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Methanol adsorption and dehydrogenation over stoichiometric and
non-stoichiometric hydroxyapatite catalysts
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On hydroxyapatite of stoichiometric composition (Ca/P = 1.65), methanol decomposes at 600 °C, in the absence of oxygen, to
produce predominantly carbon monoxide. As the Ca/P ratio decreases, the selectivities to formaldehyde and dimethyl ether
increase to ca. 80% at a value of Ca/P equal to 1.51. IR spectra show that methoxy groups are formed on the surface of both the
stoichiometric and non-stoichiometric catalysts. Both IR and temperature-programmed desorption experiments suggest that for
the decomposition of methanol, acidic sites are required for the dissociative adsorption whereas basic sites facilitate the C—H
bond scission via carboxylate groups and the consequent formation of CO and H, .

The conversion of methanol to formaldehyde is a process of
both fundamental and practical interest.! Formaldehyde,
which has become one of the world’s most important indus-
trial and research chemicals,® is commonly produced by two
processes, one making use of a silver catalyst while the other
is catalysed by a metal oxide. Two simultaneous reactions,
one exothermic oxidation, the other endothermic, are believed
to occur with the former catalyst:

CH,O0H + 40, - H,CO + H,O (AH = —156 k] mol™?)
CH,0H - H,CO + H, (AH = 485 kJ mol ™)

but only the first reaction apparently occurs with the latter
catalysts. While the mechanisms in either case are not com-
pletely understood, nevertheless, with the silver catalysts, the
current consensus appears to favour the formation of formal-
dehyde through the interaction of gas-phase methanol with
dissociatively adsorbed oxygen.?

As a consequence of interest in both the methanol conver-
sion process as well as the synthesis of methanol a number of
publications concerned with the adsorption and decomposi-
tion of methanol have appeared in recent years. Studies of the
adsorption and decomposition of methanol on solid surfaces
have heretofore focused on single-crystal surfaces, for obvious
reasons.> However, reports of the results of work on a variety
of oxides and related catalysts have also recently
appeared.* 12

Hydroxyapatites [Ca,o_, (HPO,), (POys_, (OH),_,,
(0 < z < 1)] are known to catalyse acid—base reactions such as
the dehydrogenation and dehydration of ethanol.'® The stoi-
chiometric apatite (z = 0) has been shown to possess basic
sites, while the non-stoichiometric forms function as
acids.!3-!°

Recent work from this laboratory has shown that hydroxy-
apatites of various compositions display interesting properties
in the catalysis of methane oxidation. Thus hydroxyapatite
modified with lead catalyses the oxidative dehydrogenation of
methane with high selectivity to C, compounds.2®-2! In con-
trast, hydroxyapatite of approximately stoichiometric com-
position (Ca/P = 1.65) produces mainly carbon dioxide while
the selectivity to formaldehyde increases with decrease in the
Ca/P ratio, although carbon monoxide is the major
product.?? Since hydrogen is also formed in the latter reac-
tion, it appears that oxidation can proceed via intermediates
resembling methanol.

In the present work, the results of studies of the adsorption

and decomposition of methanol on stoichiometric and non-
stoichiometric hydroxyapatite are reported. It is shown that
non-stoichiometric hydroxyapatite can catalyse the dehydro-
genation of methanol to formaldehyde without further decom-
position of the latter to carbon monoxide and hydrogen. To
provide further information on the reaction intermediates and
the mechanism by which methanol decomposes to carbon
monoxide with concomitant reduction in the selectivity to
formaldehyde, IR spectra of the surface species on both stoi-
chiometric and non-stoichiometric apatites and profiles of the
temperature-programmed desorption of these solids with pre-
viously adsorbed methanol have been obtained.

Experimental

Hydroxyapatites (Ap;es, APies1, AP1ss and Ap,s,; the
numerical subscript indicates the Ca/P molar ratio of the
apatites) were prepared from Ca(NO;),  H,O(BDH AnalaR)
and (NH,),HPO, (BDH AnalaR) according to the method
described in ref. 23. The resulting solid was heated in air at
500°C for 3 h and crushed into 180-300 mesh. The Ca/P
molar ratios of the hydroxyapatites were determined by ana-
lysing the concentrations of Ca?* and PO,>~ ions in the solu-
tion remaining from the synthesis by ion chromatography
(Dionex 4500i). Formation of hydroxyapatite was confirmed
by recording the X-ray diffraction (XRD) patterns for these
samples.”* The sample of f-calcium pyrophosphate
(Ca,P,0,) was prepared by heating CaHPO, (BDH) in air at
860°C for 3 h'? and B-tricalcium phosphate [Ca(PO,),] was
obtained by heating Ap, 5, at 1000°C for 2 h.'® Calcium car-
bonate (CaCO,, BDH AnalaR) and calcium oxide (CaO,
Aldrich 99.995%) were heated in air at 500 °C for 2 h.
Methanol conversion was performed in a conventional fixed
bed continuous flow reactor operated under atmospheric
pressure. The reactor consisted of a quartz tube of 7 mm id
and 35 mm in length, sealed at each end to 4 mm id quartz
tubes. The catalyst was sandwiched with quartz wool plugs,
the contribution of which to the reaction was negligible.
Methanol was supplied from a saturator (CH;0H, 2 kPa;
total flow rate 0.9 dm® h™'). The catalysts (0.05-0.30 g) were
preheated in a flow of helium (flow rate, 0.9 dm® h™!) at
600 °C for 1 h. The reactants and products were analysed with
an on-stream gas chromatograph (HP 5880) equipped with
a thermal conductivity detector (TCD). A combination of
three columns, Porapak T (2.7 m), Porapak Q (2.7 m), and
Molecular Sieve 5SA (0.2 m) was employed in the analyses.
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Selectivities (in mol%) were calculated on the basis of the
carbon contents in products determined by the GC analysis.
Accuracies in the carbon balances were always better than
97%.

The surface areas of the catalysts were calculated by appli-
cation of the BET theory to nitrogen adsorption isotherms
obtained at 78 K.

Temperature programmed desorption of CD;OD from
hydroxyapatite was carried out in a vacuum system equipped
with a ULVAC QMS-150A mass spectrometer. The sample
was evacuated at 600°C for 1 h before the adsorption. After
exposure to ca. 5 kPa of CD,0OD (CEC, 99.8%) at 200°C for
0.2 h, the sample was evacuated at 200°C for 0.3 h. The
sample was then heated at a rate of 10°C min~! under evac-
uation (less than 0.03 kPa) and the desorbing gas was moni-
tored with the mass spectrometer.

IR spectra of adsorption species were recorded with a
Bomem MB-100 FTIR spectrometer at room temperature.
The sample (0.03 g) was pressed into a self-supporting wafer
and placed into an IR cell allowing heating under vacuum.
The sample was evacuated at 600 °C for 1 h before adsorption
of methanol (2 kPa) at 200 °C for 0.2 h followed by evacuation
at the same temperature for 0.5 h.

Results
Decomposition of methanol

In the absence of oxygen, formaldehyde was produced from
methanol with the hydroxyapatites at 600°C and carbon
monoxide, carbon dioxide, methane, hydrogen, dimethyl
ether, water, methane, ethane and ethene were also detected
(Table 1). The selectivities to formaldehyde and dimethyl ether
decreased with increasing Ca/P ratio of the hydroxyapatite
samples while those for the carbon oxides increased. Similar
values of 40-50 m? g~ ! were found for the surface areas of the
hydroxyapatite samples after use in the reaction. Since only
0.05 g of Ap, s produced a methanol conversion of 94.9%,
with carbon monoxide as the predominant product, it is
evident that hydroxyapatite of this composition has significant
activity in the decomposition process. Although catalytic
activity was reasonably stable for a duration of 3 h, the
colours of the catalysts, originally white, were found to be
black after the reaction, indicating the formation of coke
during the reaction.

Selectivities to formaldehyde as high as those observed with
Ap, 55 were also found with calcium phosphate and pyrop-
hosphate while carbon monoxide was the predominant
product with calcium carbonate and calcium oxide.

Temperature-programmed desorption (TPD) of CD;0D from
hydroxyapatite

To clarify the mechanism of the methanol decomposition,
TPD measurements for CD;OD adsorbed on Ap, 45 and on
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Ap, 5, at 200°C were performed. With Ap, s,, desorption of
CD;0D (m/e = 36) began at ca. 200°C with the maximum
appearing at ca. 250 °C (Fig. 1). Between 450 and 600 °C, both
D,CO (m/e = 32) and a species with m/e equal to 28 were
desorbed. The latter species also exhibited a secondary
maximum at ca. 680 °C. Although this species could be due to
a fragment of D,CO, no other fragment peak of D, (m/e = 4)
or D (m/e = 2) was observed in this temperature range, sug-
gesting that the desorbing species is primarily CO. Although
the adsorbed methanol was fully deuteriated, no desorption of
D, (m/e = 4) was detected but HD (m/e = 3) and H,(m/e = 2)
were desorbed with peak maxima at ca. 550 and 580°C,
respectively. Desorption of a small amount of CO, (m/e = 44)
was observed above 600 °C.

With Ap, 45, desorption of CD;OD was also observed at
200-350°C. Desorption of CO (m/e = 28), D, (m/e = 4), HD
and H, was observed between 370 and 530°C (Fig. 2). Small
quantities of CO, (m/e = 44) and D,CO (m/e = 32) were
detected at and above 600 °C, respectively.

IR spectra of surface species

The adsorption and evacuation of methanol at 200°C on
Ap, 5, produced IR bands at 2853, 2915, 2956 and 3005 cm !
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Fig. 1 TPD profiles of CD,0D adsorbed on Ap, 5, at 200°C. Rate
of temperature increase, 10 °C min™*.

Table 1 Methanol decomposition over hydroxyapatites and other calcium compounds®

methanol selectivity (%)
amount conversion

catalyst /g (%) H,CO co Cco, CH, (CH,),0 C, SAb
AP, 5; 0.15 852 51.1 111 0.0 9.8 27.1 08 48.8
Ap, ss 0.15 96.6 36.8 46.1 0.6 49 11.0 0.7 43.1
AD, o1 0.15 95.0 93 60.7 338 19.7 6.2 0.8 46.0
AD, 65 0.15 100.0 02 79.1 104 8.3 19 0.0 38.1
Ap, 65 0.05 94.9 2.7 68.9 12.7 11.0 39 0.8 —
Ca,P,0, 0.30 14.7 430 8.9 0.0 12.3 358 0.0 <2
Ca,(PO,), 0.30 722 36.2 259 8.3 88 200 0.8 30
CaCoO, 0.30 349 2.9 86.2 8.2 2.6 0.2 0.0 <2
CaO 0.15 100.0 0.0 96.3 2.5 1.2 0.0 0.0 <2

@ Reaction conditions unless otherwise noted: partial pressure of methanol, 2 kPa; total flow of reactant gas, 0.9 dm*® h™'; reaction temperature,

600 °C; time-on-stream, 3 h. * BET surface area after reaction (m? g~ ?).
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Fig. 2 TPD profiles of CD,OD adsorbed on Ap, ¢ at 200°C. Rate
of temperature increase, 10°C min ™!,

attributed to surface adsorption species [Fig. 3(a)]. Since the
bands which appeared after the adsorption were weak and no
significant changes in the original bands for hydroxyapatite
were observed after the adsorption,?? the original bands were
subtracted from the spectrum obtained after adsorption.

The bands at 2852 and 2956 cm ™! can be assigned to the
CH stretching vibration of methoxy groups,®®2% while that at
2915 cm~! is probably a CH; bending overtone.** Assign-
ment of the band at 3005 cm ™! is unclear but Hussein and
Sheppard attributed the band to the CH stretching vibration
of methane adsorbed on the surface.?®

The adsorption and evacuation of methanol on Ap, 45 at
200°C also produced a spectrum similar to that obtained
from Ap, ¢, but with evident differences [Fig. 3(b)]. Peaks at
2845 and 2951 cm™! can, as before, be attributed to methoxy
groups®®?° while those at 2788 and 2831 cm™! are tenta-

1595

(c) (Ap1.65)

absorbance

3300 3000 2700 1700 1400 1100
wavenumber/cm —!

Fig. 3 IR spectra for the surface species on hydroxyapatites after
methanol adsorption and evacuation at 200 °C
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tively assigned to CH vibrations of —O—CH,—O— or
—O—CH—O— species?” with a small peak at 3008 cm 1.

A new band at 1595 cm™' was also observed [Fig. 3(c)].
Although there were strong bands at 1300-1500 cm ™! in the
background spectra?? and subtraction of the background
from the spectrum of the sample with methanol adsorbed at
200°C was not perfect, a weak band at 1354 cm ™! appeared
in the background—corrected spectrum. Thus, the band at
1595 cm ™! is assigned as an asymmetric stretching vibration
of the carboxylate groups.?>-28-2°

Discussion

The TPD profiles for Ap, 5, and Ap, 45 after adsorption of
CD,OD are strikingly dissimilar, not only in the desorption
temperatures and the relative intensities of the desorption
peaks, but also in the species which are desorbed. With
Ap, s;, diprotium was desorbed at temperatures rather higher
than the desorption temperatures of formaldehyde and the
quantity of HD desorbed is significantly smaller than that of
H, (see Fig. 1), suggesting that the formation of a hydrogen
molecule does not inevitably accompany the formation of a
formaldehyde molecule. The production of formaldehyde
requires the abstraction of a hydrogen atom from a surface-
bound methoxy group. Since deuterium molecules are not
concomitantly desorbed with formaldehyde molecules, it must
be concluded that they remain on the surface. Two pos-
sibilities apparently exist. The deuterium atoms released from
the surface-bound methoxy groups as evidenced in the IR
spectra may deuteriate oxygen atoms attached to calcium or
phosphorus atoms and/or exchange with protium atoms of
previously existing hydroxy groups. In any event the emer-
gence of HD and H, demonstrates the existence of protium
atoms on the surface prior to and after the dissociative
adsorption of methanol on Ap, 5,. Although it is conceivable
that calcium hydride or deuteride existed on the surface before
and after the decomposition, the IR spectrum provided no evi-
dence for this.

With Ap, 65, little or no formaldehyde is formed from the
adsorption and decomposition of methanol (see Table 1). The
TPD profiles are consistent with these results (see Fig. 2).
Little or no formaldehyde is desorbed while CO, D,, HD and
H, are desorbed at approximately coincident temperatures.
Furthermore, the temperature at which these species are
desorbed on Ap, ¢s is considerably lower than that at which
formaldehyde emerges from Ap,s,. A somewhat different
sequence of events is required for the production of carbon
monoxide and hydrogen on the stoichiometric hydroxy-
apatite, in contrast with those where formaldehyde is formed.
Although the IR data provide evidence for the formation of
methoxy groups on the surface of both the stoichiometric and
non-stoichiometric catalyst and the peak intensities for the
methoxy groups are comparable (see Fig. 3), the subsequent
mechanistic steps with the former catalyst follow a different
course. The remaining deuterium atoms in the surface
methoxy group must be released, necessarily requiring the
scission of the associated C—D bonds. A number of factors
will be responsible for this process. The basic sites of the stoi-
chiometric hydroxyapatite will exert an attractive interaction
on the deuterium atoms of the surface methoxy group and will
consequently weaken the C—D bonds. The deuterium atoms
may become attached to the basic sites or combine with each
other to form D, which is released to the gas phase. Alterna-
tively, the deuterium atoms may extract protium atoms from
the surface to emerge as HD. The presence of basic sites is
thus essential for the dissociative process. Excess electrons
resulting from the dissociation of the C—D bonds will be
back-donated to the C—O bonds of the methoxy groups,
increasing the electron density and hence the bond order in
the internuclear region between the carbon and oxygen atoms.
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A concomitant reduction in electron density between the
oxygen atom and the surface will occur as that of the carbon—
oxygen bond approaches a value similar to that found in the
free carbon monoxide molecule. The presence of a significant
quantity of carboxylate groups on Ap, s, Which correlates
with the observation that the quantity of CO desorbed from
Ap, ¢s Is greater than that of CO and D,CO from Ap, s,
provides additional evidence for the attractive interaction
between hydrogen atoms (or protons) and the basic sites
present on the surface of the stoichiometric hydroxyapatite.
With other solids, such as calcium oxide, the carboxylate
groups have been regarded as didentate structures.3®3! On
vanadium-based catalysts it has been concluded that methoxy
groups are converted to dioxymethylene species on heating,
which are rapidly desorbed as formaldehyde.32

Comments on the nature and source of the basic sites are
relevant here. From a purely stoichiometric viewpoint, the
existence of a Ca/P ratio of ca. 5/3 requires additional nega-
tive charges to provide charge balance. These are provided by
basic hydroxy groups. Additionally, quantities of carbonate
are present on the surface of the stoichiometric hydroxy-
apatite, in part at least resulting from the adsorption of CO,,
the amount decreasing with decrease in the Ca/P molar ratio
of the apatite, as expected in view of the acidic properties of
those catalysts with lower values of Ca/P.'® A portion of these
carbonate groups may be decomposed to calcium oxide at
600°C, thus producing CO, which is desorbed. Since it is
known that carboxylate groups can exist on the surface of
calcium oxide,?® the formation of this oxide may contribute to
the basic sites available on the stoichiometric hydroxyapatite.
Since, on CaO and CaCOj;, carbon monoxide is the predomi-
nant product while formaldehyde is formed over Ca,P,0O,
and Ca,;(PO,),, the surface oxide is apparently the active site
for the decomposition of methanol to carbon monoxide (see
Table 1).

Since the selectivity to carbon dioxide increases with
increasing Ca/P ratio of hydroxyapatite (Table 1), formation
of carbon dioxide may result, at least in part, from the decom-
position of the surface carbonate species of hydroxyapatite.
However, disproportionation of carbon monoxide to carbon
dioxide and carbon and/or the water—gas shift reaction may
also occur. The formation of methane may be partly due to
hydrogenation of dimethyl ether formed by dehydration of
methanol, probably on acid sites of hydroxyapatite,3~13

(CH,),0 + 2H, - 2CH, + H,0°5

Finally it is of some interest compare the methanol adsorp-
tion and decomposition process with that of methane oxida-
tion. As noted in the introduction, the selectivity to
formaldehyde in methane oxidation increases with decrease in
the Ca/P ratio of the calcium hydroxyapatite. In the present
work with methanol, a similar observation has been made.
Although basic sites have been suggested as necessary for the
activation of methane,?! i.e. for C—H bond scission, the sub-
sequent steps in the process apparently do not involve the
adsorption of the methyl radical on the surface of the catalyst.
Although highly speculative, it is tempting to argue that in the
decomposition of methanol acidic sites are required for the
dissociative adsorption whereas basic sites, as with the activa-

1984 J. Chem. Soc., Faraday Trans., 1996, Vol. 92

View Article Online

tion of methane, facilitate the C—H bond scission and in the
case of methanol, the formation of CO and H, .
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