangesfrom 0.2to 5 um. Sampleswith palladium
show alower length of corners. This observation agreeswith
the values of specific surface area.

In order to study the therma stability of the synthe-
sized samples, TG-DTA analyses in an argon-flowing at-
mosphere were performed. Neither phase transformations
nor mass losses were observed between 393 and 873 K.
This indicates that the samples are not hydrated and are
stable, in agreement with the data reported in the litera-
ture [40,41]. Thisfact is confirmed by FT-IR spectraof sam-
ples showing no absorption bands of water at around 3450
and 1650cm~1L. Thisisthefirst timethat the preparation of a
KMg1—,Pd,F3 perovskite-like compound containing noble
metal is reported.

After reduction, all the samples show XRD lines char-
acteristic of Pd and KMgF3 phases. Besides, S;r and Sgr
catalysts also show the presence of MgF, and KF phasesin
trace amounts. These phases are segregated from the bulk
perovskite-like structure during the reduction process con-
currently with Pd phase formation. The palladium particle
sizes, calculated by using the Scherrer equation, were 4 nm
for catalysts Spr and Sgr and 10 nm for catalyst SuR.

The catalytic results for the reaction of CCl>F, and
CHCIF; with hydrogen, at steady state conditions, are shown
in table 2. The main organic compounds obtained for the
hydroconversion reaction of CCl,F, were CHCIF2, CHoF2
and CHy4. These compounds represent more than 99% of
the products. It is important to mention the high selectiv-
ity to CHCIF, (between 44 and 75%) obtained from these
catalysts, in contrast with the data reported previously us-
ing other Pd-based catalysts [12,13,16,18], where CHCIF»

Table 2
Catalytic properties for the hydrogenation of CCloF, and CHCIF, over Pd/KMgF3 and
KMg;_, Pdy F3 catalysts.2

Catalyst Hydroconversion of CClyF»

Hydroconversion of CHCIF»

RP Conv. Product selectivities (mol%) RP Corv.  Product selectivities (mol%)

(%) CH4 CHyF, CHCIF, Others®

(%) CHgq CHyFy CH3F Othersd

SR 2 1 3 22 75
Sk 195 9 8 35 57
Sig 283 13 20 35 a

27 12 20 80 -
92 4.2 9 91 - -
37 15 26 28 43 3

8 Reaction temperature 523 K, Ho/CClyFp = 1.

b Reaction rate expressed in (mol min—1g=1) x 107.

€ CH3Cl, CHgF.
d CHF3, CoHg, CoHy and CH3CI.
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Table 3
Influence of conversion on selectivity for the hydrogenation of CClyF» over
Pd/KMgF3 and KMg;_, Pd, F3 catalysts.2

Catalyst Conversion Product selectivities (mol%)
(%) CHs;  CHoF,  CHCIF, Others?
SR 1 3 22 75 -
6 4 19 7 -
17 6 22 72 -
S3r 9 8 35 57 -
27 7 39 54 -
53 9 40 51 -
SuR 13 20 35 44 1
23 22 45 33 -
48 18 60 21 1

@Reaction temperature 523 K, Ho/CClyFp = 1.
b CH5Cl, CH3F.

is obtained as a minor product (<15%). The SR catayst,
which has the lowest Pd content in the perovskite-like struc-
tureand also thelowest activity, showsthe highest selectivity
to CHCIF; (around 75%). The S4r catalyst shows the high-
est reaction rate for the hydroconversion of CCl>F2 and also
the lowest selectivity to CHCIF, (around 44%).

It has been reported that the addition of high amount of
HCI to the reaction feed (H2/HCI = 1) using Pd/C catalyst
causes an important increase in the selectivity to CHCIF,
(around 40%) for a 13% of conversion [19]. However, this
Pd/C catalyst only shows a selectivity to CHCIF, around
20% without the addition of HCI. The formation of CHCIF,
during the hydroconversion of CCloF; is explained by the
reaction between CF, and chlorine species both adsorbed
on the surface of the catalyst. Therefore, the S4r catalyst,
which shows the highest conversion and consequently the
highest HCI amount (obtained as a product during the hy-
droconversion reaction), should have the highest selectivity
to CHCIF,. However, the Syr catalyst, with the less conver-
sion, has the highest selectivity to CHCIF, (around 75%).
The influence of conversion level on selectivity was exam-
ined by modifying the spatial velocity. Asshow intable3the
selectivity to CHCIF, was maintained for S,r and Sgr cat-
alysts at conversion levels up to 15 and 50%, respectively.
However, for the Syr catalyst there is an increase in the se-
lectivity to CH2F> (mainly at the expense of CHCIF,) at high
conversion level (around 50%).

Table 2 aso shows the catalytic results for the hydro-
conversion of CHCIF; using SR, Szr and Syr cataysts.
The main product is CH2F> for Spr and Sgr catalysts (be-
tween 80 and 90%), whilefor Syr the main product is CH3F.
Besides, the Sgr catalyst shows both highest reaction rate
and selectivity to CHoF2 (around 90%). Therefore, SR
and Sgr catalysts differ in catalytic behaviour with respect
to S4r during the hydroconversion of CCl>F2> and CHCIF,
(mainly). The Pd surface area, determined by hydrogen
chemisorption for Spr, Sgr and Sar catalysts, were 0.2, 0.6
and 1.6 m? g1, respectively (assuming Hir/Pd = 1). This
fact cannot explain the different catalytic behaviour of these
catalysts. It seems that the interaction between the Pd metal
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particle and the support (KMgFs) could play an important
role in the hydrogenation reaction of CCl>F, and CHCIF;
using our catalyst.

It is well known that the gas phase hydrogenation of
CCl2F2 and CHCIF, over supported Pd catalysts is greatly
affected by the nature of the support [12,18]. Therefore, it
could be speculated that the very different behaviour of Pd
arises from the anchoring of Pd in the perovskite-like struc-
ture (KM gz, Pd, F3) than when supported on KMgFs3 or in
other supports[12,13,16,18].

Coq et al. [12,18] reported that using palladium cata-
lysts CH4 and CH2F> are the main products from hydro-
conversion of CCloF> on Pd/ZrF4,TiF4, AlF3 and that CHa
and CH3F are the main products from hydroconversion of
CHCIF, on Pd/AIF3. They suggest that the preferred re-
actions are those which allow the removal of two halogen
atoms per sojourn on the surface of the catalysts. In con-
trast, whenusing KMg; _, Pd, F3 catalysts (S;r and Sgr), the
most favourablereaction, for the hydroconversion of CCla2F»
and CHCIF; is that which allows the removal of one chlo-
rine atom during one sojourn on the surface of the catalysts,
obtaining higher selectivitiesto CHCIF, and CH2F», respec-
tively. Incontrast, for S4r catalyst the main obtained product
for CHCIF, hydrodechlorinationis CH3F.

Therefore, it seemsthat thereis also a different behaviour
between Syr, Sgr and S4Rr catalysts during the hydroconver-
sion reaction of CHCIF,. Thisfact could be explained tak-
ing into account adifferent metal—support interaction for S;r
and Sgr with respect to S;r which could modify favourably
the electronic state of the metal particles. This could be re-
lated with the different way of catalysts preparation.

It is important to mention that after the reduction of
S, and Sz samples (which have perorvskite-like structure
KMg1—,Pd;F3 ) the phases detected by XRD are Pd and
KMgF3 (mainly), and aso traces of KF and MgF> for the
corresponding Syr and Sgr catalysts. The latter phases are
segregated from the structure of KMg:—,Pd,F3 when the
Pd?* isreduced to Pd®. Besides, only Pd and KMgFs phases
are detected for catalyst 4R.

Figure 3 (a) and (b) showsthe effect of the Ho/HCFC ratio
during the hydroconversion reaction of CHCIF; for catalysts
S4r and SgR, respectively. The catalytic behaviour of thetwo
catalysts is very different, as observed. The main product
is CH2F> (around 85-91%) for catalyst Szr with a dlight
decrease when the Ho/HCFC ratio increases, while the main
product for catalyst S4r is CHsF followed by CH2F> and
CHgy with values of around 40, 28 and 26%, respectively. At
low Ho/HCFC ratio the CH3F increases at the expense of the
other productsfor the S4r catalyst.

Figure 4 shows the conversion and products selectivity
for catalyst Sgr as function of time on stream. Conversion
and selectivity remain practicaly constant. Therefore, this
catalyst does not show deactivation during 5 days time-run
which leads usto assume that it has good stability to the HCI
and HF action produced during the reaction.

After catalytic reaction and at steady state conditions, the
diffraction patterns of the used Sgr catalyst shows a more
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Figure 3. Conversion and product selectivities for the hydroconversion of CHCIF, over (a) Syr and (b) Sgr asafunction of feed composition. Temperature
of reaction 523 K. (o) CHoF», (l) CHy, (#) CH3F, (A) other products and (x) conversion.
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Figure 4. Conversion and product selectivities for the hydroconversion of
CHCIF, vs. time on reaction for catalyst Sgr. Temperature of reaction
523 K. Hy/ CHCIF, = 1. (o) CH,F», (M) CHy, (#) CH3F and (x) conver-
sion.

crystalline MgF» phase and the appearance of one new and
crystalline KCI phase. The KCl phase can be produced by
the reaction of the KF phase, detected after the reduction
of the perovskite-like structure, with the HCI released dur-
ing the hydroconversion reaction. Besides, used Sgr catalyst
also shows the presence of a small amount of a new PdC,
phase (figure 5(a)).

The appearance of PdC, is due to the reaction of car-
bonaceous species formed during the reaction with the pal-
ladium [25,26,45-47]. The formation of this PdC, phase
could be related to the lower Pd particle size [26], and its
higher interaction with the support for catalyst Sor and Sgr.

Itisimportant to mention that catalyst S4r mainly shows,
after catalytic reaction, two phases: Pd and KMgF3. Also,
traces of KCl are observed for the S4r used catalyst (fig-
ure 5(b)) which can be due to the reaction of HCI produced
during the reaction with some KF amorphous phase obtained

b)

Intensity (a.u.)

70
20

50 55 60 65

25 30 35 40 45

Figure 5. XRD for used catalysts: (a) Sgr and (b) Syr. (M) Perovskite,
(o) Pd, (0) KCI, (o) MgF» and (o) PdC, phases.

during the synthesis of KM gF3 sample but undetected previ-
ously by XRD.

No PdC, phase was detected for this catalyst, probably
due to the higher particle size of the palladium and its lower
interaction with the support. It seems that this palladium
carbide phase also has an important role in the selectiv-
ity [46].
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Therefore, complex fluorides with perovskite-like struc-
ture are very promising materials to obtain new Pd cata-
lysts with interesting properties for the selective removal
of only one chlorine atom from CClF, and CHCIF, mol-
ecules. Moreover, due to the very special propertiesof Pd in
such an environment, unexpected catalytic properties of Pd
might be found in other selective hydrogenation reactions.
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