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The conversion of methanol: a probe reaction for hydroxyapatite
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Stoichiometric and nonstoichiometric hydroxyapatites are characterized by surface area, ICP, XPS and NMR MAS. The dehydration of
methanol is shown to be unimolecular but poisoned by both alcohol and water. Rate constants and the ratio of the adsorption equilibrium
constants of alcohol and water are obtained with the former appearing to be related to the surface Ca/P values. Infrared spectroscopy and
temperature-programmed desorption and reaction show that hydroxyapatite, after exposure to methanol, contains surface methoxy groups
and related experiments with deuterated methanol show that the dehydration process involves the interaction of methanol with surface
protium.
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1. Introduction

Calcium hydroxyapatite [Ca10(PO4)6(OH)2; CaHAp]
may well be one of the most studied phosphates, in large part
as a result of its dominant role in the composition of bone
and teeth [1,2]. The work to date has been largely concerned
with various preparatory methods, structure and solid state
properties of CaHAp. Until recently relatively few studies
on the surface and catalytic properties of this material have
been reported [3–5]. Recently stoichiometric and nonstoi-
chiometric CaHAp have been examined as catalysts for the
oxidation of methane [6,7], ethane [8] and propane [9].

The present work employs methanol as a probe mol-
ecule to investigate the surface properties of CaHAp of
various compositions. XRD, XPS, MAS NMR and sur-
face area measurements are employed to characterize the
solid along with reactor studies, infrared spectroscopy,
and temperature-programmed desorption of methanol and
deuterated methanol to evaluate the interaction of the latter
with the solid.

2. Experimental

2.1. Materials

Stoichiometric and nonstoichiometric calcium hydroxya-
patites were prepared from Ca(NO3)2·4H2O (WAKO) and
(NH4)2HPO4 (WAKO) [10–12]. A commercially prepared
calcium hydroxyapatite was obtained from Anachemia and
was used without further purification. Methanol (CH3OH,
99.9%) and deuterated methanol (CH3OD, 99%) were pur-
chased from Fisher Scientific and MSD isotopes, respec-
tively.
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2.2. Characterization

Powder X-ray diffraction (XRD) patterns were obtained
with a Rigaku RINT 2500X diffractometer using monochro-
matic Cu Kα radiation. Bulk concentrations of Ca and P
were measured on the CaHAp samples dissolved in aque-
ous HNO3 solutions by inductively coupled plasma (ICP)
spectrometry (Shimadzu, ICPS-5000). Surface areas were
calculated by application of the BET equation to N2 adsorp-
tion isotherms (78 K) obtained with a conventional volu-
metric system. Surface compositions were measured with
X-ray photoelectron spectroscopy (XPS; Shimadzu ESCA–
1000AX) using Mg Kα radiation. The binding energies were
corrected using 285 eV for C 1s as an internal standard.
Argon-ion etching of the catalyst was carried out at 2 kV
for 1 min with a sputtering rate estimated as 2 nm/min for
SiO2.

Infrared spectra were obtained with a Bomem MB-100
FTIR spectrometer. The sample was pressed into a self-
supporting wafer and mounted in an IR cell fitted for heating
under vacuum.

MAS NMR spectra were recorded on an AMX500
(BRUKER) spectrometer operating at 500.14 MHz for1H
and at 202.46 MHz for31P. Samples were packed in 4 mm
o.d. rotors and spun at∼5000 Hz.

2.3. Procedures

The conversion of methanol was investigated in a con-
ventional fixed-bed continuous flow reactor operating under
atmospheric pressure. The reactor consisted of a quartz tube
of 7 mm i.d. and 35 mm in length, sealed at each end to 4 mm
i.d. quartz tubes. The catalyst was sandwiched with quartz
wool plugs, whose contribution to the reaction was found to
be negligible. Methanol and water (when present) were sup-
plied to the reactant stream from double (in series) and sin-

1011-372X/01/0900-0075$19.50/0 2001 Plenum Publishing Corporation



76 S. Sugiyama, J.B. Moffat / Methanol on hydroxyapatite

gle saturators, respectively, with temperatures and flow rates
separately controlled. The catalysts were pretreated,in situ,
in a flow of helium (usually 15 ml/min) at 723 K. Reaction
conditions wereW = 0.1, 0.2, 0.3 or 0.4 g,F = 20 ml/min,
P(CH3OH) = 2.0, 4.0 or 7.3 kPa andP(H2O) = 0, 0.6 or
1.2 kPa, except as noted, with balance to atmospheric pres-
sure provided by helium.

The reactants and products were analyzed with an on-
stream gas chromatograph (HP 5880A) equipped with a ther-
mal conductivity detector. A combination of three columns,
Porapak T (2.7 m), Porapak Q (2.7 m) and molecular
sieve 5A (0.09 m) was employed in the analyses. The con-
version of CH3OH was calculated from the quantities of
CH3OH introduced into the feed and the products formed.
Carbon selectivities (mol%) were calculated on the basis of
the carbon contents in the products as determined from the
GC analyses. The carbon mass balances were 100± 5%.
The selectivities to H2 (mol%) were calculated on a hydro-
gen base.

Temperature-programmed experiments employed a gas
chromatograph (HP 5890) equipped with a mass selective
detector (HP 5970).

3. Results and discussion

3.1. Characterization

Powder X-ray diffraction patterns (not shown) are virtu-
ally identical for all samples and match those for calcium
hydroxyapatite (JCPDS9-0432).

The bulk and surface compositions of the four samples
of CaHAp are shown in table 1 together with the surface
areas. The bulk compositions as determined from ICP
range from calcium-deficient to stoichiometric (Ca/P equal
to 1.67) while the surface areas are essentially identical. In
contrast, the compositions of the surface layer for the three
noncommercial samples show calcium deficiencies higher
than those found for the bulk as reported earlier [6–9], while
the values of O/P for the sample with a bulk Ca/P equal to

Table 1
Bulk and surface compositions and surface areas of CaHAp samples.

Bulk compositiona tb Surface compositionc Surface aread

Ca/P (min) Ca/P O/P (m2/g)

1.50 0 1.42 4.28 68.5
1 1.65 4.28

1.53e 0 1.68 4.32 65.0
1 1.65 3.99

1.58 0 1.37 3.40 66.5
1 1.62 3.48

1.67 0 1.40 3.08 69.2
1 1.40 2.86

aICP.
b Etching time.
c XPS.
d BET.
eAnachemia.

1.50 as well as the commercial sample are similar to that ex-
pected for a stoichiometric sample. With increasing values
of the bulk Ca/P the surface O/P values decrease. Similar
observations have recently been reported in studies of hy-
droxyapatite and other calcium phosphates [13]. Although
some literature reports suggest that calcium hydroxyapatite
is stable to temperatures in excess of 600◦C it is tempting
to suggest that the orthophosphate may convert, at least par-
tially, to the pyro-form (O/P equal to 3.5) and possibly to the
metaphosphate (O/P equal to 3.0) or mixtures of these.

The results of a number of studies on the effect of tem-
perature on the properties of CaHAp have been reported
[1,2,14–16] and most recently Tanakaet al. [17] have shown
that, with a nonstoichiometric CaHAp (Ca/P equal to 1.62)
the number of surface P–OH decreases by approximately
60% on heating to 500◦C, resulting in the formation of
P–O–P groups as

2P–OH→ P–O–P+ H2O

the reverse of which can occur on addition of water. Such de-
hydroxylation/hydroxylation processes are, of course, rem-
iniscent of those found with phosphates containing cations
other than calcium, for example, boron [18]. Further, these
authors noted that the thermal decomposition of nonstoichio-
metric CaHAp has been proposed to result in the conversion
of a portion of the original orthophosphate groups to the py-
rophosphate form as [3,17,19,20]

Ca10−x(HPO4)x(PO4)6−x(OH)2−x
→ Ca10−x(P2O7)x(PO4)6−2x(OH)2 (0< x < 1)

with a further degradation, accompanied by the loss of wa-
ter, to form the stoichiometric hydroxyapatite and calcium
orthophosphate.

31P MAS NMR spectra for all the samples pretreated at
500◦C for 3 h are virtually identical with a single31P reso-
nance at approximately 3 ppm shift (relative to 85% H3PO4)

(not shown). Very weak sidebands in all samples can be
interpreted as indicative of the virtual absence of chemical
shift anisotropy and hence little or no perturbation of the
tetrahedral symmetry of the phosphate ions [1]. Since only
one chemical shift was observed, all phosphate ions have
similar environments. These observations are remarkable
since it would be expected that nonstoichiometric CaHAp
should contain HPO2−4 ions for which significantly different
31P NMR MAS spectra have been reported [21].

The 1.53 Ca/P sample, aliquots of which were heated to
700, 800 and 900◦C before the31P NMR MAS spectra were
recorded at room temperature, showed no discernible differ-
ences from those found with the remaining compositions.

1H NMR MAS spectra of all samples displayed a sharp
resonance with a chemical shift of approximately 0.1 ppm
and a resonance at approximately 5 ppm, the former as-
signed to hydroxyl ions and the latter to adsorbed water [22].
As expected the intensities of the latter resonances decreased
with pretreatment temperature.
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3.2. Methanol conversion

Preliminary experiments were performed to show that the
homogeneous reaction contributed negligibly under the reac-
tion conditions employed in the present work.

The effect of temperature on the nature of the products,
the conversion of methanol and the coking of the catalyst
was also examined in preliminary experiments to establish
the appropriate range of reaction conditions. At a partial
pressure of methanol of 4 kPa, a flow rate of 15 ml min−1

and reaction temperatures up to 723 K with all CaHAp
compositions, the principal products from the conversion of
methanol were dimethyl ether (DME), CO, CH4 and CO2,
while under the same conditions but higher temperatures
formaldehyde was also formed. At temperatures up to 773 K
the selectivity to DME was greater than 90%. At tempera-
tures greater than 773 K some evidence of coking was ob-
served and at 873 K the catalyst was black after 30 min on-
stream.

The effects of changes in the partial pressure of methanol,
the residence time and the reaction temperature were exam-
ined in more detail. The conversions of methanol were found
to be linear inW/F at 723 K as illustrated for the 1.53
Ca/P catalyst sample in figure 1. However, the conversion
decreased with increase in the partial pressure of methanol
(figure 2). The conversion was also found to be influenced
negatively by the introduction of water vapour (figure 3). Fi-
nally, the reciprocal of the rate was shown to correlate lin-
early withP (H2O)/P (MeOH) (figure 4).

Evidently the reaction can be represented by a Langmuir–
Hinshelwood expression of the form

r = kKMeOHPMeOH

1+KMeOHPMeOH+KH2OPH2O
, (1)

1

r
= 1

k
+ KH2O

kKMeOH

(
PH2O

PMeOH

)
, (2)

Figure 1. Conversion of methanolversus residence time on 1.53 CaHAp at
723 K,P (CH3OH) = 4 kPa and 30 min on-stream.

when

(KMeOHPMeOH+KH2OPH2O)
 1,

from which the values ofk (the rate constant) andKH2O/

KMeOH (the ratio of the adsorption equilibrium constants)
can be calculated.

Values of the conversion and the selectivities to products
were obtained at 723 K and a methanol partial pressure of

Figure 2. Conversion of methanol as a function ofP (CH3OH) for various
loadings of 1.53 CaHAp. Reaction temperature, 723 K. (!) w = 0.1 g;

(1) w = 0.2 g; (2) w = 0.3 g; (") w = 0.4 g.

Figure 3. The effect of water on the conversion of methanol for various
loadings of 1.53 CaHAp. Reaction temperature, 723 K. (!) w = 0.1 g;

(1) w = 0.2 g; (2) w = 0.3 g; (") w = 0.4 g.



78 S. Sugiyama, J.B. Moffat / Methanol on hydroxyapatite

Figure 4. Correlation of 1/rate withP (H2O)/P (CH3OH) on 1.53 CaHAp.
Reaction temperature, 723 K.

Table 2
Kinetic data from application of LH equation.

Ca/P kc K(H2O)/

ICa XPSb ((kPa ml)/(min g)) K(CH3OH)d

1.50 1.42 82 1.2
1.53 1.68 115 0.3
1.58 1.37 53 1.3
1.67 1.40 76 0.7

aFrom ion chromatography.
b From XPS.
c Rate constant.
d Ratio of adsorption equilibrium constants.

2.0 kPa by carrying out experiments at 0, 0.6 and 1.2 kPa of
water and sample sizes of 0.1, 0.2 and 0.3 g for each of the
four CaHAp compositions. The aforementioned conditions
were selected to generate conversions which were in a range
sufficiently low so as to justify application of equations (1)
and (2) as well as minimizing catalyst deactivation. The re-
sults obtained are summarized in table 2.

Although values obtained from intercepts must be inter-
preted with caution, nevertheless it is of interest to compare
the results reported in table 2. While no correlation is ob-
served between any of the calculated values and the bulk
composition of the catalysts, the rate constant for methanol
conversion appears to increase with the surface Ca/P ratio.
No such correlation exists for the ratio of adsorption equi-
librium constants and it may be prudent to conclude that,
within experimental error, the equilibrium constants for wa-
ter and methanol are, at least approximately, equal for all
four catalyst compositions. The nature of the surface sites
and the effect of water and methanol as catalyst poisons will
be discussed in more detail in the next section.

3.3. Infrared spectra

Infrared spectra of CaHAp provided further information
on the conversion process (figure 5). After evacuation at

Figure 5. Infrared spectra of 1.53 CaHAp evacuated at 873 K for 2 h and
exposed to 4 kPa methanol at 298 K for 1/4 h followed by evacuation at

298 K for 1/2 h.

873 K for 2 h the catalyst was exposed to 4 kPa methanol
at 298 K for 1/4 h followed by evacuation at the same tem-
perature for 1/2 h. Bands at 2844, 2839 and 2943 cm−1 are
attributed to the CH stretching vibration of methoxy groups
while that at 2926 cm−1 may be related to a CH3 bonding
overtone [23–26]. The band at 2831 cm−1 is tentatively
attributed to CH vibrations of –O–CH2–O or –O–CH–O
species [26,27]. These bands decreased in intensity on evac-
uation at 473 K and vanished after evacuation at 723 K.

After a similar treatment but exposure to 2 kPa of wa-
ter IR bands (∼3000 cm−1) attributable to sorbed water ap-
peared but vanished after evacuation at 473 K (not shown).

IR spectra obtained after adsorption of water (2 kPa) fol-
lowed by methanol (4 kPa) displayed the bands found in
the spectra of the individual species but the intensities of
those due to methanol were considerably diminished show-
ing that the adsorption of methanol is reduced by previously
adsorbed water.

3.4. Temperature-programmed desorption

TPD of 1.53 CaHAp shows that both CO and CO2 begin
to desorb at approximately 120◦C (figure 6). Both of the
carbon oxides show desorption maxima at 174 and 292◦C.
The sorption properties of CaHAp for CO2 are well known
and measurements at 78 K have suggested that the oxide is
both reversibly and irreversibly adsorbed [28–30]. It may be
speculated that the aforementioned two peaks correspond to
these forms. In contrast, water is steadily evolved in small
quantities beginning at room temperature but increasing sub-
stantially at 350◦C.

For methanol TPD experiments, a sample of 1.53 CaHAp
is at first heated for 1/2 h at 450◦C in a 20 ml/min flow of he-
lium, held for 1/2 h at room temperature, exposed to 4 kPa
methanol in the aforementioned helium flow at room tem-
perature and finally retained in the flow of helium for 1/2 h.
TPD experiments employed a heating rate of 10◦C/min.
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Figure 6. TPD of 1.53 CaHAp. Heated in a flow (20 ml/min) of helium at
303 K for 10 min followed by a temperature ramp of 10◦/min.

At 120◦C methanol, water and CO begin to desorb (fig-
ure 7), the latter as observed with 1.53 CaHAp in the ab-
sence of methanol (cf. figure 6). The desorption of these
species reached a maximum at 186◦C. It appears that these
species are molecularly adsorbed. DME, evidently result-
ing from the combination of surface methoxy groups, and
CO2 began to desorb at 270◦C, the former showing a maxi-
mum at 398◦C, the latter at 500◦C. CO reached a secondary
maximum at 483◦C. The latter corresponds, at least approx-
imately, to the temperatures at which CO and H2 were ob-
served from methanol in the reactor experiments. It should
be noted that water does not display a desorption maximum
coincident with that of DME and is apparently produced in
the course of the formation of surface methoxy groups which
are the precursors to DME. Since, as observed in the reac-
tor experiments no significant conversion of methanol occurs
at temperatures below 350◦C the onset of the desorption of
DME at 270◦C as observed in the TPD experiments implies
that, as expected from the kinetic data, the rate of the reac-
tion is controlled by the adsorption of methanol.

Temperature-programmed reaction experiments in which
4 kPa of methanol diluted with helium were continuously
passed over 1.53 CaHAp, previously heated for 1/2 h at
450◦C in a flow of helium, again displayed the desorption of
DME beginning at 270◦C (figure 8), as found with the TPD
experiments (cf. figure 7). Since little or no loss of methanol
from the feed stream was observed at this temperature the
DME is evidently being formed from methoxy groups al-
ready present on the surface. The gas phase concentration of
methanol begins to decrease substantially at approximately

Figure 7. TPD of 1.53 CaHAp with preadsorbed methanol (conditions as in
text).

Figure 8. TP reaction of methanol on 1.53 CaHAp (conditions as in text).

330◦C with CO2 appearing at 370◦C and the maximum in
the DME peak at 450◦C, somewhat higher than found in the
TPD experiments.
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Figure 9. TPD of preadsorbed MeOD (conditions as in text).

TPD experiments with preadsorbed deuterated methanol
(CH3OD) produced patterns similar (figure 9), not surpris-
ingly, to those observed with undeuterated methanol (cf. fig-
ure 7). Desorption of both CH3OD and CH3OH begins at
approximately 105◦C, the presence of the latter being in-
dicative of the deuterium/hydrogen exchange between the
alcohols, either directly or indirectly.

Although care must be exercised in interpreting mass
spectrometric data for the desorption of water, nevertheless
some comments on these results may be of value. With
all compositions of CaHAp the quantity of HDO exceeded
that of the remaining isomers of water, at least initially
(not shown). This suggests that the formation of the sur-
face methoxy groups proceeds via the interaction between
the protium contained on the surface and the oxygen of the
deuterated methanol and not through a bimolecular pathway,
a conclusion which is again consistent with the kinetics evi-
dence.
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