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Abstract

Calcium phosphate support (HAP) has been synthesised and impregnated with different
amounts of Pd. The prepared Pd/HAP catalysts have been thoroughly characterised by
BET, XRD, TEM, UV-visible-NIR, FTIR, XPS, CO,-TPD and NH3-TPD techniques
and tested in the DCE oxidation reaction.

The characterisation of the catalysts has revealed a clear evolution of the Pd species
structure, by increasing the Pd content, from highly dispersed tetrahedral coordinated
Pd** to larger Pd®* species particles adopting square planar geometry. The latter seems
to be partially encapsulated by the HAP support.

In DCE oxidation reaction the Pd/HAP system has shown an activity comparable to that
of conventional system (Pd/alumina). However, the former has proved high selectivity
towards the production of oxygenated products (COx (CO, and CO)). Notably, in
contrast to Pd/alumina, the DCE oxidation does not yield vinyl chloride intermediate
product over Pd/HAP. This catalytic behaviour has been related to the moderate acidity
of HAP compared to that of alumina together with its interaction with the Pd active
phase. This report, then, considers that Pd(x)/HAP could be presented as a good

alternative to those reported in the available literature.

Keywords: Pd?* species structure, hydroxyapatite, chemical properties, CI-VOCs

oxidation
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1. Introduction

Air pollution caused by the release of volatile organic compounds (VOCs) in different
industrial activities is currently considered one of the major environmental problems [1-
3]. In this sense, chlorine-containing organic compounds (CI-VOCs), which are
produced in considerable amounts nowadays, require special attention; especially
considering their high volatility, toxicity and stability. These chlorinated VOCs, which
include polychlorinated methanes, ethanes and ethylenes, are essentially used as
cleaning and extraction agents, additives for adhesives and solvents for chemical
reactions in a number of industrial processes.

For a long time, thermal incineration has been employed as an effective remediation
technology for the removal of CI-COVs. There are, however, a number of drawbacks
that strongly restrict the application of traditional incinerators as they require high
operation temperatures and release undesirable by-products [1-3]. For this reason, in the
last few decades, research has focused on the development of catalytic processes that
could allow operating at low temperatures in order to decrease the processing cost and
NOy emissions. Recently, much effort has been devoted to the development of catalytic
systems for hydrodechlorination processes to transform CI-VOCs to unsaturated
hydrocarbons with high added value [4-9]. However, the economic viability of this
strategy, which involves hydrogen consumption and a demanding catalyst activation
step, lacks evidence to be considered as an alternative. By contrast, catalytic oxidation
of CI-VOCs is still considered as a method of choice because it allows the oxidation to
proceed at low temperatures and results in a diminution of NOy emissions [1-3].
Moreover the use of efficient catalysts can increase the selectivity towards deep
oxidation products (CO, and HCI) at the expense of undesirable products, such as CO,

vinyl chloride (VC) and Cl..
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Generally, catalysts for CI-VOCs oxidation consist of transition metal oxides (Co, V,
Cr, Mn) and supported noble metal (Pt, Pd, Ru and Rh) catalysts [1-3, 10-16]. Despite
their low cost, the application of transition metal oxides is strongly limited, due to the
formation of volatile metal oxychlorides, which promote the loss of the active phase
[17]. By contrast, in accordance with experimental studies carried out on a wide series
of CI-VOCs oxidation catalysts, noble metals showed high resistance against
volatilization and exhibit higher specific activity compared to those of metal oxides
[18]. Though a number of reports dealing with different noble metal catalysts are
presently available, due to their high activity and thermal stability supported Pd
catalysts are by far the most investigated systems. For instance, Gonzalez-Velasco et al.
[3] compared the behaviour of Pd and Pt catalysts and reported that Pd/alumina was
more active and less selective to produce Cl, than Pt/alumina in 1,2-dichloroethane
(DCE) and trichloroethylene (TCE) oxidation, under rich-oxygen conditions. On the
other hand, it is known that, in the CI-VOCs oxidation, the nature of the support plays a
key role in the catalytic properties of the supported Pd catalysts and in their stability [1].
For this reason, current research is dedicated to the synthesis of supports exhibiting
suitable physico-chemical properties in order to overcome the main problems related to
deactivation of Pd catalysts, namely sintering, chlorine adsorption and coke deposition.
For this purpose, various supports (including Al,QOg3, zeolites, SiO,, CeO,, La,03, ZrO,-
TiO,) have been used to disperse the Pd species and to generate new interactions which
might enhance their activity, selectivity and stability [1,19-22]. Special attention has
been paid to determine the influence of the nature of acid sites of the support because of
their key role in the activity and the products distribution [19-22].

Among the promising non-classic supports hydroxyapatite material (HAP:

Cai(PO4)s(OH),) has attracted increasing interest in the last decades [2,23-25]. This is
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due to its high structural flexibility which allows different substitutions and ion
exchanges. Moreover, the surface chemical properties of HAP can be substantially
modulated by varying the Ca/P ratio. Recently, in our study devoted to examine the
catalytic behaviour of Pd/HAP catalysts in various CO elimination processes [23], we
found that their performance evidenced the potential of HAP support as good alternative
to the classical supports. Moreover, in relation with the CI-VOCs abatement, we studied
the applicability of Co/HAP catalysts in the oxidation of DCE [2]. Due to a significant
enhancement of the textural and structural properties the resulting Co/HAP catalysts
achieved a higher activity compared to bulk Co30y4, thereby confirming the advantage of
dispersing cobalt on a relatively high surface area HAP.

In the present work, we investigate the applicability of a non-stoichiometric
hydroxyapatite (Ca/P = 1.50) as a porous support of the Pd species in the total oxidation
of DCE. The choice of such composition was made in order to obtain an active surface
bearing more acidic sites [26], as suitable chemical properties for the oxidation of ClI-
VOCs, compared with stoichiometric hydroxyapatite (Ca/P = 1.67). Interesting
conclusions have been drawn from the correlation between the physicochemical
properties of Pd/HAP samples, determined by different characterisation techniques
(including BET, TEM, XRD, FTIR, UV-VIS-NIR DRS, XPS spectroscopy and
volumetric adsorption of NH3 and COy), and their performance in the DCE oxidation
reaction. Special attention will be devoted to the catalyst structure changes and their

impact on the efficiency of palladium in the reaction.

2. Experimental

2.1. Preparation of the catalysts
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Calcium-deficient hydroxyapatite support (HAP), with Ca/P molar ratio equal to 1.50,
was synthesized adding drop wise a boiled aqueous solution of calcium nitrate to a
solution of (NH4),HPO,. The precipitate was re-dissolved in a nitric acid solution and
neutralized with ammonia at pH of 10-11. The resulting mixture was maintained under
stirring at 80 °C for 16 h. After filtration, the recovered solid was washed well with
purified water, until the pH of the filtrate reached a value of 7, then dried at 120 °C and

finally calcined at 500 °C for 4 h.
The Pd(x)/HAp catalysts (0.5 wt.% < x < 2 wt.%) were prepared by impregnation of the

HAP support by tetraamminepalladium (1) chloride monohydrate. The prepared

catalysts were dried at 120 °C for 12 h and, then, calcined at 500°C for 4h.

2.2. Characterisation techniques

The volumetric N, adsorption at -196 °C was performed on an automatic apparatus
Micromeritics, model TRISTAR Il 3020 apparatus. The pre-treatments applied to the
samples consisted of a cleaning, at 300 °C (overnight), under nitrogen flow. The
specific areas of the samples were determined in line with the standard BET procedure,
using nitrogen adsorption taken in the relative equilibrium pressure interval of 0.03-0.3.

X-ray diffraction (XRD) studies were conducted on a X’PERT-MPD X-ray
diffractometer with Cu Ka radiation (1 = 1.5406 A) and Ni filter. The X-ray tube was
operated at 40 kV and 40 mA. The samples were scanned between 10° and 100° (26),
and the X-ray diffraction line positions were determined with a step size of 0.01° and a
counting time of 2.5 s per step. Phase identification was conducted by comparison with

JCPDS database cards.
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Fourier transform infrared spectroscopy (FTIR) absorption spectra were recorded in the
400-4000 cm™ range with a Cary 600 Series FTIR spectrometer using disks of samples
diluted in KBr.

The oxidation states and the coordination of the Pd species were investigated by diffuse
reflectance UV-visible-NIR spectroscopy (UV-visible-NIR DRS) with a UV-vis-NIR
Cary 5000 apparatus coupled to Diffuse Reflectance Internal 2500 within a range of
200-2500 nm. The PdO absorption edge was determined according to a procedure
previously described by Weber [27]. The position of absorption edges were determined
for allowed transitions by finding the energy intercept of a straight line fitted through
the low energy rise in the graph of [F(R) x hv]® vs hv, where F(R) is the Kubelka-Munk
function and hv is the incident photon energy.

The morphology, size and dispersion of the palladium particles were examined by
transmission electron microscopy (TEM). The TEM studies were performed on a
Philips CM200 transmission electron microscope equipped with LaB6 filament
operating at 200 kV and combined with X-ray energy dispersive spectroscopy (X-EDS)
techniques.

The temperature programmed desorption of CO; studies (CO,-TPD) were carried out on
a Micromeritics AutoChem 2920 instrument coupled to a MKS Cirrus LM99 mass
spectrometer. The catalysts were submitted to a pre-treatment consisting on their
heating at 500 °C (30 min) in a flow 5%0./He (50 cm® min™) and cooling to 40 °C in a
flow of He. The adsorption of CO, was performed in a flow of 10%CO,/He (50 cm®
min™) for 30 min. After CO, adsorption the samples were treated with He for 2 h and
heated at 10 °C min™ up to 500 °C in flowing He (50 cm® min™).

The acid properties of the catalysts were determined by temperature programmed

desorption of NH3 (NH3-TPD). The samples were submitted to the same experimental
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conditions used for CO,-TPD. The adsorption of NH3; was performed in a flow of
10%NH3/He (50 cm® min™) for 30 min. The NH; signal (m/z=15) was analysed online
by mass spectrometry.

On the other hand, the amount of carbonaceous deposits on the used catalyst (40 mg)
was determined by temperature programmed oxidation (TPO-MS) on the same
experimental setup used for CO,-TPD experiments coupled to a MKS Cirrus LM99
mass spectrometer. A flow 5%0,/He (50 cm® min™) was used as an oxidant stream. The

temperature was increased from 40 to 900 °C at a constant heating rate of 20 °C min™.

2.3. Catalytic tests

Catalytic tests were performed in a bench-scale fixed bed reactor operated at
atmospheric pressure. The reactor was made of quartz with an internal diameter of 10
mm and a height of 300 mm, in which the temperature is controlled with a
thermocouple placed in the catalyst bed. Typically 0.85 g of catalyst in powdered form
(0.3-0.5 mm) was loaded. The reaction feed consisted of 1000 ppm of DCE in dry air
with a total gas flow of 500 cm®min™ (15,000 h™). It should be noted that the
experimental conditions employed in this work were chosen to meet the criteria to
ensure the absence of the mass and heat transfer limitations, as described elsewhere
[28]. Catalytic activity was measured over the range 150-500 °C and conversion data
were calculated by the difference between inlet and outlet concentrations. Conversion
measurements and product profiles were taken at steady state, typically after 30 min on
stream.

The feed and effluent streams were analysed using an on-line 7980A Agilent
Technologies gas chromatograph equipped with a thermal conductivity (CO and CO,)

and an electron capture detector (chlorinated hydrocarbons). Analysis of HCI and
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Cl, was carried out by means of ion selective electrode and titration, respectively.
Further details on analytical procedures can be found elsewhere [28]. On basis of the
concentrations [C;] at the outlet and the inlet of the reactor, DCE conversion to COx
(Xpce) and selectivity towards CO and CO, were calculated, according to the following

equations:

X ®

()

(3)

Turnover frequency (TOF) values were calculated as the activity data per mole of
palladium. In order to assure differential reactor conditions the temperatures used for
the calculations of TOF over the Pd(x)/HAP catalysts corresponded to low DCE

conversions.

3. Results and discussion

3.1. Catalytic activity of the Pd(x)/HAP samples in the DCE oxidation

The DCE oxidation reaction has been examined over the Pd(x)/HAP catalysts in the
temperature window between 150 and 500 °C, by sequentially increasing the reaction
temperature with 25 °C intervals. Fig. 1 displays the evolution of DCE conversion
(Xpce) over the Pd(x)/HAP catalysts versus reaction temperature. Over the bare HAP
support the reaction begins around 225 °C and the conversion increases slowly up to
375 °C. Then it starts to increase rapidly with reaction temperature, but it does not

exceed 48% at 500 °C. Fig. 1 also shows that the addition of palladium promotes the
9
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DCE oxidation activity. Indeed, over the three Pd catalysts the reaction ignition starts at
200 °C and the conversion increases rapidly with the temperature to reach a conversion
close to 100% at 450 °C over the Pd(0.5)/HAP and Pd(1)/HAP catalysts; whereas, the
Pd(2)/HAP catalyst reaches its maximum conversion (93%) at 500 °C. Table 1
compares the obtained results in terms of the temperatures at which the DCE conversion
reaches 10% (T10), 50% (Tso) and 90% (Tgo). The temperatures required for 10% and
50% DCE conversion do not seem to be affected by the Pd loading (275-280 °C and
342-352 °C, respectively). However, the Pd(2)HAP catalyst presents the highest Tgo
(450 °C) compared to the low Pd loading catalysts (415 °C for Pd(0.5)/HAP and 410 °C
for Pd(1)/HAP).

Table 1 also lists the specific activity values in terms of molpce g™ s, molpce m? s
and molpce molpg™?s™ (TOF) determined for a conversion lower than 20% (at 275 °C).
The analysis of the obtained values evidences the superiority of the Pd(0.5)/HAP
catalyst. For instance, TOF significantly decreases with the Pd loading from 10.1 x 10
st for the Pd(0.5)/HAP sample to 5 x 10* s* and 2 x 10™ s for Pd(1)/HAP and
Pd(2)/HAP, respectively. Furthermore, the apparent activation energy (Ea) for the
Pd(x)/HAP catalysts is calculated assuming a first order reaction. As reported in Fig. 2 a
linear correlation is obtained between In[-In(1-Xpce)] and 1/T. According to the data
reported in Table 1 the lowest activation energy value, 59.2 kJ mol™, is obtained for the
Pd(0.5)/HAP catalyst whereas it is significantly higher, 69.8-70.6 k mol™, over the
Pd(1)/HAP and Pd(2)/HAP catalysts. The analysis of the E, and TOF values trends
points out that the activation of the DCE molecule might be sensitive to the nature of
the Pd active species that are deposited on each catalyst. In this sense, the lowest E, and
the highest TOF values obtained on the Pd(0.5)/HAP sample can be attributed to the

presence of the most active species of Pd.

10
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Fig. 3 (a-d) shows the concentration-temperature profiles of the main oxidation products
(CO,, CO, VC and HCI, respectively). On the bare HAP support, the formation of CO,
is very low (< 150 ppm) in all the reaction temperatures range (up to 500 °C) (Fig. 3a).
However, the addition of palladium increases notably the selectivity towards CO,
production. Indeed, at 500 °C, 1950 ppm of CO, are produced on the Pd(0.5)/HAP and
Pd(1)/HAP catalysts and 1750 ppm are produced over Pd(2)/HAP catalyst. Regarding
the CO production it can be observed that, over the Pd catalysts, it increases rapidly,
compared to the CO; profile, before reaching a maximum around 950-1050 ppm at 375
°C (Fig. 3b). Above this temperature, CO, production predominates due to CO
oxidation. By contrast, on the HAP support the concentration of the produced CO
increases continuously with the temperature to reach 800 ppm at 500 °C. Many reports
on a wide variety of supported and unsupported catalysts pointed out that the low
selectivity to CO, observed at low temperatures could be related to a possible
chlorination of the catalyst which inhibits the oxidation of carbon monoxide [1,29-33].
Fig. 3c shows the production profiles of HCI. Generally, HCI is the preferred
chlorinated product because it can be easily trapped by aqueous scrubbing [1-2]. As it
can be seen in Fig. 3c hydrogen chloride is the main deep DCE oxidation product over
the Pd catalysts. The shape of its production profiles is quite similar to that of DCE
conversion enclosing all the temperatures range corresponding to the yield of both CO
and CO,. At 500 °C, the highest concentration of HCI (1900 ppm) is detected on the
Pd(0.5)/HAP catalyst. This maximum value slightly decreases at higher palladium
contents (1850 ppm over Pd(1)/HAP and 1700 ppm over Pd(2)/HAP). It should be
noted that the Pd(x)/HAP system does not favor the occurrence of the Deacon reaction.
Indeed, very small amounts of Cl, (< 75 ppm) are detected, at temperatures higher than

450 °C, over all the investigated samples.

11
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The HAP support effect on the selectivity was also studied following the VC
intermediate product (Fig. 3d). The VC production trace corresponding to the bare
support is characterised by the presence of a peak centred at 425 °C (800 ppm) before
decreasing sharply for T >425°C with high CO production, as above commented.
Nevertheless, the VC intermediate product disappears completely, in all the explored
temperatures, with the addition of Pd. This observation points out that the use of
hydroxyapatite as support for Pd catalysts is not selective towards the production of VC
intermediate product. In this sense, these results show remarkable differences with
respect to those reported in previous studies on the activity of Pd catalysts in the ClI-
VOCs oxidation [20,29-30]. Over the latter, considerable amounts of chlorinated
intermediate molecules were detected as undesirable products. For instance, over a
Pd/alumina catalyst the DCE oxidation produces vinyl chloride with a maximum
centred at 350 °C [29]. Also, it was found that the oxidation of trichloroethylene (TCE)
on the Pd/alumina and Pd/zeolites catalysts produces considerable amounts of
tetrachloroethylene [20,31]. Generally, the production of these intermediate products
occurs at mild temperatures and their high selectivity is principally related with the
presence of strong surface acid sites [20,29-33]. On the mechanism that describes the
reaction steps over Pd catalysts Aranzabal et al. [29] concluded that DCE is first
decomposed by dehydrochlorination to VC and HCI, followed by direct oxidation to CO
and CO,. Accordingly, we conclude that over our Pd(x)/HAP catalysts the oxidation
step is fast enough to convert immediately the VC intermediate product to HCI, CO and
CO..

It worth mentioning that, over the Pd catalysts, carbon balances are slightly higher than
100% at elevated temperatures (325-500 °C) which may be due to the combustion of the

coke formed at lower temperatures. TPO-MS analyses effectively show that very small

12
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amounts of carbon are accumulated on the used catalysts (< 0.5 wt.%). On the other
hand, a surface semi-quantitative analysis of the post-reaction catalysts was conducted
by X-EDS techniques; particularly focused on the determination of chlorine species
amounts deposited on their near surface. The results reveal that the amount of
accumulated chlorine on all the post-reaction samples is ranged between 5-6 wt.%.
These values are somewhat close to that expected for a stoichiometric chlorapatite
structure (6.8%). The chlorination phenomenon was reported in previous works dealing
with the oxidation of CI-VOCs over various Pd systems and attributed to the interaction
of chlorine with both the support and the metal active phase [1-2, 20, 34-35]. In order to
assess the impact of the chlorination on the catalytic stability additional experiments are
carried out at 375 °C during a relatively prolonged time on stream, 68 hours, over the
most active catalyst (Pd(0.5)/HAP). As shown in Fig. 4, this catalyst exhibits a stable
performance in terms of DCE conversion and selectivity toward CO and CO, products

which suggest a low impact of induced chlorination.

3.2. Characterisation of the samples

3.2.1. N-physorption (BET measurements)

The textural properties of the Pd(x)/HAP catalysts were examined by nitrogen
adsorption-desorption measurements. The corresponding isotherms (not displayed)
show that they are characteristic of mesoporous materials exhibiting 1\VV-type according
to the IUPAC classification. The specific surface area, pore volume and average pore
size are listed in Table 2. As deduced from the reported data the addition of palladium
(0.5-2%) to HAP (52 m? g) causes a slight drop in the specific surface area (7.5%) and
pore volume. Table 2 also lists the textural properties corresponding to the post-reaction

samples. Hence, the bare support shows an apparent drop in its specific surface area

13
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(about 11.5%) after the catalytic test. This result is reasonably consistent with a possible
phase transformation of hydroxyapatite, to be commented below, which may accelerate
the loss of its surface area. Furthermore, in contrast to the Pd(0.5)/HAP and Pd(1)/HAP,
which keep their textural properties, the catalyst with higher Pd loading (Pd(2)/HAP)

suffers a significant loss (14.6%) in its specific surface area (Table 2).

3.2.2. Transmission electron microscopy (TEM)

TEM images of the Pd particles deposited on the calcined Pd(x)/HAP catalysts are
shown in Fig. 5. As reported in Fig. 5a Pd species nuclei, with sizes lower than 5 nm
and exhibiting weak contrast and different shapes, are formed on the Pd(0.5)/HAP
sample. At higher Pd loadings (1% and 2%) there is an apparent increase in the Pd
species particle sizes (Fig. 5b and Fig. 5¢.). In both cases darker particles are observed
with a mean size of 10 nm for Pd(1)/HAP and 18 nm for Pd(2)/HAP. This suggests that,
for the Pd-rich samples, the palladium distribution starts to be modified, when
compared to that of Pd(0.5)/HAP. The occurrence of nanometer-sized particles might
thus be interpreted as an indication of the evolution from highly dispersed particles to
an initiation of local concentration of palladium and a tridimensional growth of its
crystals. Figs. 5d and 5e show HRTEM images of an isolated PdO particle for the Pd-
rich sample catalyst. On the particle centre an apparent overlap of the PdO and HAP
crystalline planes, forming moire fringes, can be appreciated. The estimations of
different lattice spacing evidence the presence of, at least, three distinct reflections
corresponding to distances of ~0.23 nm, ~0.3 nm and ~0.8 nm. The latter value could be
associated with (100) reticular plane of hydroxyapatite structure which has a theoretical
value of 0.8151 nm (JCPDS 01-082-2956). However, because of both PdO (P4,/mmc)

and HAP (P63/m) structures have a set of reflections with spacing between 0.2-0.3 nm,

14
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it is difficult to distinguish their corresponding lattice spacing. According to PdO
JCPDS cards (41-1107), in the spacing range of 0.2-0.3 nm, PdO structure presents four
reflections [(100): 0.305 nm, (002): 0.266 nm, (101): 0.264 nm and (110): 0.215 nm]
while HAP structure presents sixteen different reflections. Nevertheless, interestingly,
on the basis of the different contrast between the two matrices, Figs. 5d and 5e evidence
the presence of HAP layer (low contrast) surrounding a PdO large particle. These
observations point out, at least, a partial encapsulation of the latter by HAP support. In
line with our proposal, in their study on a Pd/SiO, catalyst, Forman et al. [42] found that
large Pd particles were susceptible to be encapsulated, compared to the smaller ones.
The partial encapsulation of metal particles by different oxide supports, under certain
conditions, can also be found in many reports [44-45]. For instance, in their study on the
Pd/CZ catalysts, Sun et al. [45] attributed the encapsulation of the Pd particles to a
compressive stress in the top layer of the CZO surface which led to a diffusion of oxide
cations and anions along the CZO surface toward Pd particles, causing their partial

encapsulation.

3.2.3. X-ray diffraction (XRD)

Fig. 6 displays the powder XRD patterns for the Pd(x)/HAP samples. Pure HAP
exhibits the characteristic peaks of a hexagonal structure with the space group P63/m
(JCPDS 01-082-2956). As expected, due to the non-stoichiometry of our HAP sample
(Ca/P=1.50) its 20 angles values corresponding to the main diffraction peaks 26.2°,
32.0°, 32.4°, 33.2°, 34.3°, 40.1° 47.0° and 49.7° are slightly higher than those
corresponding to stoichiometric hydroxyapatite (25.9°, 31.8°, 32.2°, 32.9°, 34.1°, 39.8°,
46.7° and 49.5°). On the XRD pattern of the Pd(0.5)/HAP sample no peak due to PdO

species is observed probably because of their high dispersion and/or their small

15
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amounts. By contrast, the diffractograms of the high Pd loading samples (1% and 2%)
exhibit a shoulder around 33.9°, corresponding to (101) main reticular plane, which can
be attributed to palladium oxide structure (PDF 43-1024). Table 3 lists the lattice
parameters of the HAP structure calculated for all the analysed samples. The reported
data show that the parameter “a” and unit cell volume increase with increasing the Pd
content which suggests an incorporation of Pd in the HAP crystal lattice. Similar
observation can be found in our previous study dealing with reduced Pd(x)/HAP
samples [23]. By combining the information obtained from XRD and temperature-
programmed reduction studies we had proposed a possible incorporation of 0.3% Pd, as
an upper limit, into the hydroxyapatite network.

On the other hand, according to Fig. 6, the XRD analyses of the post-reaction catalysts
reveal the disappearance of the hydroxyapatite phase which is transformed into its
chlorinated analogue (Chlorapatite: Cajo(PO4)sCl,). The diffractogram of the latter is
characterised by two intense peaks centred at 20 = 31.5° and 32.4° (JCPDS: 027-0074).
Similar observations concerning the phase transformation of hydroxyapatite were found
in our previous study on the Co/HAP catalysts used in DCE oxidation reaction [2].
Nevertheless, due to the XRD techniques limitations (small Pd amounts and/or highly
dispersed Pd species), the diffractograms of the spent Pd(x)/HAP catalysts show no
lines corresponding to Pd species. As will be shown later the possible Pd structures on

the spent catalysts can be identified by spectroscopic measurements.

3.2.4. Fourier transform infrared spectroscopy (FTIR)
Fig. 7 includes the FTIR spectra for HAP and Pd(x)/HAP catalysts. The spectrum
corresponding to HAP support is characteristic of the molecular vibrations of

phosphates and hydroxyls groups by the hydroxyapatite framework. The different

16
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vibrational modes of P-O bonds that attest the presence of (PO4)*” groups exhibit five
bands centred at 566, 602, 960, 1035 and 1095 cm™ [2, 24-25]. Moreover, the presence
of a small sharp band at 3575 cm™ and a more intense feature at 630 cm™ are attributed
to the hydroxyls groups [2, 24-25]. It should be noted that, as expected, in agreement
with the ICP results, the spectrum of HAP sample presents a band around 875 cm™,
which confirms the presence of (HPO,)* ions, typical of calcium deficient
hydroxyapatite (Cajg.,(HPO4),(PO4)s-.,(OH),-;). On the spectrum of the low Pd catalyst
(Pd(0.5)/HAP) there are no changes with respect to that of the bare support. However,
new shoulders appear at higher Pd loadings (1% and 2%) which affect the absorption of
the water molecule vibrations in the 3200-3600 cm™ range. On the basis of previous
studies this behaviour evidences a growth of supported metal particles which interact

with water molecules [2,36].

3.2.5. UV-visible-NIR diffuse reflectance spectroscopy (UV-visible-NIR DRS)

The optical properties of the Pd species deposited on the prepared Pd(x)/HAP catalysts
are examined by means of UV-visible-NIR DRS techniques. Fig. 8a displays the optical
absorption spectra recorded in the range 200-2500 nm. The attribution of the absorption
bands is carried out by comparison with spectra of earlier studies dealing with
palladium complexes. The spectrum of the bare support is characterised by the presence
of several bands ranged between 1200-2200 nm, NIR region, assigned to hydroxyl
groups. Moreover, the UV domain exhibits a maximum around 200 nm ascribed to
ligand-to-metal charge transfers (0> —Ca*") [2,25].

As expected, the addition of palladium results in new bands in the UV-visible domain.
It should be noted that, as the concentration of Pd increases, the samples colour change

from brown-green for Pd(0.5)/HAP to brown for Pd(1)/HAP and dark brown in the case
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of Pd(2)/HAP. The spectrum of the low Pd loading sample, Pd(0.5)/HAP, exhibits two
additional bands at 220 nm and 420 nm ascribed to O*” — Pd** charge transfers and to
d-d transitions of Pd®* in tetrahedral coordination, respectively [37]. The increase of Pd
concentration red-shifts the charge transfer band from 220 nm to 285 nm and produces a
splitting of the band at 420 nm into two bands centred at 360 and 450 nm (Fig. 8a).
These observations point out that the progressive addition of Pd induces a structure
evolution of the Pd®* species from tetrahedral to square planar geometry (Dan) [37].
According to XRD and TEM data, the former may be associated with strongly
interacting species of Pd with HAP support.

On the other hand, due to their p-type semiconductor character, the particle sizes of the
PdO species could be correlated with the width of their band gaps [38-39]. For example,
narrow band gap indicates the presence of relatively large particles (> 20 nm) as in the
case of bulk PdO whose absorption threshold lies in the NIR, 0.6-0.8 eV (1550-2070
nm) [38]. For all the Pd(x)/HAP catalysts the band gap lies in the visible domain, 1.9-
2.1 eV (590-650 nm), pointing out that, in good agreement with the TEM results, the
PdO species are deposited as nanosized particles (< 20 nm).

Fig. 8b shows the UV-visible-NIR spectra of the Pd(x)/HAP post-reaction catalysts. The
spectrum of the Pd(0.5)/HAP sample exhibits two bands, in the UV region, at 225 nm
and 280 nm attributed to ligand-metal charge transfer transitions. Moreover, the
Pd(0.5)/HAP spectrum show a well-resolved band at 475 nm and a shoulder at 325 nm,
ascribed to allowed d-d transitions. It is worth mentioning that this set of the four UV-
visible bands were also observed by Sales et al. [38] in their PdCI, solution spectrum
and they assigned them to the (PdCl4)* complexes in D4, Ssymmetry. The formation of
the latter on the used Pd(0.5)/HAP sample can reasonably explain its colour change

from brown-green to orange. These results confirm the chlorination of surface
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palladium species by adsorbed chlorine associated with the destruction of 1,2-
dichloroethane molecules. Interestingly, besides the (PdCl;)* complex bands, the used
Pd-rich sample spectrum, Pd(2)/HAP, shows that the characteristic PdO bands are still
present; especially the band centred at 450 nm. In view of this relevant observation it
can be concluded that, in contrast to the Pd(0.5)/HAP catalyst, two Pd species coexist
on the higher Pd loading catalysts (PdO and (PdCl4)* complexes). This suggests, thus,
that the Pd chlorination process concerns only the surface Pd species. It should be noted
that these results are in good agreement with TEM results. The presence of encapsulated
Pd particles makes them inaccessible to the gas mixture and, then, less susceptible to be

chlorinated.

3.2.6. X-ray photoelectron spectroscopy (XPS)

The chemical composition and the distribution of Pd species laying on the surface of the
calcined Pd(x)/HAP catalysts are investigated by means of XPS techniques. Fig. 9 and
Table 3 summarise the corresponding results.

According to Fig. 9 and Table 3, all the Pd catalysts exhibit a typical Pd 3ds/, peak close
to 336.7 £ 0.3 eV assigned to PdO particles [40,41]. However, the position of this

feature seems to depend on the Pd content. Hence, for low Pd loadings (< 1%) the

observed peak is centred at 337 eV; whereas it shifts towards lower binding energies in
the case of the Pd-rich sample (336.4 eV). According to many reports this trend could
be attributed to a decrease in the oxidation state of palladium oxide [40,41]. Since small
particles are easier to oxidise compared to large ones, these results agree well with the
TEM data. The latter show that larger Pd particles are deposited on the Pd(2)/HAP (18

nm) compared to Pd(1)/HAP (10 nm) and Pd(0.5)/HAP (5 nm).
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Upon integration of the Pd 3ds,, Ca 2p and P 2p spectra, the corresponding Pd/P and
Ca/P atomic ratios could also be estimated. As deduced from Table 3 these ratios
exhibit significant differences with respect to those determined by ICP techniques. For
instance, for all the Pd catalysts the surface Ca/P ratio (XPS) seems to be lower than
that estimated by bulk analysis (ICP). This loss in calcium is more pronounced on the
Pd(0.5)/HAP sample which exhibits an important decrease in its Ca/P ratio from 1.48
(ICP) to 1.39 determined by XPS. On the same sample the Pd/P ratio remains almost
constant. These observations point out an apparent enrichment of the near surface with
Pd. By contrast, at high Pd loadings (1% and 2%) the (Pd/P)*"® ratio seems to be lower
than (Pd/P)'“" suggesting an apparent loss in palladium on the catalysts near surface.
This loss in surface palladium amounts occurred in the Pd-rich samples is very
consistent with the TEM results which indicated an apparent growth of the Pd particles

and their encapsulation by HAP support.

3.2.7. Acid-base properties of the Pd(x)/HAP catalysts

The surface basicity of the Pd(x)/HAP catalysts was characterised by means of CO,-
TPD techniques. Fig. 10 shows the corresponding desorption profiles recorded on the
samples after pre-adsorption of CO; at 40 °C for 1 h. The amounts of desorbed CO,
extracted from the integration of the observed desorption bands are reported in Table 4.
Data corresponding to the bare HAP are also included for comparison.

According to Fig. 10 and Table 4 the dispersion of palladium onto the HAP surface
dramatically decreases both the amount and thermal stability of the adsorbed CO,. The
specific basicity of the HAP (2.6 umolco, m™) seems to decrease linearly with the

increase of the Pd content (1.5 pmolco, m? for Pd(0.5)/HAP, 1.2 pmolco, m™? for

Pd(1)/HAP and 0.7 pmolco, m™ for Pd(2)/HAP). Moreover, the addition of Pd affects
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the distribution of basic sites. The CO,-TPD trace for HAP support shows that, besides
the weak-medium strength basic sites (peaked at T < 300 °C), it bears a significant

amounts of strong basic sites peaked at 350 °C. By contrast, a narrower distribution is
observed in the presence of palladium, essentially characterised by an absence of the
peak at 350 °C, suggesting an apparent weakening of the surface basic sites. In their
study on the properties of hydroxyapatites with various compositions Silvester et al.
[43] proposed that the absence of the peak due to stronger basic sites arises from the
lack in basic OH ions. In accordance with our FTIR results, we think that in our
Pd(x)/HAP system the deposition of palladium leads to a dehydroxylation of the support
which decreases the strength of its basic sites.

The acid properties of the catalysts are investigated by means of NH3-TPD. Fig. 11
shows the corresponding diagrams for all the prepared catalysts. The profile of the HAP
support consists of an asymmetric desorption peak with a maximum at 180 °C. The
addition of palladium results in broader desorption window and shift its maximum to
relatively higher temperatures (190-215 °C). This implies that the presence of palladium
leads to an apparent increase in the strength of the acid sites. Table 4 includes the acid
sites density values determined from the integration of the NH;-TPD curves. The
surface density of NHs adsorption sites on HAP support is 1.7 umol m? The latter
value shows that HAP support exhibits low surface acid density compared to that of
alumina support (4.7 pmol m™). The introduction of 0.5% of Pd significantly decreases
the density of the acid sites which reaches a value of 1.3 pmol m However, values
close to that determined for HAP support are estimated on the high Pd loadings (1.5
umol m? for both Pd(1)/HAP and Pd(2)/HAP catalysts). In good agreement with the

XPS and TEM data, these results could be explained by a decrease in the fraction of the
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exposed Pd, due to its encapsulation, where the support surface acidity seems to be

dominant.

3.3. Discussion

In accordance with the conclusions drawn from the characterisation studies and catalytic
tests in the DCE oxidation, it is worth analysing the interest of Pd(x)/HAP samples as
alternative catalysts to those reported in the available literature. Though the overall
activity shown by our Pd(x)/HAP catalysts are quite similar to that of Pd/alumina
catalysts, reported by Aranzabal et al. [29], the selectivity of the reaction products
shows remarkable differences. Essentially, our Pd(x)/HAP system proves that it is
highly selective towards CO, (CO, and CO) and HCI production compared to
Pd/alumina. Over the latter, considerable amounts of VC were produced which lowers
the selectivity towards both CO and HCI production [29]. Since the production of VC
intermediate molecule is mainly attributed to the acidity of the support we think that the
difference between HAP and alumina mainly consists of the number of acid sites lying
on the surface. Despite the former has a sub-stoichiometric Ca/P molar ratio (1.39-1.50)
it still exhibits a moderate acidity when compared to that of alumina. These chemical
properties together with the interaction of Pd active phase with HAP support seem to be
determinant factors in enhancing the selectivity towards oxygenated products (CO and
COy).

Regarding the effect of the Pd loading on the activity of Pd(x)/HAP, a notable decrease
in TOF values, at 275 °C, from 10.1 x 10 molpce molpgs™, for Pd(0.5)/HAP, to 5 x
10 molpce molpg™s™, for Pd(1)/HAP, is found. The Pd-rich sample (Pd(2)/HAP) is
even less active, exhibiting the lowest TOF value, 2 x 10 molpce molpg*s™. This

behaviour could be explained by the presence of more efficient species at low Pd
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loading. As revealed by UV-visible-NIR techniques, there is a clear evolution in the
structure of Pd species from highly dispersed tetrahedral coordinated Pd?* to larger Pd*
species particles adopting square planar geometry. When correlated with XRD data one
can claim that these results imply that the former corresponds to the fraction of Pd
which incorporated the HAP framework. TEM and XPS results, however, evidence an
occurrence of encapsulated and inactive fraction of palladium at high loadings.

In parallel with the structural changes of the Pd species, the NH3 volumetric adsorption
studies show that the presence of highly dispersed Pd species decreases the density of
surface acid sites. The characterisation of the spent catalysts points out that the active
phase in DCE oxidation consists of the strongly interacting Pd** species and the HAP
phases. As revealed by UV-visible-NIR and XRD, their activity is accompanied by their
transformation to (PdCl,)> complex and chlorinated apatite, respectively. The activity
of Pd(0.5)/HAP, however, does not seem to be affected by these chlorination processes.
By contrast, due to their inactivity and inaccessibility to the gas mixture, the

encapsulated Pd particles keep their structure intact.

4. Conclusions

Calcium-deficient hydroxyapatite support (HAP), with Ca/P molar ratio equal to 1.50,
has been synthesised and impregnated with different amounts of Pd (0.5-2%). The
Pd(x)/HAP system has been thoroughly characterised (using BET, XRD, TEM, UV-
visible-NIR, FTIR, XPS, CO,-TPD and NH3-TPD techniques) and tested in the DCE
oxidation reaction.

Two types of Pd species have been identified on the prepared samples: (i) a phase where

palladium is incorporated in the structure of the hydroxyapatite and adopting tetrahedral
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coordination and (ii) large crystallites of PdO encapsulated by segregated HAP
particles.

In DCE oxidation reaction the Pd(x)/HAP system has shown an activity comparable to
that of a conventional system (Pd/alumina). However, the former has proved that it is
highly selective towards the production of oxygenated products (COx (CO; and CQ)).
Notably, in contrast to the traditional supports behaviour, the DCE oxidation does not
yield VC intermediate product over Pd(x)/HAP. This catalytic behaviour has been
related to the moderate acidity of HAP compared to that of alumina together with its
interaction with the Pd active phase. This report, then, considers that Pd(x)/HAP could
be presented as a good alternative to those reported in the available literature.
Concerning the determination of the active phases, the Pd** ions strongly interacting
with HAP support have proved higher activity. By contrast, due to their inaccessibility
to the gas mixture, the encapsulated Pd large particles can be practically considered

inactive.
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Catalytic data in DCE oxidation over Pd(x)/HAP samples.
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Distribution of DCE oxidation products over Pd(x)/HAP catalysts.
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375 °C as a function of time on stream.

TEM micrographs of (a) Pd(0.5)/HAP, (b) Pd(1)/HAP, (c) Pd(2)/HAP and (d-
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XRD patterns of the Pd(x)/HAP fresh catalysts and Pd(x)/HAP-u catalysts
used in DCE oxidation.

FTIR spectra of Pd(x)/HAP calcined at 500 °C.

UV-Visible-NIR spectra of the (a) fresh and (b) used Pd(x)/HAP catalysts.
XPS spectra of Pd 3d5/2 region for Pd(x)/HAP catalysts

CO,-TPD profiles of the Pd(x)/HAP catalysts.
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29



OCoO~NOUAWNE

30



O©CoO~NOOITAWNPE

TOF,

o o o~ Molpce g*s*  molpce m?s™ 11 EakImolt
Catalyst  TwC Tso®C Tao®C (10927500 (x 10™9) 2750C m(()’("i%ﬁ)mz"?'gdoé (200-275 °C)
HAP 405 500 - 6.8 1.3 - 90.0
Pd(0.5)/HAP 275 350 415 475 99 10.1 59.2
PA(LYHAP 275 340 410 470 9.8 5.0 69.8
PAQ)YHAP 280 350 450 372 77 2.0 70.6
Table 1
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Fresh catalysts Used catalysts
Catalysts Pd, Wt.% SE’ET.’l Porevgll_Jlme, Pore size, S§ET.’1 Porev3oll_11me, Pore size,
m* g cm°g nm m* g cm°g nm
HAP 0.00 52.0 0.45 30.3 46.5 0.40 30.0
Pd(0.5)/HAP 0.56 48.3 0.39 28.0 48.0 0.42 31.8
Pd(1)/HAP 0.99 48.0 0.40 30.0 48.7 0.42 31.2
Pd(2)/HAP 2.05 47.8 0.37 29.0 41.2 0.32 29.8

Table 2
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Catalysts XRD XPS ICP
(ax0.01), A (cx0.002), A V,A3  Pd3dsy eV Ols,eV Ca2p,eV P2p,eV CaP PdP CaP PdP
HAP 9.3616 6.8116 517 - 530.6 346.9 133.7 150 0.000 1.50 0.000
Pd(0.5)/HAP  9.3646 6.8105 517.2 337.0 530.3 347.1 133.2  1.39 0.010 1.48 0.009
Pd(1)/HAP 9.3735 6.8181 518.8 337.0 530.3 347.2 1336 145 0.013 150 0.017
Pd(2)/HAP 9.3942 6.8093 520.4 336.4 530.3 347.2 133.3 147 0.022 149 0.034
Table 3
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Acidity Basicity
Catalysts umolnns g7 pmolyys m™ umolcoz g umolcoe m™
HAP 90.0 1.7 133 2.6
Pd(0.5)/HAP 64.9 1.3 72 15
Pd(1)/HAP 735 15 58 1.2
Pd(2)/HAP 70.6 15 35 0.7
Table 4
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Figure 1.
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Pd(0.5)/HAP

Pd(1)/HAP

Pd(2)/HAP
1.8 1.9 2.0 2.1
1000/T, K*
Figure 2.
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Highlights (for review)

HIGHLIGHTS — BULLET POINTS

HAP supported Pd catalysts are synthesised, characterised and tested in DCE oxidation.
Two types of Pd species have been identified on the prepared samples.

The Pd catalysts have been successfully tested in the DCE oxidation.

The Pd(x)/HAP catalysts are not selective towards VC intermediate production.

The Pd®* species strongly interacting with HAP support have proved higher activity.
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