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Nature of Zirconium Phosphite as an Acidic Catalyst
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The nature of acidic sites on layered zirconium phosphite has been characterized by IR spectra, thermal
analysis and catalytic dehydration of ethanol. The catalytic behaviour was compared with that of x-zirconium
phosphate. The reaction sequences for ether and ethene formation were studied by analysing the kinetic data.
The Bronsted acidity of monohydrogen orthophosphate groups was considered to be the common active site on
a-zirconium phosphate and the zirconium phosphite sample calcined at 673 K. For the latter compound, the
phosphite groups on the exterior surface were found to be oxidised to phosphate by calcination in air. The
uncalcined sample of zirconium phosphite exhibited a different catalytic behaviour. Its selectivity for diethyl
ether was the highest among the catalysts studied. The dehydration activity of this compound was presumed to
be due to the polar P—H bonds in the phosphite groups.

Crystalline zirconium phosphite and zirconium phosphate
have similar layered structures.!~> In crystalline a-zirconium
phosphate, Zr(HPO,), - H, O, the zirconium atoms lie almost
in a plane and are bridged by phosphate groups situated
alternatively above and below the plane.* Each ortho-
phosphate group has three oxygen atoms bonded to three
different zirconium atoms, while the fourth oxygen atom
bears a proton and behaves as a Brensted-acid site. This
P—OH group has demonstrated interesting catalytic proper-
ties in the dehydration of alcohols*® and isomerization of
butene.® Although the interlayer distance of a-zirconium
phosphate is ca. 7.6 A, the free space between the layers is
only 2.6 A, which is too small to accommodate any organic
molecules. Therefore, only the exterior surface of zirconium
phosphate particles is responsible for the catalytic activity.
Recently, it was shown that pillared derivatives of a-
zirconium phosphate could be prepared in the form of
organically pillared phosphates and phosphonates.” By
spacing the phosphate groups with phenyl or biphenyl
groups, porous structures were created and the interior
surface was explored for catalytic reactions.>8

By analogy with the a-zirconium phosphate structure we
may consider that in the structure of zirconium phosphite,
each phosphite group uses its three oxygen atoms to bridge
bond with the zirconium atoms, and leaves a free P—H
group pointing away from the basal planes. Because the
P—H bond is partially covalent, it is expected that zirconium
phosphite, without Brensted-acid sites, should possess a rela-
tively low activity in acid-catalysed reactions. However,
Cheng and Clearfield® found that zirconium phosphite gave
high conversions in alcohol dehydration reactions. Under
their reaction conditions, only ethanol conversions above
80% were obtained and ethene was the main product. Never-
theless, the active sites for alcohol dehydration over zir-
conium phosphite were unclear. Since the catalyst was
calcined at 673 K in air overnight, the question arises as to
whether the dehydration activity of this catalyst is due to the
very weak acidity of phosphite groups or the Bronsted acidity
resulting from the oxidation of phosphite groups to phos-
phate.

In the present work, the catalytic behaviour of zirconium
phosphite, uncalcined and calcined at 673 K, was evaluated
by using the dehydration of ethanol. The structural changes
due to calcination were carefully examined. The results were

compared with that of zirconium phosphate in order to eluci-
date the active sites. Kinetic data were obtained and
analysed, and mechanisms for ethanol dehydration were pro-
posed for these compounds.

Experimental

Three crystalline samples were used as catalysts. They were
a-zirconium phosphate [(«-Zr(HPO,),(2.5:48)] and zir-
conium phosphite [Zr(HPO,),(2.5 : 48)] calcined in air at 673
K overnight and a zirconium phosphite sample without cal-
cination. The term (2.5 : 48) designates that the samples are
prepared by refluxing Zr(HPO,;), gel in 2.5 mol dm ™ phos-
phorous acid [or phosphoric acid for a-Zr(HPO,),] for a
period of 48 h.

X-Ray powder diffraction patterns of the catalysts were
taken using a Phillips PW1729 diffractometer with Cu-Ku«
radiation. B.E.T. surface areas of the catalysts were measured
with a Micromeritics Accusorb 2100E unit. Thermogravi-
metric analysis (TG) was carried out with a Du Pont 9900
thermal analysis system in air in order to simulate catalyst
pretreatment conditions. The system was first heated to 373
K and maintained for 30 min to expel physically adsorbed
moisture. Then the temperature was raised to 673 K with a
heating rate of 10 K min~?!, and the final temperature was
maintained for 8 h.

IR spectra were obtained with a Bomen DA 3.02 FT-IR
spectrometer. The self-suppporting catalyst wafer used for
examining the stretching modes of surface hydroxyl groups
was of surface density 0.01 gcm™2.

Ethanol dehydration was conducted in an ordinary flow-
type reactor under atmospheric pressure. All catalysts except
the uncalcined zirconium phosphite sample were calcined at
673 K in air overnight prior to the reaction. The uncalcined
sample was evacuated at room temperature under a reduced
pressure of 10”2 Torr} overnight prior to the reaction. The
ethanol dehydration was carried out by passing the ethanol
vapour through the catalyst bed with a helium carrier. The
products were analysed by an on-line Hewlett Packard
5830A gas chromatograph with a TCD detector. A Porapak
N column was used for the separation. The conversion, selec-

+ 1 Torr = 133322 Pa.
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tivity and yield were calculated on the basis of carbon atoms
and were defined as the following:
Conversion = moles of ethanol consumed/moles of ethanol
fed
Selectivity for a given hydrocarbon,
= (moles of hydrocarbon x no. of C atoms in the
molecular formula)/(moles of ethanol consumed x 2)
Yield
= (moles of hydrocarbon x no. of C atoms in the
molecular formula)/(moles of ethanol fed x 2)

Results and Discussion

The B.E.T. surface areas of the catalysts are tabulated in
Table 1. Both calcined and uncalcined samples of zirconium
phosphite have similar surface areas. Thus, calcination does
not change the surface area of zirconium phosphite. The bulk
structural change of zirconium phosphite before and after
calcination was examined with X-ray powder diffractometry
and IR spectroscopy. The XRD pattern of the calcined
sample remained the same as that of the uncalcined one, and
maintained the 5.58 A interlayer spacing. The IR absorbance
spectra of the uncalcined and calcined samples of zirconium
phosphite are shown in Fig. 1(a) and 1(b), respectively, and
they demonstrate that there are no detectable changes in the
structure. The split band of strong intensity around 1050
cm ! corresponds to the P—O stretching vibration. The
sharp peak of medium intensity at ca. 2470 cm™! corre-
sponds to the P—H stretching vibration. However, only
extremely weak peaks were detected in the O—H stretching
region around 3500 cm ™! for both samples. These peaks are
probably due to the moisture adsorbed on the KBr pellets.
The oxidation behaviour of zirconium phosphite in air was
examined by thermogravimetric analysis. Fig. 2 shows

Table 1 B.E.T. Surface areas of catalysts

B.E.T. surface

catalysts area/m? g~!
a-Zr(HPO,),(2.5 : 48) 33
Zr(HPO,),(2.5 : 48), uncalcined 66
Zr(HPO,),(2.5 : 48), caicined 63
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Fig. 2 Weight change of zirconium phosphite as a function of heat
treatment in air. (——) weight loss; (——-) temperature profile

weight-loss data for the zirconium phosphite sample and the
temperature profile as a function of run time. The results
indicate that a significant amount of physically adsorbed
moisture is released from the zirconium phosphite below
373 K, and the catalyst begins to gain weight at 602 K. After
heating the sample for 8 h at 673 K, the weight gain is 0.97%
based on the initial weight of the catalyst. This weight gain of
zirconium phosphite is associated with the process of oxida-
tion of phosphite to phosphate. Since the bulk structure of
the calcined sample is unchanged, the oxidation should occur
on the exterior surface layer. According to the known unit-
cell dimension of o-zirconium phosphate, each phosphate
group occupies ca. 24 A%? The same value is expected for the
phosphite groups on zirconium phosphite. If only the exterior
surface of zirconium phosphite was completely oxidized, the
sample with a surface area of 66 m? g~ ! should increase by
0.73% of the catalyst weight due to oxygen uptake. This
value is close to the actual weight gain of 0.97% indicating
that all phosphite groups on the exterior surface of zirconium
phosphite may have been oxidised to phosphate groups after
heating in air at 673 K for 8 h.

Changes in the surface structure were clearly demonstrated
in the diffuse-reflectance IR Fourier-transform (DRIFT)
spectra, (Fig. 3). The uncalcined zirconium phosphite sample
shows an extra peak at 2458 cm ™! in the P—H stretching
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Fig. 1 IR absorbance spectra of Zr(HPO,),(2.5 : 48) (a) before and (b) after calcination at 673 K in air
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Fig. 3 DRIFT spectra (with a portion enlarged) of (a) uncalcined
zirconium phosphite, (b) calcined zirconium phosphite and (c) cal-
cined zirconium phosphate

region in addition to the peak at 2471 cm ™!, the latter also
being observed on the absorbance spectrum. The former
peak, however, was found to disappear after the sample was
calcined at 673 K, concomitant with two new peaks appear-
ing at 3672 cm ™! in the O—H stretching region and at 937
cm~! in the P—O stretching region. The 3672 cm ™! peak
was also observed on the calcined zirconium phosphate. It
was attributed to the O—H stretch of isolated P—OH
groups,'® and was also observed on aluminum phosphate
and boron phosphate.!' As a result, the 2458 cm ™! peak is
assigned to the P—H groups on the surface of the zirconium
phosphite. This peak disappears when surface P—H groups
are transformed to P—OH after zirconium phosphite is cal-
cined at 673 K.

In order to clarify the active sites on the surface of zir-
conium phosphite, a self-supporting zirconium phosphite
wafer was used for IR absorbance spectra in situ. Two peaks
of weak intensity similar to those in the DRIFT spectra, were
observed at 3480 and 3536 cm™?! in the O—H stretching
region in the uncalcined sample, the latter being degassed
under a reduced pressure of 1073 Torr at 373 K [Fig. 4(a)].
After the sample was calcined in air at 673 K for 4 h, the 3672
cm ™! peak appeared [Fig. 4(b)], and the surface of the cal-
cined sample became very hydrophilic. Many peaks attrib-
uted to adsorbed moisture were observed, even though the
wafer was degassed at 400 K for 1 h, and eventually disap-
peared after degassing at 673 K [Fig. 4(c)]. However, the
3672 cm ! peak was much more intense than the two peaks
at 3480 and 3536 cm~!. When ethanol vapour was intro-
duced into the IR cell, the intensity of the 3672 cm ™! peak
was found to decrease significantly while the peaks at 3480
and 3536 cm ™! remained unaffected [Fig. 4(d)]. The intensity
of the 3672 cm ™! peak was regained after the IR cell was
degassed at 473 K and the adsorbed ethanol molecules were
removed [Fig. 4(e)]. The appearance of the 3672 cm ™! peak
is evidence that the P—H groups on the surface of the zir-
conium phosphite were oxidized to the P—OH groups
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Fig. 4 IR spectra of zirconium phosphite wafer in the O—H
stretching region. (@) Uncalcined sample degassed at 373 K, 50 min,
(b) calcined sample degassed at 400 K (1 h), (¢) calcined sample
degassed at 673 K, (d) introduction of 20 Torr ethanol vapour onto
calcined sample and degassed for 10 min, (e) degassed sample, (d) at
473 K, 10 min

during the calcination process. Moreover, these P—OH
groups interacted with adsorbed ethanol and were proposed
as being the acid sites on the calcined zirconium phosphite
for ethanol dehydration. However, the peaks at 3480 and
3536 cm ™!, which were observed on both zirconium phos-
phite samples before and after calcination, were not active
towards ethanol dehydration. These O—H groups were more
likely to be formed as lattice defects and hidden in the inte-
rior of the layered zirconium phosphite.

The rates of catalytic dehydration of ethanol were calcu-

lated on the basis of the differential reactor model. Thus, only
the data for 3-20% total conversion were used for the calcu-
lation. Table 2 shows that the catalytic activities of the sur-
faces of Zr(HPO,),(2.5 : 48) and calcined Zr(HPO,),(2.5 : 48)
are similar since their reaction rates are similar for pro-
duction of diethyl ether and ethene. However, uncalcined
Z1(HPO,),(2.5 : 48) shows a greater propensity for ether for-
mation. The rate of production of diethyl ether over this cata-
lyst is approximately one order of magnitude higher than
that of ethene.

Table 3 shows the apparent activation energies for ethanol

dehydration over these catalysts. The value for ethene forma-
tion is 10 kcal mol ! larger than that for diethyl ether over
uncalcined zirconium phosphite. This large energy barrier
explains the low production rate of ethene. However, the
apparent activation energies for ethene and diethyl ether
formation  over
Z1(HPO,),(2.5 : 48) samples are within a close range around
26 kcal mol~!. These results imply that the active sites on

Zr(HPO,),(2.5:48) and  calcined

Table 2 Product production rates of ethanol dehydration at 540 K

production production
rate of rate of
ethene diethyl ether
/1078 mol /1078 mol
catalysts min~! m~2 min~! m~?
2-Zi(HPO,),(2.5 : 48) 6.2 31
Zr(HPO,),(2.5 : 48), uncalcined 1.8 120
Z1(HPO,),(2.5 : 48), calcined 54 49
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Table 3 Apparent activation energy for ethanol dehydration

apparent activation
energies/kcal mol ~*

catalysts ethene diethyl ether
2-Zt(HPO,),(2.5 : 48) 27 27
Zr(HPO,),(2.5 : 48), uncalcined 36 26
Zr(HPO,),(2.5 : 48), calcined 26 25

Reaction temperature = 540-610 K.

these two catalysts are similar. The Brensted acidity of the
orthophosphate groups is proposed as being the common
active site.

The selectivities and yields of diethyl ether in ethanol dehy-
dration are plotted against ethanol conversion values in Fig.
5-7. Since ethene and diethyl ether were the only two pro-
ducts, the selectivity of ethene was obtained by subtracting
the selectivity of ether from unity, and the yield of ethene was
obtained by substracting the yield of ether from the total
ethanol converted. It was found that the selectivities of ether
over the a-zirconium phosphate and the calcined zirconium
phosphite were independent of the reaction temperature
because similar activation energies were obtained for ether
and ethene formation. In contrast, the selectivity of ether
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Fig. 5 Selectivity and yield of ether in ethanol dehydration over
a-zirconium phosphate O, 540 K; A, 567 K; O, 607 K; (J, 616 K
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Fig. 6 Selectivity and yield of ether in ethanol dehydration over
calcined zirconium phosphite (673 K in air overnight) O, 540 K; A,
ST0K; O, 610K; 1,620 K
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Fig. 7 Selectivity of ether in ethanol dehydration over uncalcined
zirconium phosphite O, 540 K; O, 600 K

decreases with reaction temperature over the uncalcined zir-
conium phosphite sample due to the higher activation energy
for ethene formation.

Three pathways have been proposed in the literature in the
formation of ethers and alkenes from alcohol dehydration.!'?
These are: (i) consecutive, (ii) parallel and (iii) a combination
of consecutive and parallel reactions. The reaction sequences
over our catalysts can be further elucidated from Fig. 5-7.
When ethanol conversion is low, the formation of ether and
ethene takes place in parallel reaction paths over a-zirconium
phosphate and calcined zirconium phosphite because at zero
conversion the intercepts of ether selectivity curves are
neither unity nor zero.'®> Nevertheless, the yields of diethyl
ether decrease with increasing conversion when the conver-
sion >0.6, indicating that consecutive transformation of
ether to ethene also occurs over these two catalysts. There-
fore, ‘combination” pathways were observed over a-
zirconium phosphate and calcined zirconium phosphite.

An unusual phenomenon was found over a-zirconium
phosphate and calcined zirconium phosphite when the con-
version of ethanol was <0.1. The selectivities of ether
increase with the increase in total conversion. Thus, ethene is
likely to be transformed to diethyl ether through com-
bination with ethanol, the latter being abundant during this
part of the conversion. This reverse reaction of ethene is more
apparent over a-zirconium phosphate than over calcined zir-
conium phosphite. This is attributed to the stronger polar
interaction between the ethanol and phosphate groups on the
former compound. Consequently, the reaction sequence of
ethanol dehydration over a-zirconium phosphate and cal-
cined zirconium phosphite can be summarized in the follow-
ing scheme:

.~ C;H0C,H, + H,0
C,H,OH_ —C,H,OH!! + C,H,0H
~~ C,H, + H,0

In the comparison of Fig. 5 and 6, it was found that the
selectivity and yield of ether over calcined zirconium phos-
phite were always higher than over zirconium phosphate.
This is attributed to the Bronsted acidity of the surface phos-
phate groups on calcined zirconium phosphite not being as
strong as that on zirconium phosphate, because the inte-
rior of zirconium phosphite particles retains the phosphite
groups, and the number of oxygen atoms contributing to the
electron-withdrawing effect is smaller in the latter compound.

The catalytic behaviour of uncalcined zirconium phosphite
was completely different from that observed for the calcined
sample and for zirconium phosphate. Fig. 7 shows that the
intercept of ether selectivity is unity at zero conversion when
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the reaction temperature is 540 K. This implies that ether is
the only product when the conversion is low and that ethene
is formed via a consecutive pathway.!® At 610 K, however,
the intercept of the ether curve is ca. 0.9, implying that a
parallel pathway occurs at the higher temperature. Neverthe-
less, the phenomenon of converting ethene to ether at low
ethanol conversion was not observed over this uncalcined
compound. Since zirconium phosphite, in this case, could not
be oxidized during the pretreatment or reaction stages, the
catalytic performance at different temperatures is attributed
to the enhancement of the acidity as the temperature is
raised.

The mechanism for ethanol dehydration to ethene over zir-
conium phosphate as proposed by Cheng et al.® involves an
intermediate step involving a p-elimination from a six-
membered ring to form ethene. Since similar activation ener-
gies were obtained in this study for the formation of ethene
and diethy] ether over the catalysts containing phosphate
groups on the surface, the formation of ethoxy species is pro-
posed as being common to both reactions. The mechanism
proposed is as follows.

1. The formation of ethoxy groups on the surface accompa-
nied by the condensation of water at the Bronsted-acid sites
of zirconium phosphate.

CHyCHOH + = P—OH = P—OCH,CHy + H,0 (1)

2. Ethene formation via a four-membered ring interme-
diate.

!
HeG—H
(E))CHz H\?
P. _— P. + CH,=CH, ?2)

3. In parallel with step 2, formation of diethyl ether may
take place via a four-membered ring intermediate.

CHy—CHa | CHy

Al
H,<a JCH, H\O
ll) —_— ,'a + CH3CHyOCH,CH;  (3)

Ethene formation is favourable because of the cage effect of
the ethoxy group. However, the electron-transfer process is
facilitated by the relatively acidic protons on the incoming
ethanol molecules in the ether formation. As a result, similar
activation energies were obtained for these two reactions.

Regarding the dehydration reactions on uncalcined zir-
conium phosphite, it is proposed that ethanol adsorbs on the
surface through polarized bonding. Although the Pauling
electronegativities of phosphorus and hydrogen are similar,
the phosphite group exhibits a partial positive charge on the
hydrogen as a result of the electron-withdrawing effect from
the oxygen atoms around the phosphorus atoms. Again,
four-membered ring intermediates are proposed for the for-
mation of ether and ethene. However, ethene is produced in
addition to diethyl ether at low temperatures.

1. Chemisorption of ethanol.

&+
& H
= P—H--0( @)
CH,CH,

CHyCHOH + = P—H
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2. Diethyl ether formation via a four-membered ring inter-
mediate.

&+

H CH,CH CH4CH CH,CH
H—O:" Cco{H 2 3 3 Z\O( 2 3 o
) _— ‘H + Hp
HiC” I H | I
H g P.

)

3. Ethene formation from surface-adsorbed diethyl ether
via a four-membered ring intermediate.

H

2
«_CHaCHj, H\o _CH,CH,4
H/I-li\H - \‘}i'l —_— . ”-.I_i{ + CH2CH2
P
(6)
Conclusions

The following conclusions may be drawn from this study:

1. The calcination of zirconium phosphite in air at 673 K
generates Bronsted-acid sites on the exterior surface by the
oxidation of phosphite groups to phosphate, although the
bulk structure is not changed.

2. The IR spectrum of calcined zirconium phosphite shows
a new peak appearing at 3672 cm ™! in the O—H stretching_
vibration region. This intensity of this peak decreases with
the introduction of ethanol and the peak is attributed to free
P—OH groups on the surface. The other two peaks at 3480
and 3636 cm ™!, which are attributed to O—H groups in
lattice defects, were insensitive to the presence of ethanol.

3. The ethanol dehydration catalysed by the Bronsted
acidity of phosphate groups yields ethene and diethyl ether
via a parallel pathway when the ethanol conversion is low,
but also via a consecutive pathway when the conversion is
high. Furthermore, ethene appeared to combine with ethanol
and be converted into ether when the ethanol conversion was
lower than 10%.

4. The uncalcined zirconium phosphite sample demon-
strates weaker acidity than the calcined one. Ether formation
is preferred to ethene over the former catalyst. After examin-
ing the selectivity as a function of conversion, it is proposed
that ethene is formed via adsorbed diethyl ether.

5. The acidity of uncalcined zirconium phosphite is pre-
sumed to be due to the polar P—H bonds and the highly
electronegative oxygen atoms around the phosphorus atom.
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