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Abstract

Several compositions of palladium-loaded calcium hydroxyapatite)ReHAp were prepared and characterized by XRD, IR, and UV-—
visible spectroscopy and temperature-programmed reduction (TPR). The acid—base properties of the samples were studied with the use of
butan-2-ol conversion and IR spectroscopy coupled with lutidine adsorption/desorption. Calcium hydroxyapatite bears Lewis acid sites of
moderate strength and a limited number of Brgnsted acid sites, which produce butenes by dehydration. The selectivity of the dehydrogenation
reaction (formation of methyl ethyl ketone) is very limited in the absence of oxygen but indicates the existence on the surface of phosphate
of basic sites that are as essential as the acid sites in the direct synthesis of methyl isobutyl ketone (MIBK) from acetpnBiapdrH
sion of Pd on the hydroxyapatite introduces redox properties and the bifunctionality needed in the hydrogenation of mesityl oxide (MO).
Temperature-programmed reduction (TPR) of-BMtaHAp catalysts shows a sharp peak gf¢dnsumption between 268 and 276 K, de-
pending on palladium loading, followed by a negative peak at about 338 K, which is associated with the decompgsidri oHydrogen
chemisorption measurements carried out at 353 K allowed the determination of the size of palladium particles, which varies between 8 and
28 nm. The Pd)/CaHAp catalysts showed good performance in the low-pressure one-step synthesis of MIBK. They are stable under the
experimental conditions, and they exhibit a MIBK and MIBC selectivity that reaches 92% for a conversion of 22% and an optimal Pd loading
of 2 wt%. Other parameters of the reaction (such as temperature of reaction, residencetioetdre ratio) were studied. They all play an
important role in acetone conversion and product distribution. However, the reaction temperature has the most significant influence, since a
maximum of the global conversion was observed at 423 K.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction via a three-step liquid-phase procd8%. In the first step
acetone is condensed (aldolization) into diacetone alcohol
Methyl isobutyl ketone (MIBK or 4-methyl-2-pentanone) (DAA) on a basic catalyst. In the second step the DAA is
is an excellent solvent used in several industrial processesdehydrated with an acid into mesityl oxide (MO). The third
such as paint production, cellulose treatment, initiation of step is limited to the dehydrogenation of MO over a metallic
polymerization, reagent in heavy metal extraction, and de- phase to produce MIBK. This three-step process has several
waxing of mineral oils[1]. MIBK synthesis is carried out  disadvantages, which are shared by many other liquid-phase
industrial syntheses. Liquid acids create corrosion problems
~* Corresponding author. Fax: +212 37 77 56 34. and environmental pollution because their removal from the
E-mail addressziyad@fsr.ac.méM. Ziyad). reaction mixture is expensive and is not easy to achieve. The
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process also produces undesirable products in the first twoare essential to the mechanism of this reaction. Several com-

steps[3]. For all of these reasons, particular attention has positions of Pdf{)/CaHAp catalysts were synthesized and

been devoted in recent years to the search for a MIBK syn- characterized by various spectroscopic techniques (XRD,

thesis method that takes only one step and uses multifunc-IR, UV-visible), hydrogen temperature-programmed reduc-

tional solid catalysts. Moreover, the replacement of liquid tion (H,-TPR), and hydrogen pulse chemisorption in order

acids and bases with their solid homologues has become arto correlate the MIBK production with the reducibility of the

imperative to meet ecological requirements. palladium dispersed on calcium hydroxyapatite. The acid—
The literature has reported different studies of the MIBK base properties of the catalyst were studied with the use of

synthesis with a steep process in liquid-phase and palladium-butan-2-ol conversion as the probe reaction.

(or platinum-) loaded basic metallic oxides or oxides mod-

ified by a base such as KOH/AD3, MgO/SiQ,, and MgO/

Nb2Os [4,5]; cation exchange resins; and zirconium phos- 2. Experimental

phate. Selectivities approaching 90% were obtained at high

pressures. The literature has also reported several investiga- The calcium hydroxyapatite was synthesized by the dou-

tions carried out at atmospheric pressure, in gas phase, withble decomposition method, which is based on mixing a so-

catalysts containing N6], Pt[7], or Pd[3,8-11]supported lution of ammonium hydrogenophosphate (0.4 M) with a

by HZSM5, MgO [8], and mixed oxides such as hydro- solution of calcium nitrate (0.5 M) in the presence of ammo-

talcites[6,10,11] In most cases the MIBK vyield decreases nia. The solution containing the phosphate and ammonia is

rapidly during the first hours of reaction. added dropwise to the boiling calcium nitrate solution. The
Despite their numerous features the phosphates wereresulting mixture was heated with reflux for 3 h and then fil-
rarely used in this class of reacti¢h2]. Calcium hydrox- tered while it was hot. The recovered solid was thoroughly

yapatite (CaHAp), with its basic character, has been utilized washed with ultrapure hot water to eliminate traces of ni-
in many domains but was never tested in MIBK synthe- trates and then dried at 373 K for 24 h and calcined at 673 K
sis[13-15] It is also known as a cation exchanger and is for 2 hin air.
active in dehydrogenation reactions. Copper-exchanged hy- Palladium-loaded hydroxyapatite was prepared by the
droxyapatite has been used industrially in chlorobenzeneconventional impregnation method with solutions of palla-
hydration[16] despite its rapid loss of activity due to the re- dium nitrate containing different amounts of Pd. The result-
duction of C#* ions to metallic copper. Concomitantly, the ing mixture was heated at 373 K until the water evaporated
OH~ ions are replaced in the phosphate framework by, CI  completely. The residue was calcined at 673 Kfor 2 hiin a
leading to a more stable solid. Hydroxyapatite was also usedrotating reactor fed with air at 30 dmin—1. The samples
as Ni—Mo carrier in hydrodesulfuration reactions. Elazarifi prepared contained 0.5-3 wt% palladium. They are desig-
et al. showed that the Mo—Co-loaded calcium hydroxyapatite nated Pdf)/CaHAp, where £) represents the percentage
has a catalytic activity comparable to that of conventional weight of Pd.
catalystd17]. The specific surface area, along with pore size distribu-
The hydroxyapatite Ga(POs)s(OH)2 is the main inor- tion and pore volume of the hydroxyapatite, was determined
ganic constituent of natural bone. Its structure was first re- by nitrogen adsorption/desorption measurements at 77 K
solved in 1930 by Naray-Szald8] and then refined by  with a Sorptomatic 1900 Carlo Erba Instrument. Surface
Beevers and Mcintef19]. It crystallizes in the hexagonal area was calculated with the BET equat{@2)]. Pore size
system and belongs to the 436 (Csn) Space group. The  distribution was deduced from the desorption curve of the
framework of Cag(PQOy)s(OH), can be described as a com- isotherm, with the procedure developed by Barrett, Joyner,
pact assemblage of tetrahedral PAgpoups that delimit two  and Halenda (BJHR3].
types of unconnected channels. The first one has a diame- Chemical analyses of the samples were carried out by
ter of 2.5 A and is bordered by €aions (denoted Ca(l)). inductive coupling plasma—atomic emission spectroscopy
The second type plays an important role in the properties (ICP-AES).
of the apatites. It has a diameter of around 3.5 A and is  FTIR transmission spectra of CaHAp calcined at 673 K
also delimited by oxygen and &aions in a coordination ~ were recorded on a Bruker Equinox spectrometer in the
of 7 (denoted Ca(ll)). These channels host (OHjroups 4000-400 crm* region, with the use of KBr discs. We inves-
(or other halogens) along the axis to balance the posi- tigated the acid—base properties of the catalysts by adsorb-
tive charge of the matrix. The apatite structure also pos- ing 2.6-dimethylpyridine (also called lutidinekp = 6.7) to
sesses a great flexibility in accepting substitutions in its net- self-supporting disks (10 mg) activated at 573 K in a vac-
work and cationic exchanges (8dM?2*) of calcium ions uum (1078 Torr) in a stainless-steel cell that allowed in situ
[20,21] analysis. Lutidine adsorption was carried out at room tem-
The present work is devoted to the investigation of the be- perature and then desorbed at different temperature, and the
havior of palladium-loaded hydroxyapatite in acetone con- IR spectra were recorded.
densation into MIBK. The hydroxyapatite was chosen asthe  Diffuse reflectance spectra were recorded at room tem-
carrier because of its adjustable acid—base properties, whictperature between 190 and 2500 nm on a Varian Cary 5E
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spectrometer equipped with a double monochromator andto the reactor at the reaction temperature (AGPby pass-
an integrating sphere coated with polytetrafluoroethylene ing it through a saturator held at 273 K. The total flow rate
(PTFE). PTFE was used as a reference. was kept at 100 cAmin~! by the addition of N to the

Butan-2-ol conversion was studied in a continuous-flow reaction mixture at the exit of the saturator. All of the ex-
reactor at atmospheric pressure in order to characterize thgperiments were carried out under the following conditions:
basic sites of the catalysts. The typical run was performed W/F = 20.50 h g mot %, Ho/acetone= 1.05, and a reaction
on 100 mg of the catalyst sieved to 120-180 pm. Butan-2- temperature equal to 423 K. Analysis of the reaction mix-
ol was supplied to the reactor diluted in nitrogen or air at a ture was performed on a FID Unicam 610 chromatograph
partial pressure of .8 x 10 Pa and at a total flow rate of  equipped with a 2-m (18 in.) stainless-steel column con-
60 cn? min—L. taining 10% Carbowax 20M on Chromosorb AW.

The Pdf)/CaHAp catalysts were characterized by-H
TPR (temperature-programmed reduction) measurements.

The experiments were carried out with a Micromeritics Au- 3. Results and discussion

tochem 2910 apparatus equipped with a thermal conduc-

tivity detector. To minimize the contribution from adsorbed 3 1 characterization of the samples

species, the samples (250 mg) were pretreated wit(6&

in He) at 673 K for 30 min, then were evaf:uated under an 3.1.1. Morphological properties and chemical analyses of
argon flow at 673 K and cooled tq subambient te.mperature,the CaHAp and Pd(/CaHAp catalysts

213 K. Such a low temperature is usually required to ap-
preciate the reduction of noble-metal oxides dispersed on
different substrates.

We started the TPR experiments by passing the gas mix-
ture H (5% in Ar, 50 cn? min—1) over the catalysts, while
heating from 213 to 373 K at a rate of 5 K mih then heat-
ing from 373 to 673 K at a rate of 10 K nin.

After the TPR, the catalysts were evacuated at 673 K un-
der argon for 1 h, then cooled to 298 K and further evacuated y ;. 3 g~L in the CaHAp. On this basis, the lack of de-
at 298 K for 1 h. On the reduced samples, hydrogen pulse

: . . pendence of surface area on the presence of Pd could be
chemisorption experiments were performed to measure the

. X . . xplained.
accessible Pd sites and to determine the mean diameter o? plained .

. : . The chemical analyses show that the amount of Pd found
Pd particles dpg). The analyses were carried out in a pulse

flow system equipped with QMS and a thermal conductiv- in the samples is in agreement with the quantities introduced

e oL s a5y, SOre o plas e ot sncanty
were injected at 343 K into the flow of argon (20€min—1) P P- ’

) . . should be noted that the increase in Pd loading decreases
until the breakthrough point was attained. Under these con- . .
. . . the mean pore size, probably because the pores are partially
ditions, the partial pressure of hydrogen is almost 1 Tor, acked with metal particles. This assumption is supported
and at 343 K this low pressure prevents the formation of b P ' P bp

; T by the fact that generally the size of Pd particles is lower
the 8-hydride phas§24]. Successive injections oftpulses : .
produced peaks of different areas in the TCD signal. The than or comparable to the dimensions of the average pore

diameters of the carrier, with exception of highly palladium-

catalyst metal surface was considered saturated when tw
consecutive peaks exhibited the same area. We shall denoﬂ oaded catalyst, 'Pd(3)/CaHAp, where Pd aggregates exceed
e mean pore size of the support (Jables 1 and 2 From

the Pd dispersion by FE (fraction exposed), calculated by these results it appears that the carrier pore sizes probably

the formula 112/dpq (nm), assuming that palladium parti- | role in preventing metal particl lomeration up t
cles have a spherical shaj25]. piay a role in preventing metal particie agglomeration up 1o
a certain Pd loading.

The X-ray diffraction measurements for the structural de-
termination were carried out with a Philips vertical goniome-
ter and Ni-filtered Cu I radiation. A proportional counter  Table 1
and a 005° step sizein 2, from 20 = 20° to 90°, were used. Specific surface area and chemical analysis of the samples

The morphological properties of the CaHAp and Bd(
CaHAp catalysts (such as specific surface area, mean pore
size, and cumulative pore volume), along with the results
of chemical analyses, are reportedTiable 1 The CaHAp
appears to be scarcely porous, as may be deduced from
the adsoption/desorption isotherms (data not shown), with
a very low contribution of the mesopores to the total sur-
face area. The cumulative pore volume does not approach

Crystalline phases were identified by comparison with ICSD samples Chemical analysis Surface Mean  Cumulative
reference file$26]. (Wt% of Pd) area pore size pore volume
The catalytic tests of acetone condensation were per- Theoretical Observed™ ") (m)  (emPg™h)
formed in a U-shaped continuous-flow microreactor oper- pq(o)/caHAp 0 0 51 285 0.098
ated at atmospheric pressure with the use of 50-150 mg ofPd(0.5)/CaHAp & 048 488 282 0.094
the catalyst. Before each run the catalyst was reduced in situPd(1)/CaHAp 1 ®6 490 260 0095
at 673 K for 2 h by hydrogen at a flow rate of 30 ¢m  Pd(2/CaHAp 2 D6 480 250 0088

Pd(3)/CaHAp 3 B8 486 220 0.094

min~—1. We supplied acetone diluted in 20 8émin—! of N>
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Fig. 1. XRD patterns of: (a) CaHAp and (b) Pd(2)/CaHAp after reduction at 673 K. (The inset is a magnification of the patterns (a) and (b) in the gegular ran
39°-47° (20), demonstrating the presence of Pd(111) peak.)

Table 2
Temperature-programmed reduction of BdCaHAp

PO,

Catalysts Temperature (K) dpd® Fraction of Hgp/Pdt©

| peak Il peak (8-PdH (NM) exposed  atomic
P (hp 1ip @ Pd(F.E.S’ ratio

uptake)  decomposition) @
Pd(0.5)/CaHAp 276 337 8 .82 014 i
Pd(1)/CaHAp 274 337 10 .85 011 3
Pd(2)/CaHAp 269 338 20 .89 006 8
Pd(3)/CaHAp 268 338 28 B 0.04
Pdd 280 360 - - -

@ The mean Pd particle size/\ was determined by pichemisorption
pulses technique at 343 K ang Idartial pressure of almost 1 Torr, in order
to prevent the formation g8 -PdH.

b The fraction of exposed (FE) Pd was calculated assuming spherical par- . L L : : . .
ticle Shape’ by means of the expressiohzldpd (nm) 4000 3600 3200 2800 2400 2000 1600 1200 800 400

€ In the atomic ratio Hp/Pd, Hgp is the hydrogen absorbed (atoms per Wave numbers (cm!)
gram of catalyst) ag-PdH, below 300 K during the TPR, that desorbs
at 337-338 K; Pdindicates the total amount of Pd (atoms per gram of Fig. 2. IR spectra of CaHAp calcined at 673 K
catalyst). o '
d For comparison with the TPR of unsupported PdO, studied by Chou
etal.[38]. additional features at about 6&nd 82 (26) are also evi-
dent.

3.1.2. X-ray powder diffraction 3.1.3. IR spectroscopy

The XRD patterns of the carrier CaHAp and of a selected  The IR spectrum of CaHAp is composed of three do-
reduced catalyst, Pd(3)/Hap, are showfig. 1a and 1pre- mains Fig. 2). The first one extends from 400 to 1200t
spectively. The diffractogram confirms that CaHAp calcined and contains the vibration modes of the P—O bond, which
at 673 K is monophasic and has an apatitic structure. All are characterized by three bands that appear at 965, 1035,
of the peaks were indexed in the hexagonal system with theand 1094 cm. The absence of the band at 875 ¢m
P63/m space group (ICSD, no. 16742). The addition of Pd to usually attributed to (HP£)?~ ions prevents the formation
CaHAp and the successive reduction treatments at 673 K doof pyrophosphates in the samplf0]. In the region of
not visibly modify the structure of the support. A perusal of 1300-1600 cm?! there are two bands located at 1395 and
Fig. 1(see the inset) indicates a broad peak arourid249), 1457 cm! that are attributed to carbonates and probably
partially overlapped by the CaHAp signals, that can be as- also to adsorbed Cfsince the first band is shifted slightly
cribed to the peak (111) of metallic Pd (ICSD, no. 41517); toward low frequencies. The band appearing at 1642%cm
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. . cined under air at 673 K with different (wt%) values: (a)x = O;
Fig. 3. IR spectra of lutidine adsorbed at room temperature then desorbed(b) x=05; (c)x = 1; (d) x = 2; () x = 3; and (f) Pd(3)/CaHAp after

at323 K over: (a) AIPQ, (b) Al203, and (c) CaHA. reduction with H at 673 K. (The inset shows the band of metallic Pd.)

is associated with that located at 3400_émWh|Ch is at- |eve|s:alg <eg< bZQ < blg’ which gives rise to the ground_
tributed to vibration modes of #0. The small and sharp  state configurationi g)?(eq)*(h2g)?(h1g)°-

band at 3566 cml is due tO.the vibration modes of the O—H In D4h Symmetry’ three Spin_a"owed transitions m|ght be
groups hosted by the apatite network. observed and three others are forbidden. The allowed transi-

To obtain further information on the nature and the tions arelAlg — 1Azg; lAlg N 1Eg; 1Alg - 1Blg- The Pd
strength of the acid sites of the calcium hydroxyapatite, we complexes can also exhibit unusual symmetries, such as trig-
undertook an IR study of the interactions of the solid with onal pyramidal (Gy) or trigonal bipyramidal (), which
lutidine. The collected results were compared with those are characterized by a ternary axis of symmetry. The splitting
obtained with AO3 and AIPQ, which have specific sur-  of d orbitals is qualitatively the same for all of the groups that
face areas and pore volumes of ZZéQﬁl, 0.64 cnig? have such a symmetry axis. The single electronic transitions
and 215 Mg*, 1.27 enfg* respectively Fig. 3. USu- then give rise to two spin-allowed transitions,= 1A;5 —
ally lutidine adsorption gives rise to two bands at 1630 and 1g, andv, = lAlg - 1E,3, and two spin-forbidden transi-
1650 cntt, characteristic of lutidinium ions interacting with tions, v} andv, [28,29]

Brgnsted acid sites; a band at 1581‘ér,na_nd anoth{arlone The attribution of the observed bands with PdCaHAp
located between 1607 and 1617 Thitypical of lutidine samples Fig. 4) was performed by comparison with the
coordinated with Lewis acid sites. The surface of the band spectra of reference compounds described in the literature.
located at 1581 cmt is proportional to the number of Lewis  As an example, the spectrum of Pd(Mk dispersed ei-
acid sites, whereas the position of the second band is indicather on zeolites or on silica, recorded after an oxidation
tive of their strengt{27]. The spectrum ofig. 3a shows  at 773 K, displays only two bands located around 280 and
that AIPQy exclusively contains Brgnsted acid sites, whereas 480 nm[30,31] With the alumina, depending on the nature
alumina Fig. ) bears primarily strong Lewis acid sites, of the used precursor, these bands appear around 260 and
which are associated with the band at 1617 énThe spec- 440-460 nm. The first band is assigned 6O~ P+

trgm of calcium hy_droxyapatite dillutt_ad in KBr displayed in  charge transfers, and the second one,vto+ 1») transi-

Fig. 3c shows that it possesses a limited number of Branstedtions arising from isolated species of palladium belonging
acid sites. Concomitantly, the band appearing at 1581'cm g the G, symmetry group. On the other hand, according
confirms that CaHAp also bears Lewis acid sites of moderate g Bozon-VerduraZ30], the diffuse reflectance spectrum of

strength, identified by the band centered at 1607tm PdO prepared by direct oxidation of the metal presents three
bands located at 260, 335, and 430 nm. Similar spectra were
3.1.4. UV-visible NIR DRS also obtained when PdO was synthesized by the oxidation of
Complexes of P8 (48) are generally square planar (and complexes such as Pd(NNO>), or Pd(Acac).
belong to the @y group of symmetry). The crystal field gen- The spectrum of pure CaHAp is shownhig. 4a. It ex-

erated by the ligands consistently lifts the degeneracy, andhibits in the NIR at 1425 nm a band due to free OH groups
the 4d level splits into several levels, whose increasing order of the hydroxyapatite and a two other bands located at 1385
of energy isdz2 <dyy=dy; <dyy <d,_,. For com- and 1850-2100 nm attributed to adsorbed water. In the UV-
plexes of the second and third series of transition metals, thevisible region there is only a maximum around 200 nm due
strong field approach allows the following arrangement of to O°~ — C&t charge transfer. After CaHAp was loaded
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with different amounts of palladium, the intensity of the not interacting with the support. The hydrogen uptake for
bands of the hydroxyls in NIR decreased. Concomitantly, this peak is higher than that expected for the reduction of all
as the amountxy) of Pd was increased new bands appeared of the palladium, suggesting that concurrently with the metal
in the UV-visible region. Fox < 1%, the spectrumHig. 4b reductiona- and 8-hydride formation takes plad82-34}

and 49 contains only a broad band centered on 425 nm and A further increase in temperature determines in the TPR pro-
two other bands at 250 and 200 nm. The bands centered afile a negative peak, centered on 338 K, which is associated
250 and 200 nm are assigned t6 O— P&+ and G~ — with 8-PdH decomposition (0.068 mmglgc). According
C&t charge transfers. The bands located at 425 nm corre-to the phase diagram of the Pds-Blystem[33], palladium
spond to thes; (1A1g — 1E,) and vy (1A1g — lE,g) tran- crystallites, once reduced, tend to absorb hydrogen to form
sitions due to dispersed PdO or isolated palladium speciesg-PdH, at low temperatures below 300 K and under a par-
belonging to Gy symmetry. This attribution is supported by tial pressure of K equal to 38 Torr (i.e., th@4, in our flow

the fact that CaHAp has ion exchange properties, and, theresystem H (5% in Ar)). Then, as the temperature is raised to
fore, it might not be excluded that a very small number of 337-338 K, palladium desorbs the absorbed hydrogen (de-

Pt ions replace C& ions in the phosphate network. noted as Hp), and a negative peak is observed in the TPR
Spectra of the samples containing palladium loadings trace.
greater than 1 wt% are displayed fig. 4d and 4eThey It is known that the temperature and the shape of the peak

show bands at 275, 375, and 475 nm ascribable, as previ-of hydride decomposition are related to Pd dispersion on the
ously shown, to PdO. Therefore, the band at 275 nm is as-carrier. It has also been established that Pd particle sizes are
signed to 3~ — Pt charge transfers, the band at 375 nm correlated with the stability o-PdH and especially with
is attributed tovz (tA1g — 1B1g) transitions, and the broad  the H/Pd ratio[32-34] To obtain additional information on
band at 475 nm is associated with(*!A1g — Azg) andv, the mean diameter of Pd particles, thg,JPd ratios were
(1A1g — 1Eg) transitions. calculated from the hydride decomposition peaks (as atoms
The spectrum of the catalyst reduced by hydrogen at of absorbed hydrogen/atoms of Pd per gram of catalyst; see
763 K (Fig. 4) shows that the bands characteristic of pal- Table 2. It can be noticed that the dg/Pd ratio increases
ladium oxide disappeared totally and are replaced by awhen the exposed fraction of Pd decreases. In the case of the
broad band centered around 350—400 nm, which is typical Pd(3)/CaHAp sample, this ratio approaches a value close to

of metallic palladiun{33]. that usually used for bull8-PdH [35]. On the other hand,
the position of the minimum of the hydride decomposition
3.1.5. H temperature-programmed reduction and peak does not seem to depend on the extent of Pd dispersion
hydrogen pulse chemisorption (seeTable 2.
H, temperature-programmed reduction (TPR) experi-  Recently, the reduction of supported and unsupported

ments with Pdf)/CaHAp were performed from 213 K up PdO has been widely investigatE®865—38] and our results
to 673 K.Fig. 5displays a typical TPR profile for the cat- are in line with those reported in the literature (Jable 9.
alyst Pd(3)/CaHAp. The temperatures of the peak maxima  Hydrogen chemisorption pulses (at 343 K and a partial
are given inTable 2 pressure of hydrogen of almost 1 Torr) over the reduced cat-

During the TPR process, the reduction of palladium ox- alysts allowed measurement of the accessible Pd surface.
ide species is expected to occur. Accordingly, the peak at Taking into account that the stoichiometry factor between
268 K, with a hydrogen uptake of 0.36 mmolgof cata- the adsorbed hydrogen and the active metal is 2, the Pd par-
lyst, may be attributed to the reduction of PdO crystallites ticle sizes have been calculated along with the metal fraction
exposed (FE) (se®able 2. In the series Pd{)/CaHAp, the
04l 268K diameter {pg) of palladium varies from 8 to 28 nm and, as

P expected, increases with the metal loading.

03 3.1.6. Butan-2-ol conversion

Calcium hydroxyapatite is known to exhibit basic prop-
02 erties that might play a role in the processes involved in
the acetone transformation into MIBK. To investigate these

H,(mmol/g of catalyst)

01k p-PdH decomposition acid-base features at the “working” temperatures of the cat-
J / alysts, butan-2-ol conversion was used as the probe reac-
00 L \\\f- tion [39]. The dehydration reaction leads to an ether or/and
an olefin on acid sites and to a ketone by dehydrogenation
o o 3%k on basic or redox sites in the presence of oxydeg. 6 dis-
200 300 400 500 600 700 plays the variations of butan-2-ol conversion to methyl ethyl

Temperature (K) ketone versus the reaction temperature over pure CaHAp in
the absence and the presence, respectively, of oxygen in the
Fig. 5. TPR profile of oxidized catalyst Pd(3)/CaHAp. reaction mixture. In the absence of (Fig. 6a), the activ-
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Fig. 6. Butan-2-ol conversion into methyl ethyl ketone over CaHAp: (a) in CaHAp.

the absence and (b) the presence gfadd over Pd(1)/CaHAp: (c) in the

absence and (d) the presence of O properties of palladium prevail over all of the other charac-
teristics of the catalyst.

ity is low and exclusively oriented toward the production

of methyl ethyl ketone (about 3% at 513 K). Addition of 3.2. Acetone condensation

oxygen improves remarkably the dehydrogenation reaction,

leading to about 50% butan-2-ol conversion to methyl ethyl  The one-step selective conversion of acetone into MIBK

ketone at 503 KKig. 6b). The butene production never ex- requires, as reported in the literature, bifunctional cata-

ceeds 6%, even at 533 K. No formation of ©@®@as detected  lysts containing a hydrogenating metal dispersed on a large-

at the investigated temperatures. These results suggest thajurface-area carrig6—11]. The carrier and the metal often

the calcium hydroxyapatite has a prevailing basic character,interact and develop cooperative effects that most times im-

since it is principally active in dehydrogenation. The pres- prove the performance of the system. These synergetic as-

ence of a limited number of acid sites can be taken into pects of bifunctional catalysis have been widely discussed

account for the butene production. Moreover, on the basisin several review$41,42] In the case of the reaction stud-

of the results reported so far, it may be inferred that the ba- ied here, the metal activates hydrogen, which diffuses to-

sic sites of calcium hydroxyapatite are not directly involved ward the neighboring basic sites of the phosphate surface on

in the reaction mechanism, since without @eir activity which two adsorbed acetone species will be hydrogenated

is very limited. They are probably constituted by oxygen to yield MIBK [43]. Pure calcium hydroxyapatite submitted

species bonded to €aions located near the tunnels of the to a reaction mixture free of +has a very low conversion,

structure. Such a type of oxygen, previously identified by even at 423 K (1.5%), and produces only DAA and MO

ESR studieqd40], is known to play a role in the catalytic with selectivity approaching 9.8 and 90.2%, respectively.

processes. Therefore, since it is commonly admitted that MO is the
With the Pd-loaded CaHAp catalysts the global conver- main by-product that leads by hydrogenation to MIBK, the
sion of the alcohol is notably increasdeid. 6¢c and 6)l In Pd(x)/CaHAp catalyst possesses all of the features required

the absence of oxygen the dehydration reaction starts aroundor an efficient reaction.

443 K and increases regularly with the temperature reach-

ing over Pd(1)/CaHAp a conversion into butenes of 55% at 3.2.1. Product distribution

533 K (Fig. 7). Introduction of Q to the reaction mixture The condensation of acetone and its conversion into
does not noticeably modify the butene production and, there- MIBK have been widely investigated in liquid phase with the
fore, the acid properties of the surface. Concurrently, the de-use of different basic catalysi$,5]. The products of the re-
hydrogenation activity over redox sites increases markedly. action are mainly diacetone alcohol and mesityl oxide, with
It starts, as shown oRig. &d, at much lower temperatures a global conversion approaching 20%. OverBftaHAp
(around 343 K) than on the pure hydroxyapatite. The pro- and in gas phase the reaction produces mainly propan-2-
duction of methyl ethyl ketone increases rapidly with the ol (2P), methyl isobutyl ketone (MIBK), methyl isobutyl
temperature and reaches almost 100% at 443 K. Above thiscarbinol (MIBC), diisobutyl ketone (DIBK), traces of diace-
temperature the yield of methyl ethyl ketone decreases be-tone alcohol (DAA), and mesityl oxide MO (with conver-
cause the reaction products are completely oxidized into sions ranging between 0.2% and 22%ig. 8 reports the
COs. In the presence of oxygen and above 443 K, the redox product distribution versus the conversion and shows that
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the major products are MIBK and MIBC, even at the highest Pd(2)/CaHAp catalyst. It shows that the conversion increases
conversions reached. in a hyperbolic way asV/F is increased. It does not seem
The DAA and MO are intermediate products, since their to reach a maximum in the domain of the investigated resi-
yields exhibit a maximum versus conversion. They result, re- dence time, suggesting that the reaction is not of zero order.
spectively, from the hydrogenation of one or two condensed Moreover, with the aim of circumventing the limitation of
molecules of acetone over Pd particles. Below a conversionthe reaction kinetics by secondary phenomena such as mat-
of 10% these products are not detected. As the conversionter transfers or diffusion, the experiments were carried out
increases the MIBK tends to become a secondary productafter determination of the adequate catalyst grain size, the

because, as shown by the reaction pathwiig.(9), it is
transformed by subsequent hydrogenation into MIBC or by
condensation into DIBK. All of these considerations can be
confirmed by the computation, for each compound, of the
tangent at the origin, which obviously is equal to zero for
by-products.

3.2.2. Influence of residence time
Fig. 10 depicts the dependence of acetone conversion
and product selectivity on the contact timi& (Fyc) for the
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Fig. 8. Distribution of the products of acetone condensation versus the con-
version over Pd(2)/CaHAp.

length of the catalytic bed, and the valid flow rates of the
reaction mixture, for a residence time below 20 g hndol

3.2.3. Stability of the catalysts

Fig. 11 shows the variations in acetone conversion ver-
sus time over Pd(2)/CaHAp. The loaded palladium exhibits,
under the chosen reaction conditions, good stability, since
no significant decay of activity was observed. The water
produced by the reaction does affect the catalyst behavior
and does not seem to destroy the basic properties of the
CaHAp. After more than 3 h on stream the conversion sta-
bilizes around 17%. No sintering or excessive formation of
carbonaceous deposits was directly observed on the catalyst
surface.

The selectivity of the products increases slightly at the be-
ginning of the reaction; however, MIBK (66.4%) and MIBC
(28.3%) remain the main products. The global selectivity
for the by-products, propan-2-ol and DIBK, does not exceed
5.3%.

3.2.4. Influence of reaction temperature

Fig. 12 displays the global conversion and the product
selectivity versus reaction temperatures. Except for MIBK,
all of the conversions exhibit a maximum. To verify that
this maximum is not due to secondary phenomena such as
the presence of an impurity in the feeding mixture, we de-
termined the conversions at first by increasing the reaction
temperature and then decreasing it. As a matter of fact, it was

HaC-__CHs B HC( _CH, _cH, A ol cH,
2 (l','l‘ — W ch/? [ — ya \C/
o OH -H,0  HC i
AC DAA MO
Hy | Me Ha | Me
HaC HsC.
HSC\CH/CHs 3 B /CHZ\CH,CH:; 3 ™ ~CHa___CH,
| HaC™ | HC™ I
OH
2P MIBC MIBK
AC
M _CH,_ _CH,_ . ~CHa
oG C CH
CT I
8 CH,
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Fig. 9. Simplified scheme of the reaction of acetone with hydrogen on a solid catalyst (A: acid sites; B: basic sites; Me: hydrogenating metallic sites)
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Fig. 11. Variation of the conversion and the selectivity of the reaction prod- Fig. 13. Conversion and selectivity over RYCaHAp versus palladium
ucts versus time on stream over Pd(2)/CaHAp. loading.

found for a number of hydrogenation reactions (such as eth-maximum for 2 wt% Pd. The selectivities for the reaction
ylene hydrogenation) that the appearance of a maximum inproducts, except for MIBK, are also maximum for this Pd
the catalyst activity is not due to thermodynamic limitations loading. The formation of secondary products by a fur-
but to new active sites created by traces of oxygen in the ther hydrogenation of MIBK is favored by the increase in
reaction mixturg44]. The results displayed iRig. 12show Pd content. However, the production of these compounds
that the global conversion increases with the temperature anddoes not significantly modify the global conversion. Simi-
describes the same maximum (located at 423 K) as when thelar behavior was reported by Watanabe et[4%] in their
conversion is measured during a decrease in the temperaturestudy of the influence of palladium loading on the activ-
The decrease in activity, observed after the maximum, is at-ity of Pd/ZrP [44]. This increase in the amount of Pd in-
tributed to a decrease in the density of basic sites that arecreases the selectivity for propan-2-ol at the expense of that
involved in the condensation of acetone. This step is sup-for MIBK and DIBK. Yang and Wu reported analogous re-
posed to be the limiting one in the reaction mechanism and sults over Pd/SAPO catalyst, which possesses pronounced
the kinetics of MIBK production. acid propertie$46]. On the other hand, Das and Srivastava
The selectivities of the products, except that of MIBK, have found equivalent results over Pd/MgAI(O), which has
present analogous profiles. The MIBK exhibits a minimum basic feature$37]. They attributed the decrease in the se-
when the global conversion is at the maximum. This result lectivity to the agglomeration of Pd patrticles over the basic
suggests that the hydrogenation of MIBK into MIBC is sup- sites, which are believed to be the active sites in the ace-

ported by the high conversion of acetone. tone condensation. There is probably an adequate ratio be-
tween the basic sites and the hydrogenating metallic sites,
3.2.5. Effect of palladium content leading to optimal performances. In the case of the results

Fig. 13 shows the variations in the conversion and the reported here, it seems that the selectivity principally de-
product selectivities versus the amount of loaded palladium pends on the size of the Pd particles. It was previously shown
over CaHAp. The conversion and the selectivity are both (Table 2 that the palladium agglomeration increases with
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