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This paper reports the synthesis and characterization of solid
NaMgPQ,, obtained by adding Na,CO, to freshly formed
Mgy (PO,),- 22H,0. The magnesium orthophosphate was pre-
pared by gelling an aqueous solution of MgCl, and Na,HPO,
with 3 N NaOH. The solid products thus obtained were charac-
terized by using various structural (XRD), surface (XPS,
DRIFT, BET), and morphological (SEM) elucidation tech-
niques. The results show that the NaMgPO, surface also con-
tains Na,CO,, NaCl, and MgO, which endow it with increased
activity and selectivity. Thus, Mg:(PO,), yields cyclohexene
(CHE) preferentially, and some cyclohexanone (CHONE), in
the gas-phase conversion of cyclohexanol. On the other hand,
NaMgPO, produces CHONE selectively under the same reac-
tion conditions.

T 1995 Academic Press, Inc.

INTRODUCTION

The oxidation of primary and secondary alcohols to car-
bonyl compounds is of great interest for industrial and
organic synthesis, and has so far been addressed by using
both homogeneous and heterogeneous catalysis (1). The
conversion of cyclohexanol to cyclohexanone (2, 3) has
received much attention lately as ketone is the starting
material for manufacturing nylon. Secondary alcohols pro-
vide good ketone yields. On the other hand, the oxidation
of primary alcohols must be stopped at the aldehyde in
order to avoid the formation of carboxylic acids, which
demands strict control of the reaction conditions. There
are a number of available procedures for selectively con-
verting a primary or secondary alcohol into the corre-
sponding aldehyde or ketone, respectively, by using
gascous reactants and metal oxides such as MgO (4).

' To whom correspondence should be addressed.

ZnO (5, 6), FeO (7, 8), Cr,0;, and NiO-CuO (10) as cata-
lysts.

Some orthophosphates, including AIPO, (11-14), BiPO,
(15-17), BPO, (18), FePO, (19). Li:PO, (20), and several
others (12), have also been used in organic synthesis. In
fact, most of these compounds are active in the gas-phase
dehydration of alcohols (21) over the temperature range
523-773 K (the actual temperature depends on the particu-
lar orthophosphate). In addition, some [e.g., hydroxyapa-
tite, Ca,o(OH)»(POy)s (22), Zns(PO,), (23), and calcium
nickel phosphate (24)] exhibit a dehydrogenating ability
in the conversion of secondary alcohols to ketones. For
example, hydroxyapatite at a surface P/Ca ratio above 0.63
leads to the dehydration product exclusively. Below such
a ratio, both the dehydrogenation and the dehydration
product are obtained. The selectivity of zinc orthophos-
phate depends on the temperature at which it is heated in
the preparation procedure (573-923 K). Thus, the solids
obtained at the lower temperatures provide higher yields
of butenes (the dehydration products) in the conversion
of 2-butanol; on the other hand, the solids heated at tem-
peratures close to 923 K yield 2-butanone (the dehydroge-
nation product) preferentially.

The dehydration of an alcohol usually competes with its
dehydrogenation; the proportion of each type of product
depends on the particular catalyst and reaction conditions
used. The catalyst selectivity is dictated by its acid-base
and redox properties (25-28), which are acquired during
the synthetic process. The addition of various doping
agents such as nitrates and carbonates (29-32) to SiO-,
Al O;, Cr,05, and MgO alters the activity and selectivity
of these catalysts in various organic processes.

This paper reports on the activity- and sclectivity-en-
hancing effect of the addition of sodium carbonate during
the synthesis of a magnesium orthophosphate. The modi-
fied solid yields cvclohexanone highly selectively from
cyclohexanol.
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EXPERIMENTAL

Catalyst Synthesis

A 3 NNaOH solution was added dropwise to an aqueous
solution containing 232 g of MgCl,-6H,0 and 115g of
Na,HPO, up to pH 9. The precipitate thus formed,

3 MgClz +2 NazHPO4 —> Mg3(PO4)2 [l]
+ 4 NaCl + 2 HC],

was allowed to stand and was then filtered and air-dried
in order to obtain a solid that was called MgP. Twenty-
five grams of the solid was then suspended in 200 ml of
water at 343 K and 100 ml of a saturated Na,CQO; solution
was added dropwise. The solid obtained after 24 h of stand-
ing, NaMgP, was filtered and air-dried. Finally, each solid
was calcined stepwise by using the following temperature
programme: 1 h at 473K, 1 h at 573K, 1 h at 673 K, and
1hat773 K.

After calcination at 773 K, solid NaMgP was washed
with water several times until no chloride was detected
(AgNO; reaction) in the washings. Once dry, the solid
was subjected to the same temperature programme as the
previous solid. The final product was called NaMgPy,.

Solid MgOs was prepared by using a procedure similar
to that for NaMgP. Thus, to an aqueous solution containing
232 g of MgCl, - 6H,0, 3 N NaOH was added dropwise up
to pH 9. A portion of the precipitate formed (25 g) was
suspended in 100 ml of an Na,CO; solution for 24 h. After
filtering and drying, the solid was subjected to the above-
described calcination programme.

Catalysts MgPc (Aldrich, ref. 34, 470-2) and MgOc (Pro-
bus, ref. 3225) were commercially available solids of for-
mula Mg3;(PO,), - xH,0 and Mg(OH),, respectively. Both
were subjected to the same calcination procedure as the
synthesized solids.

All solids were sifted through 200-250 mesh.

X-Ray Diffraction Analysis

X-ray diffraction (XRD) patterns were recorded on a
Siemens D 500 diffractometer using CukK, radiation. Scans
were performed over the 26 range from 7 to 50.

TGA and MS Measurements

Thermogravimetric curves were recorded on a Cahn
2000 electrobalance in a nitrogen atmosphere by heating
from 298 to 1123 K at a rate of 10 K min~'. Samples were
used untreated.

Mass spectra were obtained by fitting a VG-Sensorlab
spectrometer to the outlet of quartz reactor that was placed
in a heating oven. Samples were calcined at 973 K in an
Ar stream at 50 ml min~'; the heating rate used was 10 K

min~'. The amount of CO, released was determined from
a preliminary calibration.

SEM Measurements

Scanning electron micrographs were obtained by using
gold-coated samples on a Jeol JSM-5400 instrument
equipped with a Link ISI analyser and a Pentafet detector
(Oxford) for energy dispersive X-ray analysis (EDAX).

XPS Measurements

XPS experiments were carried out on a Leybold-Her-
aeus LHS-10 spectrometer using a constant pass energy of
50eV, and MgK, radiation for excitation (hv = 1253.6
eV). XPS recordings were all run at a final pressure of
107° Torr.

IR Spectra

Diffuse reflectance infrared spectra for the synthesized
solids were recorded from 400 to 6000 cm™! on a Bomen
MB-100 FTIR spectrophotometer. Samples were prepared
by mixing 0.14 g of powdered solid with KBr (the blank)
in a 15:85 ratio. All samples were preheated at 573 K in
order to remove any water.

Chemical and Textural Properties of the Catalysts

The specific surface area of the synthesized solids was
determined by using the BET method on a Micromeritics
ASAP 200 analyser.

Acid, basic, and oxidizing sites were quantified from the
retention isotherms for three different titrants (cyclohexy-
lamine, phenol, and phenothiazine, respectively), dissolved
in cyclohexane. The amount of titrant retained by each
solid was measured spectrophotometrically (An.x = 226,
271.6, and 238 nm for cyclohexylamine, phenol, and pheno-
thiazine, respectively). By using the Langmuir equation,
the amount of titrant adsorbed in monolayer form, X,
was obtained as a measure of the concentration of acid
and basic sites (33).

Reactor

Reactions were carried out in a tubular glass reactor of
20 mm i.d. that was fed at the top with cyclohexanol by
means of a Sage 35 propulsion pump the flow-rate of which
was controlled via a nitrogen flow-meter. The reactor was
loaded with 4 g of catalyst, over which was placed S g of
glass beads acting as a vaporizing layer. The temperature
was controlled via an externally wrapped heating wire that
covered the height of both the catalytic bed and the vapor-
izer, and was connected to a temperature control. Evolved
gases from the reactor were passed through a condenser
and onto a collector that allowed liquids to be withdrawn
at different times.
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FIG. 1. XRD patterns for solid NaMgP obtained at different calcina-
tion temperatures: r.t. {(a). 473 K (b), 573 K (¢). 673 K (d). and 773 K (e).

No diffusion control mechanism was detected (34), nor
was any of the reactor elements found to contribute to the
catalytic effect under the working conditions (feed rate =
0.15-60 ml min', T = 473-823 K: N, flow rate = 100 ml
min~!; amount of catalyst = 2-5 g) in preliminary blank
runs.

Collected samples were analysed by gas chromatography
ona2m X 1/8in L.D. column packed with Carbowax over
Chromosorb P-10% CW 20 M, using a linear temperature
programme (from 333 to 423 K at 30 K min™'). The prod-
ucts obtained were identified by comparison with standards
and their structures confirmed by mass spectrometry.

RESULTS AND DISCUSSION

XRD Results

Figure 1 shows the XRD patterns obtained for catalyst
NaMgP caicined at different temperatures. The patterns
were recorded for samples obtained at various calcination
stages. At room temperature, this solid was found to be a
complex mixture of species that were characterized from
26 ASTM values. The mixture included Mg;(PO,), - 8H,O
(26 = 13.4), NaCl (26 = 27.2, 31.7, 45.4), Na;Mg(COs),Cl-
like chlorocarbonates (26 = 11.1, 18.0, 27.5, 31.2, 33.0, 33.9,
36.0, 37.7. 42.4) and, possibly, carbonates, the diffraction
patterns for which were quite ill-defined. These species are

consistent with the synthetic procedure used and undergo
various transformations during calcination. Thus,
Mg (POy);- 8H,O may be dehydrated below 473 K and
lose some crystallinity. Kanazawa et al. (35) detected this
transformation at 403 K and low pressure, and at
423-463 K and atmospheric pressure. On the other hand,
the chlorocarbonate species occur in the solid up to 673 K.
Also, phosphocarbonates of formula Na;Mg(CO;)PO,
(26 = 24.3, 26.6, 33.6) are present in the solid between 573
and 673 K. Above the latter temperature. they start to
decompose and disappear altogether by the time 773 K
is reached. A correlation between the diffraction bands
for the solids calcined at 673 and 773 K suggests the
decomposition of the phosphocarbonates to NaMgPO,
(260 = 24.1, 26.4, 33.5, 35.1, 49.0) and Na,CO;. On the
other hand, the chlorocarbonates are seemingly unstable
above 673 K, where they decompose to NaCl, Na,COs,
and MgCO;. While the carbonates resulting from the
phosphocarbonates and chlorocarbonates cannot be iden-
tified from the diffraction patterns, their presence has been
irrefutably confirmed by FTIR spectroscopy as shown
below.

Hydroxycarbonates of formula Mg,(OH),(CO,);-3H,0
were detected in solid MgOs prior to calcination. On
calcining at 773 K, the hydroxycarbonates decomposed to
periclase MgO (26 = 40.7. 62.1, 72.2,78.2), CO,, and H,O.
The most typical diffraction line for periclase MgO (26 =
40.7) was very well-defined in the pattern for solid NaMgP
calcined at 773 K. Other, weaker diffraction lines did not
appear on the chart, but were indeed detected. This magne-
sium oxide may have been formed by a similar procedure
to that for the hydroxycarbonates, even though the species
were not clearly detected in the intermediate solid calcina-
tion steps.

Washing NaMgP calcined at 773 K thoroughly (until any
chloride was absent from the washings) resulted in the loss
of most soluble species (NaCl and Na>COs, mainly). The
massive removal of Na‘ ions gave rise to structural alter-
ation of the solid. Thus, the diffraction bands recorded
after washing coincided with those for Mg;(PO,). - 22H,0,
which is the magnesium orthophosphate species obtained
by some authors in an aqueous medium (36). Calcination of
the washed solid (NaMgPy) at 773 K turned it amorphous.

All other solids were characterized from their diffrac-
tion patterns at room temperature. Thus, MgP., MgP,
and MgO¢ were found to consist of Mg;(PO,),-8H,0,
Mgs(PO,),-22H,0, and brucite, respectively. Solid
MgOs was a mixture of the hydroxycarbonate
Mg, (OH),(CO3);-3H,O (20 = 9.7, 13.8, 153, 19.8, 21.2,
27.0, 30.9, 41.9). Na,Mg(COs). (20 = 23.4, 32.8, 34.4, 36.2,
40.0, 43.6, 47.9, 60.4), and brucite (26 = 18.7, 37.9, 50.9,
58.5). All these solids except MgO¢ and MgQy, character-
ized as periclase, became amorphous on calcination at
773 K.
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FIG. 2. TGA curves for the synthesized solids: MgO¢ (a). MgOs (b),
MgP¢ (¢). MgP (d), NaMgP (e). and NaMgPy, (f).

TGA Results

Figure 2 shows the TGA obtained for the different syn-
thesized solids. All TGA curves were run at room tempera-
ture. Solids MgP and MgP. underwent a substantial weight
loss (31 and 37%, respectively) below 523 K. Several vari-
ably hydrated magnesium phosphates have been shown to
experience a similar water loss (37). Solid MgO¢- also lost
much water (33%) over the temperature range 593-713 K.
The conversion of Mg(OH), into MgO takes place over
the range 673-723 K (38) and the oxide can be rehydrated
at room temperature (39). This process is accelerated by
chloride impurities (40). The fact that the slopes of the
TGA curves for solids MgOr and MgOg between
600-703 K are identical suggests that the former may also
be involved in the conversion of brucite Mg(OH), to peri-
clase MgO at these temperatures.

The TGA curves for solids MgOg and NaMgP, which
were doped with sodium carbonate during their synthesis,
are somehow special. In fact, they show two water losses
at 523 and below 703 K, and a further weight loss above
703 K. Most halotropic forms of magnesium carbonate re-
portedly decompose above 823 K (41); however, the actual
temperature may vary with the working conditions and
nature of the sample. Thus, Leofanti et al. (42) found the
presence of chloride ion to favour water and CO; removal
at lower temperatures relative to some magnesium hydro-
xycarbonates. Also, Na,CO; may be decomposed above
1023 K (43).

In order to characterize the gases released in the decom-
position of the samples, the NaMgP solid was heated under
the same conditions used to record the TGA curves (viz.
an argon stream at 50 ml min~' and a heating rate of 10 K
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FIG. 3. Monitoring of the CO, and H,O released in the calcination

of solid NaMgP.

min~'). By fitting a mass spectrometric detector to the
reactor outlet, two ions [m/z (HO-*) = 18 and m/z
(CO;-*) = 44] were monitored throughout the tempera-
ture range studied (Fig. 3). The weight losses observed
below 673 K were assigned to water, the loss of which was
maximal at 543 K. Some CQO, was detected between 673
and 923 K. Obviously, the weight loss observed in this
temperature range can be ascribed to the decomposition
of the magnesium carbonates or magnesium hydroxycar-
bonates in solids NaMgP and MgQOg. Release of CO, was
maximal at 785 K. A smaller CO, loss was detected from
843 to 913 K that was possibly due to the decomposition
of minor halotropic forms of magnesium carbonate. The
weight losses determined from the TGA curves (8.6%) and
MS (9.0%) over the range 678-923 K were quite consistent.
The temperature at which all the solids were calcined
(773 = 10 K) makes decomposition of the Na,CO; pres-
ent unlikely.

SEM Results

Figure 4 shows the micrographs obtained for the synthe-
sized solids, calcined at 773 K. As can be seen, the appear-
ance of the commercially available magnesium orthophos-
phate (Fig. 4a) and that synthesized in this work (Fig. 4b)
is rather different. On the other hand, catalyst MgPc is
more homogenous as regards particle size (particles pos-
sess an elongated shape and an uneven profile). Catalyst
MgP contains large particles that are covered with spongy
glomeruli. An EDAX analysis showed the two phases to
be identical.

The appearance of the solid obtained by including
Na,CO; in the synthetic procedure (solid NaMgP, Fig. 4c)
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FIG. 4. Scanning electron micrographs of the synthesized solids: MgPc (a), MgP (b), NaMgP (c). NaMgPy, (d). MgO¢ (e), and MgOyq (f).

was completely different. It consisted of randomly oriented
laminar units impregnated with spongy forms. An EDAX
analysis showed such forms to be NaCl. Washing the solid
thoroughly with water gave rise to a major morphological
change (solid NaMgPy, Fig. 4d). Thus, the particle surface
was spongy, so the surface area was larger. Washing re-
moved soluble species (particularly NaCl) and induced
significant morphological and surface changes.

Figures 4e and 4f compare the commercially available
magnesium oxide (MgOc) and that prepared in this work
(MgOg)—in the absence of Na,HPO;. While MgO¢ is a

highly spongy solid with a large surface area, the synthe-
sized oxide consists of many distorted spherical particles
of a highly uniform size ((J = 0.5 um) that associate to
form larger agglomerates. The results obtained from the
SEM data are highly correlated with the specific surface
areas given in Table 3.

XPS and EDAX Results

Table 1 gives the percent surface elemental composition
of the solids and Table 2 lists the atomic ratios determined
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FIG. 4—Continued

by EDAX and XPS. Even though the depth of the layer
accessed in an EDAX analysis depends on the density of
the sample concerned and the voltage used—which was
constant for all of our samples—it usually ranges from 50
to 500 A, so the information provided by this technique
corresponds to a deeper zone than that explored by the
XPS technique (3-4 nm).

As a rule, the XPS data suggest that the solid surface
was the portion where the atomic composition was most
widely variable; in fact, the surface of the synthesized solids
may have retained anions and cations present in the reac-

tion medium. Hence, the surface analyses may have pro-
vided atomic compositions that were inconsistent with the
expected stoichiometries. In fact, the composition in the
deeper layers of a crystallite was closer to the theoretical
stoichiometry.

The O/Mg ratios obtained for solids MgOg and MgO¢
are consistent with brucite-like magnesium hydroxides
[Mg(OH);]. Synthetic MgOg was found to contain Na~,
Cl, and nongraphite C from surface carbon residues.

The Na/Cl ratios provided by EDAX and XPS were all
higher than unity. This may have been the result of the
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overall amount of Na“ being made up of the contributions
of NaCl species formed by reaction [1], and Na,CO;. All
the solids whose synthesis included addition of Na,(CO;
(MgOg and NaMgP) exhibited an Na/Cl ratio greater
than 2.

A comparison of the results for solids MgP. and MgP
reveals that, while their O/Mg ratio is slightly higher than
the stoichiometric ratio (O/Mg = 2.66), that for the syn-
thetic solid is somewhat higher than the ratio for its com-
mercially available counterpart.

Those solids to which sodium carbonate was added

(NaMgP and MgOs) were found to contain much surface
carbon and oxygen.

The addition of Na,CO; during the catalyst synthesis
gave rise to the presence of carbonates and other species
(possibly MgO) on the solid surface, which in turn in-
creased its oxygen surface content. The magnesium oxide
may have originated from the decomposition of basic mag-
nesium carbonates to CO, and MgO above 703 K because
Na,CO; is stable at the calcination temperature used. The
resulting increase in the amount of surface Mg may have
lowered the P/Mg ratio to 0.52.
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Percent Elemental Composition (at.%) of the Elements
Present in the Solids Calcined at 773 K as Determined by XPS

TABLE 3

Chemical and Textural Properties of the
Solids Calcined at 773 K

and EDAX
Sopec Acidity*! Basicity” Oxid. sites/
Catalyst Element XPS¢ EDAX  Catalyst (m*g!) (10°molg') (10°molg") (10%molg ')
MgO¢ MgP, 5 24 I —_—
Mg 34.31 (15, 1304.7 eV) 3323  MgP 15 61 20 11
o] 65.69 (1s, 531.4 eV) 6677  NaMgP 10 12 5 1
MgOs NaMgPy, 21 49 44 18
Mg 26.10 (1s,1304.7 e V) 3459  MgOg 24 <1 51 306
e} 56.60 (s, 531.6 eV) 5920  MgOc 105 33 147 2115
Na 5.20 (15, 10722 eV) 432
Cl 2.30 (2p, 199.2 V) 1.89 “ Vs cyclohexylamine.
C 9.60 (15, 290.4 eV) — ? Vs phenol.
MgP¢ ¢ Vs phenothiazine.
Mg 20.95 (15,1305.5eV) 2232 4 The values reported are multiplied by 10° or 10%,
P 13.90 (2p, 133.5 eV) 13.60
o) 64.95 (1s, 531.6 eV) 64.08
MgP
Mg 18.23 (1, 1305.0 V) 15.96 Washing the catalyst dissolved a substantial amount of
P 13.75 (2p, 133.6 eV) 820 soluble substances on the surface. In fact, the amount of
ga 62:‘9‘2 ((11; 150371222\</)) ??;g NaCl decreaseq and surface carbonate di§appeared alto-
al 2.35 (2p, 199.2 eV) g30 gether on washing; however, the P/Mg ratio remained un-
NaMgP changed, so washing seemingly removed no magnesium-
Mg 14.10 (1s, 1304.7 V) 1257 containing species. As a result, the residual P and Mg atoms
P 740 (2p, 1332 V) 273 brought the O/P and O/Mg ratios closer to the theoretical
Sa 52‘]58 ((11;’15(;112.T11 Z\\//)) ?SZ;Z stoichiometries. Washing enricbed the splid §urface with
al 230 (2p, 199.2 ¢V) 97  Oxygen relative to the bulk medium, possibly via a simulta-
C 9.20 (1s, 290.4 eV) — neous hydroxylation process, which is consistent with the
NaMgPyw increased acidity and basicity values given in Table 3. The
Mg 22.80(1s, 1304.8¢V) 2123 thoroughness of the washing procedure is clearly apparent
g éé;? gf ; 51331333 :\\//)) 62:32 from the complete absence of surface Cl- ions after it—
Na 2.34 (15, 1072.1 eV) 2sg  only a very small amount of NaCl was detected by EDAX.
cl — 1.22
DRIFT Spectra
XPS binding energies are given in brackets. Figure 5 shows the DRIFT spectra for the calcined solids
at 773 K. The doublet at 1532 and 1432 cm™' for NaMgP
TABLE 2

Atomic Ratios Obtained from the XPS and EDAX Data Given in Table 1

XPS ratio EDAX ratio Theoretical ratio
Catalyst O/Mg P/Mg O/P O/Mg  P/Mg o/P O/Mg P/Mg O/P
MgO¢ 1.90 — — 2.00 — — 2.00¢ — e
MgOg 2.16 —_ — 1.7 — o 2.00¢ — e
MgP- 3.10 0.66 4.60 2.87 0.58 471 2.66 0.66 4.00
MgP 330 0.75 4.43 3.49 0.51 6.80 2.66 0.66 4.00
NaMgP 4.10 0.52 7.85 4.43 0.2 20.4 4.00" 1.00 4.00
NaMgPw 4.10 0.52 5.34 in 0.41 7.40 2.66 0.66 4.00

4 For Mg(OH), as the predominant species on surface.
b For NaMgPOj as the predominant species.
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FIG. 5. DRIFT spectra for the solids calcined at 773 K: MgOc (a),
MgOy (b), MgP¢ (c). MgP (d). NaMgP (e). and NaMgPy (f).

suggests the presence of carbonates. The latter band is also
exhibited by MgQOyg, which also included sodium carbonate
in its preparation; however, the peak at 1532 cm ! is rather
ill-defined. Both solids exhibit a characteristic band at 876
cm' that is occasionally used to distinguish carbonates
from phosphates (44, 45). This band is absent from the
spectra for MgP and MgP¢, the synthesis of which involved
no sodium carbonate, even though they include the above-
mentioned doublet—much weaker, however—probably
resulting from small amounts of carbonate being formed
on calcination in air. The calcination programme used (773
K, 1 h) probably did not remove magnesium carbonate
altogether, which, however, cannot be ascertained from
the DRIFT spectra. Phillipp et al. (46) and several other
authors (47-49) assign a doublet at 1526 and 1419 cm ! to
symmetric, asymmetric, and stretching vibrations of sur-
face monodentate carbonates formed by adsorption of CO,
and MgO.

Inorganic phosphates of general formula M;PO; give
a strong band in the region 1050-1000 cm™' (50). There is
also evidence of a second absorption band at 980 cm™ ! (51,

105

52). The band observed between 1000 and 1100 cm ! in
the phosphates studied is rather broad, so it does not allow
one to distinguish between phosphate varieties. Solid
MgP- exhibits a similar band at 1035 cm™".

Washing solid NaMgPy, has a twofold effect. On the one
hand, it considerably decreases the bands at 876, 1786,
2530, and 2905 cm ™! through removal of most water-soluble
sodium carbonate; on the other, it increases the bands
between 3000 and 4000 cm ', which is consistent with in-
creased hydroxylation of the solid. The hydroxyl groups
concerned (3561 cm ') seemingly come from P-OH bonds
(14), which are very week in solid NaMgP. The band at
3735 cm ! and those between 3670 and 3500 cm ! for solid
MgOs have been ascribed to various Mg-OH groups (39).
Thus, Anderson et al. (53) assign the band at 3735 cm '
to hydroxyl groups bound to surface magnesium atoms
and the frequency group between 3650 and 3550 cm™! to
hydroxyls bound to the second magnesium atom layer.
Coluccia et al. (54) also ascribe this band group to hydroxyls
bonded to magnesium atoms located on the crystallite
sides, which facilitates massive interaction with other,
neighbouring hydroxyls; they assign the band at 3735 ¢cm™!
to hydroxyl groups at crystallite edges and corners. None
of these bands are observed in the spectrum of NaMgP,,.
Rather, the solid is very similar to MgP and MgP¢- in this
spectral region (3000-4000 cm ™).

Figure 6 compares the FTIR spectrum for solid MgOg
with that for a commercially available magnesium hydroxy-
carbonate (Panreac, ref. 151395); both were recorded at
room temperature by using the pellet technique. As can be
seen, the two spectra are identical, except for the abundant
Mg-OH groups (3700 cm™') in MgOq that are absent from
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FIG.6. FTIR spectra for a commercially available magnesium hydro-
xycarbonate (b) and solid MgOys (a), both uncalcined.
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FIG. 7. Variation of the overall conversion (C) and selectivity to-
wards cyclohexene (CHE) (V) and cyclohexanone (CHONE) () of
catalyst MgP with the reaction time at 673 K (a) and 773 K (b).

the commercially available hydroxycarbonate, probably as
a result of the presence of Mg(OH), in the synthesized
solid. Both solids produce periclase MgO on calcination,
as checked by X-ray diffraction spectroscopy.

Textural and Surface Acid—-Base Properties

Table 3 summarizes the textural properties, as well as
the acid, basic, and oxidizing site concentration of the cata-
lysts studied.

As a rule, the synthesized solids had a small surface
area. However, catalyst MgP, prepared in this work, had
alarger surface and larger surface acid and basic site popu-
lations than the commercially available magnesium ortho-
phosphate. A comparison of the results for catalysts MgP,
NaMgP, and NaMgPyy, clearly reveals the effect of adding
sodium carbonate and subsequently washing the solid. In
fact, the addition of Na,COs to the reaction medium gives
rise to several species that are deposited on the solid sur-
face, thereby decreasing its surface area and its acid and
basic site populations. Washing solid NaMgPy, with water
dissolves soluble species and consequently increases the
solid surface area and its populations of acid and basic
sites through the formation of new surface hydroxyls. The
magnesium oxide prepared in this way contains no cyclo-
hexylamine-titratable acidity, but includes a large popula-
tion of basic sites—not so large as that of commercially
available MgO(, however.

Catalytic Activity

Figures 7a and 7b show the conversion and selectivity
towards CHE and CHONE obtained in the dehydration—
dehydrogenation of cyclohexanol at 673 and 773 K for solid
MgP. While the overall conversion increased with increas-
ing reaction temperature, the selectivity towards CHE and
CHONE varied markedly with the temperature. Thus,
CHE was preferentially obtained at 673 K, while CHONE
was predominantly obtained at 773 K. These results are
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TABLE 4

Activity and Selectivity of the Catalyst Calcined at 773 K in
the Conversion of Cyclohexanol, 7,...., = 773 K

Xrorar
Catalyst (mol %) Scron: Sene ra-10*
MgO¢ 99.0 0.53 0.08 6.4
MgOg 74.4 0.98 0.01 21.0
MgP 99.5 0.00 0.96 1349
MgP 73.2 0.61 0.38 331
NaMgP 64.0 0.99 0.01 43.4
NaMgP 98.9 0.13 0.85 319

Note. Reactions conditions: W/F (feed mol ' h g.,,) = 14.75; N, flow-
rate, 100 ml min '; amount of catalyst. 4 g; frcaction = 80 Min. Scpone:
(sclectivity towards CHONE), CHONE conversion/overall conversion:
Scnr (selectivity towards CHE), CHE conversion/overall conversion. r,.
specific catalytic activity (mol h ' 'm 7).

consistent with the occurrence of a different type of site
for the dehydration and dehydrogenation of the alcohol.
Some authors associate dehydration with acid surface sites
(55) and dehydrogenation with basic surface sites (56, 57).
Several zeolites are believed to use both types of sites to
convert methanol (58), but there is no conclusive evidence
in this respect. As a rule, active sites involved in the dehy-
drogenation process act at higher temperatures than do
active sites effecting dehydration (59); both processes may
thus compete over an intervening temperature range.
Which catalyst properties govern its action on the conver-
sion of CHOL into CHE and CHONE remains to be clari-
fied (60).

Table 4 compares the activity of the solids in the gas-
phase dehydration—dehydrogenation of cyclohexanol. Sol-
ids MgO¢ and MgQOs exhibit the typical activity and selec-
tivity of magnesium oxide (61) in alcohol oxidations. Solid
MgQOs is highly selective towards CHONE, whereas MgOc
is not. In addition, the latter gives a high proportion of
condensation, isomerization and polymerization byprod-
ucts as the likely result of its large populations of acid and
oxidizing sites relative to the other solids. A comparison
of the results for the magnesium orthophosphates (MgPc
and MgP) reveals that the commercially available solid
produces CHE selectively (plus less than 4% metylcyclo-
pentene isomers), whereas the synthesized solid yields
CHONE predominantly. Solid NaMgP, obtained by addi-
tion of Na,CO; to MgP, produces CHONE selectively.
Washing their water brings its activity and selectivity closer
to those of magnesium orthophosphates. However, com-
mercially available sodium carbonate gives no reaction
with cyclohexanol under the same reaction conditions used
with the previous solids.

All these activity and selectivity results are highly corre-
lated with the structural, compositional and surface hydra-
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tion changes revealed by the different characterization
techniques used. However, further tests (e.g., D/H ex-
change, selective poisoning) are required in order to gather
more precise information of the active surface of the cata-
lysts.

CONCLUSIONS

The addition of Na,CO; to freshly made
Mgs(POy,); - 22H,0, followed by digestion at 343 K, leads
to NaMgPO, preferentially on calcination at 773 K. Some
intermediate species including magnesium carbonates,
chlorocarbonates, and phosphocarbonates are formed in
the intervening steps that decompose at the calcination
temperature. The surface of the final solid contains MgO,
Na,COs;, and NaCl, which alter the activity and selectivity
of the resulting catalyst. Freshly prepared magnesium or-
thophosphate yields CHE and CHONE from gas-
phase CHOL, whereas solid NaMgPQO,, obtained by addi-
tion of Na,CO;, yields CHONE selectively. Removing
soluble species by washing the solid gives rise to
Mg3(PO,); - 22H,0, which, after calcination, yields CHE
highly selectively. The high complexity of the solid surface
hindered its characterization, which is currently in prog-
ress. The role and amount of each species present on the
solid surface must also be elucidated in order to correctly
correlate the activity and selectivity of the synthesized
solids.
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