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Abstract

Surface reactivity of hydroxyapatite (Hap), Ca;o(PO4)s(OH),, and zinc-Hap was evaluated using temperature-programmed desorption (TPD) of
ethanol and diffuse reflectance infrared spectroscopy (DRIFTS). Hap was prepared by the precipitation method and the Zn-based catalysts were
prepared by the ionic exchange method (ZnHapy,.) and by zinc oxide deposition (ZnHapycp). X-ray diffraction (XRD) results have shown the Ca**
substitution by Zn* ions for the catalyst prepared by ionic exchange method and a zinc oxide formation as a segregated phase after zinc deposition.
TPD-ethanol analyses showed that Hap has catalytic activity to ethanol decomposition and low surface acidity. DRIFTS results showed ethoxide
species formation at the surface of ZnHap,,.., which undergoes transformation into acetate and carbonate species with increasing temperature. The
catalyst prepared through the ionic exchange method (ZnHap,,.) showed high selectivity to the ethanol dehydrogenation reaction.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Synthetic hydroxyapatites (Hap), Ca;q_,(HPO,) (POy4)s_.-
(OH),_, [0 < z < 1], are widely used as bioceramic materials
and as adsorbent for separation of biomolecules. Recently,
these materials have been used as adsorbents for heavy metals
[1], as support [2,3] and as catalysts in oxidation [4,5],
dehydrogenation [6], dehydration [7], acid-basic [8], and
partial oxidation reactions [9]. Their catalytic performance
depends on the lattice substitutions and on the stoichiometry,
which can vary with Ca/P molar ratios from 1.5 to 1.67.
Stoichiometric apatite (z = 1) presents basic properties while
the non-stoichiometric one exhibit acidic sites [10]. Two
unconnected channels form the lattice of stoichiometric
calcium hydroxyapatite [11]: the first has a diameter of
2.5 A and is surrounded by Ca>" ions (denoted Ca (I)). The
second type plays an important role in the apatites properties. It
has a diameter of around 3.5 A and is also surrounded by
oxygen and Ca* jons in a coordination of 7 (denoted Ca(Il)).
These channels host OH groups along the c¢ axis to balance the
positive charge of the matrix. The environment around the OH™
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sites is very favorable for substitutions because it allows one to
control the acid site strength and also the ratio between Lewis
and Bronsted acid sites. The apatite structure possesses a great
flexibility in accepting substitutions in its lattice and
substitutions of the calcium ions (Ca>*/M>*) [12]. The ions
calcium substitution allows the introduction of an active metal
into the lattice becoming a potentially interesting material as
catalyst for reactions such as methane activation [9] and
oxidative dehydrogenation. According to the literatures, the
incorporation of a transition metal, such as Ni**, Cu** and Co**
into the lattice creates new redox sites that favor the activity of
dehydrogenation reactions [5,13]. Therefore, the possibility of
controlling the stoichiometry and precise ion substitutions
make hydroxyapatite a very attractive material for structure—
property investigations, mainly for the development of catalysts
with specific properties.

In previous studies we have demonstrated that anions
substitutions and thermal treatment caused changes in the acid
strength distribution and increased the overall acidity and acid
site density (wmol/m?) of the Hap [14,15]. In more recent
works, the use of Hap as support and the influence of its acid/
basic properties on the activity and selectivity in ethanol partial
oxidation have been evaluated for catalysts containing Zn, Co,
Fe or Cu supported on Hap. The catalysts had been prepared by
two methods: ionic exchange and oxide deposition. In both
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methods the ZnHap catalysts presented high selectivity for H,
production [16].

This work investigates the effect of the preparation method
on the surface properties of Hap and Zn-Hap catalysts. Ethanol
reactivity was evaluated using temperature-programmed
desorption (TPD-ethanol) and in situ diffuse reflectance
infrared spectroscopy (DRIFTS).

2. Experimental
2.1. Hydroxyapatite preparation

Ca;o(PO4)s(OH), was prepared by the precipitation method
from calcium nitrate solutions 0.50 M (Vetec 99%): solution A,
and phosphate of ammonium 0.30 M (Vetec 99%): solution B.
The pH was adjusted at 10—11 by addition of NH,OH (0.3 M).
Solution B was added (rate of 4 mL/min) to solution A, kept
under magnetic agitation at 80 °C (&5 °C). The mixture was
then kept at 80 °C/2 h, filtered and washed with hot water
(80 °C) until obtaining a filtered solution with pH of 7. The
solid was dried for 24 h at 100 °C and then sieved at 150 and
300 mesh.

2.2. Catalysts preparation

e Jonic exchange method: A solution of Zn(NOs3),-H,0, 0.1 M
was kept in contact with 10 g of Hap for 48 h under agitation
at room temperature to obtain 10% of Zn. The solid was
filtered, dried at 100 °C for 24 h and calcined at 350 °C for
3 h. For ZnHap,,,.; sample 100 mL of the solution was used,
whereas for ZnHap;> 200 mL of the zinc solution was used.

® Deposition method: A mixture of Hap and zinc nitrate
solution with a suitable Zn loading to obtain 10% of ZnO was
evaporated in a rotary vacuum at 100 °C. The material was
dried at 100 °C for 24 h and then calcined at 350 °C for 3 h.
Two samples were prepared: ZnHapgep;, 15mL of Zn
solution (0.1 M):1 g Hap and ZnHapgc», 3 mL of Zn solution
(0.4 M):1 g Hap, in order to evaluate the influence of the zinc
solution volume/support weight ratio.

2.3. Characterization

The Ca/P ratio and the metal loading of the samples were
determined by X-ray fluorescence (XRF), using a Rigaku
Sequential Spectrometer (RIX 3100) equipment with a Rh
source. The textural properties were determined by nitrogen
adsorption at —196 °C (Micromeritics ASAP 2000). The
samples were out gassed (5.10~ Torr) at 150 °C for 12 h prior
to N, adsorption. X-ray diffraction (XRD; Rigaku model
Miniflex TG) was applied to analyze the different phases in the
samples. The measurements were performed with scan speed of
0.05° min~" using Cu Ka radiation and 10° < 20 < 80°. The
identification of the phases was carried out using the standard
database ICDD-PDF-09-0432.

Temperature-programmed desorption (TPD-ethanol): The
apparatus used in this study was a unit equipped with an online
quadrupole mass spectrometer (Balzers QMS 422). The

samples were pretreated at 300 °C for 1h in flowing He
(30 mL/min) and cooled up to 25°C. The ethanol was
chemisorbed at room temperature by flowing (96.6 pmol)
CH;CH,OH/He (60 mL/min) mixture for 30 min. Afterwards
the samples were purged for 1 h in flowing He (60 mL/min) to
remove any physically adsorbed ethanol and then the
temperature was increased at a heating rate of 10 °C/min up
to 700 °C. The desorbing species were monitored by their
characteristic mass fragmentation patterns (m/e): 45, 31, 27
(ethanol); 2 (Hy); 28, 27, 26 (ethylene); 45, 31, 29 (diethyl
ether); 44,43, 29 (acetaldehyde); 44, 28 (CO,); 29, 28 (CO); 45,
43, 29 (acid acetic); 58, 43, 15 (acetone); 17, 16, 15 (CH,) and
18, 17, 16 (H,0). The dominant fragment of each desorbed
product was quantitatively analyzed after discounting the ion/
mass fragmentation interference.

Diffuse Reflectance Fourier Transform Infrared Spectro-
scopy (DRIFTS): The analyses were carried out in a Nicolet
spectrometer (Nexux 470) equipped with an accessory of
diffuse reflectance (Spectra-Tech) with a chamber for heating
up to high temperatures, ZnSe windows, resolution of 4 cm™'
and MCT-A detector. The samples were treated in situ at 350 °C
in flowing He for 1h, followed by cooling until room
temperature. Ethanol chemisorption was performed by expos-
ing the catalyst to a flowing (18.2 wmol) CH;CH,OH/He
(30 mL/min) mixture for 30 min. After removing the reversible
adsorbed ethanol using flowing He (30 mL/min), the catalyst
was heated at different temperatures (100, 200, 300, 400 and
500 °C) under flow of He, and a spectrum was registered. The
spectrum of the treated sample was used as background.

3. Results and discussion

A series of Hap was prepared in order to evaluate the
reproducibility of the preparation method of stoichiometric
Haps’ through the preparation of this material in triplicate.

Diffractogram analysis (Fig. 1) allowed the identification of
a hexagonal phase with lattice parameters (@ = b = 0.9407 nm,
¢=0.6873 nm, @ = 8 = 90° and § = 120°) that are characteristic
of hydroxyapatite, which is in accordance with the database
ICDD-PDF-09-0432. All diffractograms of Hap samples (not
shown) were similar and presented the same lattice parameters
values. The Ca/P ratio values, obtained by XRF analyses were
between 1.64 and 1.67, which are characteristic of a
stoichiometric Hap.

For samples containing zinc, Table 1 presents their Zn
loading and Ca/P ratio. A decrease in the Ca/P ratio for the
catalysts prepared by ionic exchange (ZnHapy..; and
ZnHapy,.») was observed, indicating the Ca®" substitution
by Zn>* in the lattice of these samples. It was observed that
Zn** cation incorporation was limited by a value of 6-7% of
metal incorporated. Miyaji et al. [10] have estimated a limit of
15 mol% for Zn substitution in the Hap lattice, once the
crystallinity of the hydroxyapatite decreases with increasing Zn
fraction. In our case, it was verified (Table 1) that the Zn>*
cation incorporation by ionic exchange method was limited for
a value of 6-7% of metal incorporated, and it was possibly
caused by a diffusion limit.
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Fig. 1. Powder XDR patterns of the Hap, ZnHapgep1, ZnHapgepr, ZnHapieoci
and ZnHapgoco.

According to the textural analyses, Sggr=13 m%g,
Vp=0.05 cm’/g and d, =139 A was found for the catalysts
prepared by the deposition method. For those prepared by ionic
exchange, Sggr =22 m%/g, V,=0.13 cm’/g and d, =240 A
were obtained. It is worth noting that the evaporation method
favored a decrease in the specific surface area.

X-ray diffraction results for ZnHapg.,; sample (Fig. 1)
presented only the characteristic peaks of Hap (+); the absence
of ZnO phase could be due to the smaller crystallite size of this
oxide. However, for ZnHapgep,, prepared with lower volume of
zinc solution, characteristic peaks of the Hap (+) and ZnO (o)
were observed. These results show the influence of the zinc
solution concentration on the preparation method, which favors
the formation of segregated phases for high zinc concentrations.
The crystalline structure of Hap did not change in both catalysts
as demonstrated by their lattice parameters in Table 2. The
catalysts prepared by ionic exchange method, presented only
the characteristic peaks of Hap (+); a distortion in the
crystalline structure of the original Hap after the substitution of
Ca”* for Zn** ions is corroborated by the lattice parameters
variation (Table 2).

The surface reactivity of the ZnHapy,.> and ZnHapgep,
samples were evaluated, once they presented significant
differences in relation to the phase formed, for ZnHapgep,
sample the ZnO was as segregated phase while for the
ZnHap.> sample, the Zn was incorporated into the lattice.

Table 1
Zinc loading and Ca/P ratio
ZnHapdepl ZnHapdepz ZnHapyoc1 ZnHapocz
% Zn 13.25 10.30 5.84 6.96
Ca/P ratio 1.70 1.69 1.57 1.56

Table 2
XRD results—identified phases and lattice parameters of Hap and catalysts

Sample Phase Lattice parameters
a (nm) ¢ (nm) o (%) y ()

Hap Hap 0.9407 0.6873 90 120
ZnHapgep Hap 0.9404 0.6878 90 120
ZnHapgep, Hap 0.9400 0.6878 90 120

ZnO 0.3249 0.5204 90 120
ZnHapyoc1 Hap 0.9409 0.6871 90 120
ZnHapyoc2 Hap 0.9385 0.6898 90 120

The literatures has shown that the TPD technique can
provide a better understanding of ethanol interactions with
surface active sites of catalysts such as Rh—Pt/CeO, [17], Co/
ZnO [18], Nl/Aleg, NI/L3203 and Nl/(LaQO3/A1203) [19] It
was verified that supported catalyst such as Al,O5; and La,0O3
strongly interact with ethanol at relatively low temperatures.
Also, Al,O3 promotes dehydration and cracking while La,;O3
primarily promotes dehydrogenation and cracking [19].

TPD profiles after ethanol adsorption on Hap (Fig. 2) show
that the Hap surface presents reactivity with desorption of
different products. There are two main temperature domains,
between 50-350 and 350-800 °C. In the former, we observed
molecular ethanol desorption (m/e =27), H, (m/e =2), ethy-
lene (m/e =26), diethyl ether (m/e =31), acetaldehyde (m/
e=29), CO, (mle=44), CO (mle=28) and methane (m/
e =15), suggesting that these are produced from the decom-
position of the same intermediate species adsorbed on the
hydroxyapatite surface. At temperatures between 350 and
800 °C, H, (mle =2), CO, (m/e=44), CO (mle=28) and
ethylene (m/e =26) were observed. The mass fragmentation

m/e
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Fig. 2. Product desorption profiles from TPD-ethanol on Hap.
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Table 3
Products of the TPD-ethanol on Hap and catalysts

Product Yield (Lmol/ggmpie)
Hap ZnHapdepZ ZnHaPtmcz

Ethanol 39.9 24.2 39.5
H, 17.5 12.4 78.3
Ethylene 23.1 19.2 20.1
Acetaldehyde 87.1 104.9 110.4
Diethyl ether 17.8 38.2 16.8
CO, 19.1 26.8 47.1
CO 76.7 74.6 65.9
CH, 29.2 62.2 333

patterns m/e =45 (acid acetic) and 58 (acetone) were not
detected.

Table 3 shows the quantification results and we observed
that, for Hap, acetaldehyde was the major product formed
(87.1 pmol/ggampie), suggesting that ethanol dehydrogenation
reaction occurs mainly in the 50-500 °C temperature range.
The small amount of ethylene (23.1 wmol/ggmpie) demon-
strates the low acidity of the Hap.

For ZnHapgcp, (Fig. 3) the temperature of desorption was
observed only in the range of 50-300 °C where ethylene (m/
e =26), diethyl ether (m/e = 31), acetaldehyde (m/e = 29), CO,
(mle =44), CO (mle =28), H, (m/e=2) and methane (m/
e =15) desorption occurred. The increase in acetaldehyde
formation (104.9 wmol/gs,mpie. Table 3), in comparison to Hap,
suggests that the zinc addition favored the dehydrogenation
reaction. Moreover, a reduction in the amount of ethylene
(19.2 pmol/ggampic) Was observed indicating a decrease in the
Hap acidity after Zn deposition. The low H, formation
(12.4 pmol/gsampie) could be attributed to the high CHy
(62.2 pmol/ggampie) and CO (74.6 wmol/ggampre) due to the
decomposition reaction of the ethoxide species adsorbed [12]:
CH;CH,O-M"" — CH,4 + CO + 1/2H, + M™".

Desorption profiles for ZnHapy.., (Fig. 4) showed a
different behavior when compared with that of ZnHapgep,.
Two main temperature domains were verified, first between 50
and 350 °C and another one at 350-700 °C. The desorption of
molecular ethanol (m/e = 27, not shown) and diethyl ether (m/
e =31) occurred between 50 and 200 °C; while ethylene (m/
e =26), acetaldehyde (m/e=29) and methane (m/e=15)
desorbed up to 350 °C. The CO, (m/e =44) and CO (m/
e =28) desorption were verified at high temperatures. The H,
formation (m/e = 2; 78.3 wmol/ggmpie) presented a maximum
at 280 °C and is significantly higher than for the other studied
samples (Table 3); acetaldehyde formation also increased
(110.4 pmol/gsampie). The lower ethylene and diethyl ether
formation (products of dehydration) is an indicative of less
acidity for the ZnHap,.» sample.

In order to evaluate the intermediate species formed on the
surface of the ZnHap,., catalyst after ethanol adsorption,
which produced the highest H,desorption, DRIFTS analysis
was carried out (Fig. 5).

Ethanol adsorption at room temperature produced bands
at 2974, 2933, 2874, 1660, 1480, 1427, 1391, 1302 and

mie
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Fig. 3. Product desorption profiles from TPD-ethanol on ZnHapgcp,.

1134 cm ™. The bands at 2974, 2933, 2874 (v CHs, CH,), 1480
(8. CH3, CH»), 1391 (8; CHs, CH,) are attributed to surface
ethoxide species [20,21]. In accordance with the literature,
primary alcohols adsorb on the metallic oxide surfaces as
alkoxide from the scission of the O—H bond [20].

The bands at 1302 cm™' (8, CH;) and at 1427 cm™! (v,
0OCO) suggested formation of acetate species adsorbed on zinc
[22], whereas the bands at 1660 and 1134 cm™! can be related
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Fig. 4. Product desorption profiles from TPD-ethanol on ZnHapoco.
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Fig. 5. DRIFT spectra after ethanol at 400 °C on ZnHap, catalysts.

to undissociated ethanol. Heating to 100 °C produces a slightly
change in the DRIFT spectra, a reduction of the band intensity
of ethoxide species (1480 and 1391 cm ') and a slight increase
of acetate species (1302 cmfl) with formation of a band around
1517 cm™". The formation of acetate adsorbed on bulk zinc
oxide was observed by Yee et al. [23] at 1550 cm~! and
attributed to the vibration mode v,; OCO. In the present work,
we did not observe the ZnO formation as a segregated phase for
this sample. Therefore, the band at 1517 cm™' could be
assigned to the adsorption of acetate species on Zn>* onto the
Hap lattice. Further heating to 200 °C showed that undisso-
ciated ethanol was completely desorbed. Moreover, a decrease
in the band intensity due to ethoxide (3000-2700, 1480 and
1391 cm™") and to acetate (1302, 1427, 1517cm™') was
observed at this temperature. After heating at 300 °C, the bands
assigned to ethoxide species were not observed, exhibiting only
those related to acetates adsorbed on zinc (1302 and
1517 cm™ '), though with lower intensity. A new band at
1580 cm™' was observed and it can be assigned to the
formation of carbonate—carboxylate and acetate species. The
accurate identification of these bands is difficult, since those

bands of carbonate—carboxylate can be observed in the region
between 1000 and 1700 16 cm™" [22]:

(i) Carboxylate: 1560-1630 cm™' (v,s COO™) and 1350-

1420 cm™' (v, COO™) and absence of bands in the region
of 1000 cm™ .

(i1) Monodentade carbonate: 1530-1470 cm ! (vys COOM)
and 1300-1370 cm ™' (v, COO™), 1080-1040 (v C-O).

(iii) Bidentade carbonate: 1530-1620 cm™! (v C-0), 1270-
1250 cm ™! (v, COO), 1030-1020 (v, COO) [IVa species];
1620-1670 cm™ ' (v C-0), 1220-1270 cm™ ' (v, COO),
980-1020 (vy COO) [IVDb species].

Carbonate formation, CO5, on the zinc oxide surface was
observed by Little [24] at 1430 cm™ ! (v, and 1640 cm ™!
(without attribution), whereas acetic acid adsorption produced
characteristic acetate species at 2940 (v, CH3), 1554 (v, OCO),
1460 (8,s CH3), 1427 (v, OCO) and 1311 cm™" (8, CH3) [24].
Mattos et al. [25], studying Pd/CeO, and Pt/CeQO, catalysts,
pointed to the difficulty of distinction between carbonate and
acetate species from the vibration modes that occur in the
region of C-O stretching. In the present work, the accurate
identification of the band at 1580 cm ™' becomes difficult, once
the adsorption of acetic acid for reference was not carried out.
However, the absence of bands in the region of 1000 cm™! (not
shown) could be an indicative of the carboxylate species (v,
COO)~, whereas the vibration mode v, (COO~, 1350-
1420 cm™") cannot be observed due to the overlapping of
other bands in this same region. It is worth noting the slight
decrease of the acetate bands (1302, 1427, 1517 cmfl)
suggesting the transformation of these species into carbox-
ylates.

As the sample was heated at 400 °C, a band at 1970 cm™
was verified. The infrared region in the range of 2200-
1700 cm ™" is attributed to CO adsorption on metals, and the
region of 1900-1700 cm ™' is assigned to the adsorbed CO in
the multi-coordinate or bridge form [24]. The CO adsorption on
ZnO occurs in the spectra region between 2190 and 2220 cm ™!
[24], which was not observed in this analysis (not shown). The
gaseous CO forms a band around 2143 cm ™' [24] and presents
low absorbance intensity at 400 °C (Fig. 5). In the TPD-ethanol
results for ZnHapy,.> sample CO desorption was observed at
400-700 °C, suggesting its formation from acetate species
decomposition.

The carbonate formation suggests the oxidation of the
adsorbed species; similar behavior was observed for catalysts
using CeO, as a support at temperatures of 300-400 °C
[20].

The admission of flowing ethanol into the DRIFTS chamber
at 400 °C (Fig. 6) leads to a significant increase in the
absorbance intensity of the bands at 1580, 1302, 1434,
1397 cmfl, showing an immediate carbonate and acetate
formation at this temperature. The ethoxide species formation
also was observed in the spectra region between 3000 and
2700 cm ™. The heating at 500 °C favors the decomposition of
the adsorbed intermediate and gaseous CO formation is
observed from the low intensity band at 2143 cm ™. The band at

1
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Fig. 6. DRIFT spectra after ethanol adsorption at 400 °C on ZnHapoco-

3014 cm™ "' (low intensity) is associated to gaseous methane
formation and suggests that the decomposition of acetate and/or
carbonate leads to CH, and CO formation.

4. Conclusions

The Hap, synthesized by the precipitation method, was
obtained with stoichiometric structure; it presented activity in
the ethanol decomposition and selectivity for dehydrogenation
reaction. The preparation methods used were suitable to
incorporate the zinc phase and the -catalysts presented
significant differences in relation to the formed phase. For
ZnHapg.p,, sample the ZnO was as a segregated phase and for
ZnHapoe, Zn>* was incorporated into the lattice. The
deposition method revealed dependence on zinc solution
concentration. The catalysts presented surface activity for the
ethanol decomposition with formation of acetaldehyde and H,.
The catalysts have shown different surface reactivity and the
ZnHapg.p, presented a behavior of acidic surfaces.

For ZnHapyoe, where Zn>* substituted Ca** jons in the
lattice, a high activity and selectivity was observed for the
dehydrogenation reaction. DRIFTS results showed that at high
temperatures acetates and carbonates were the main inter-
mediate species.

Comparative studies of the catalysts by DRIFTS analyses
and their performance in the ethanol reforming reaction are in
progress to explain the differences observed in the reactivity of
these surfaces.
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