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Samples of a-zirconium phosphates and of zirconium phosphates pillared by phenyl, dimethyl-
phenyl, and diphenyl have been characterized by BET surface area, surface acidity, adsorption
capacity and pore sizes, TGA, X-ray powder diffraction, and activity for isopropanol decomposi-
tion. The BET surface areas of pillared zirconium phosphates have been found to increase with the
increase in size and number of organic groups in the interlayers. The total number of surface acidic
sites of a-zirconium phosphates has been found to be greater than any one of the pillared catalysts.
It is concluded from this study that a-zirconium phosphate pillared by diphenyl has interlayer
openings large enough to sorb isopropanol, and its decomposition takes place mainly in the inter-
layers of this catalyst. In contrast, the phenyl and dimethylphenyl pillared zirconium phosphates
have less free space between the interlayers so that the reactions of isopropanol take place on the
outer surface of the catalysts. The dehydration of isopropanol to propylene has been found to be

the primary reaction for all the catalysts.

INTRODUCTION

The use of a-zirconium phosphates as
catalysts in several reactions, viz., dehy-
dration of cyclohexanol (/), dehydrogena-
tion of cyclohexene (2), ethylene oxidation
(3), and methanol conversion (4), has re-
ceived considerable attention. Although
zirconium phosphates have layered struc-
tures, the intracrystalline pore size is small
and allows reactions to occur only on the
surface and not in the interior of the crys-
tals (5, 6). Recently, it was shown that «a-
zirconium phosphates could be pillared by
organic phosphates and phosphonates (7),
thereby increasing the interlayer distance,
pore size, and surface area. Dines et al. (7)
have presented idealized structures and d-
spacings for these pillared materials. In this
paper, we present the characterization of
some of these organically pillared zirco-
nium phosphates by TGA, X-ray diffraction
powder patterns, pore volume and pore
size, BET surface area, temperature-pro-
grammed desorption (TPD) of ammonia,
and isopropanol decomposition. The cata-
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lysts studied were a semicrystalline a-zir-
conium phosphate, Zr(HPO,),, designated
a-ZrP, and zirconium phosphate phospho-
nates in which the organic groups bridged
across the layers.

EXPERIMENTAL

Catalyst preparation. Five samples were
prepared, four were of the mixed compo-
nent-pillared type, Zr(HPO,);-».(O;P-R-
POs),, and one was a normal layered o-
zirconium phosphate (6). The latter sample
was prepared by refluxing a zirconium
phosphate gel in 2.5 M H;PO, for 48 h. This
procedure has previously been shown to
lead to a semicrystallire product of compo-
sition, Zr(HPO,), - H;0, and a surface area
of about 30 m%g (8). The organically pil-
lared derivatives were prepared from the
corresponding diphosphonic acid-H;PO,
mixtures and zirconyl chloride as described
by Dines et al. (9, 10). In order to achieve
greater crystallinity, the preparations were
carried out in the presence of HF. The HF
complexes the zirconium and releases it
slowly during the reaction. The conditions
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TABLE 1

Preparative Conditions and Analytical Results for Catalyst Samples

Sample Formula Preparative Z%Carbon %Hydrogen  LOI°
No. condition (%)
— Obs Caled Obs Calcd
HF H,PO,
Zr ORG*
a-ZrP
(2.5:48) Zr(HPO,), - H,0 0 o — — — — 12.0
P-1-7-7 Zr(HPO,)o.74(03Pd* PO3)y.63 13 4 14.2 14.6 1.36  1.06 —
MPM-6-1 Zr(HPQ,)ys(O;PCH; ¢CH, — PO3)q 56
2.7H,0 — — 1449 1449 230 29 33.58
PP-2-5-1  Zr(HPO4)o.17/(O3PddPO3)o 514
0.638(H,PO4¢¢PO,H;)1.9H,0 18 6 40.11 35.5 249 305 595
PP-2-5-12  Zr(HPO,)).764(O3PdpdPO3)g 6151.39H,0 10 2 235 231 2.3 2.3 41.06

@ ¢ represents phenyl group.
¢ Organophosphonate.
¢ Loss on ignition.

of preparation and results are presented in
Table 1. All the organically pillared prepa-
rations were carried out at 60-70°C for 3-7
days.

BET surface area and adsorption experi-
ments. These experiments were performed
on a Micromeritics Accusorb 2100E unit.
The samples were degassed at 200°C under
high vacuum (1075-10"% Torr) overnight.
The procedures published by Micromeritics
were used for the measurement of surface
area and of the adsorption isotherm.

Measurement of acid sites. The acidity
and acidic sites of these zirconium phos-
phate samples were determined by the
method of temperature-programmed de-
sorption (TPD) of ammonia. Helium was
used as the carrier gas.

The amount of sample used was between
50 and 200 mg. Ammonia (99.5%) was puri-
fied by passing the gas through potassium
hydroxide pellets, magnesium sulfate, and
finally through a column of 4A molecular
sieves. Since the TGA curves (Fig. 1),
show no significant loss of material in the
range of 200 to 350°C, catalysts were heated
at 200°C overnight and then cooled to room
temperature (24°C). Ammonia was then in-
jected through a 10-port sampling valve

(Valco Instruments Co.) until the catalysts
were completely saturated with adsorbed
ammonia. The catalysts [except for o-
Zr(HPOy), (2.5:48)] were then heated at a
linear heating rate (2°C/min) in a stream of
helium to 100°C, and then maintained at
100°C for 1 h. TPD measurement was com-
pleted from 100 to 350°C with a linear heat-
ing rate (2°C/min) at a helium carrier gas
flow rate of 60 cm’min (24°C and 1 atm).
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F1G. 1. TG curves of organically pillared zirconium
phosphates. (@) P-1-7-7, (B) PP-2-5-12, (O) MPM-6-1,
(O) PP-2-5-1.
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The procedure for a-Zr(HPOg), (2.5:48)
was similar, except that the desorption of
ammonia was operated directly from room
temperature to 350°C at a heating rate of
2°C/min. The amount of ammonia desorbed
from the catalysts was obtained by integrat-
ing the peak area of the TCD response by
the method of Simpson’s 2 rule.

Catalytic activity. The decomposition of
isopropyl alcohol was performed in a mi-
crocatalytic pulse reactor. Catalyst powder
(~100 mg) was packed into a short section
of $-in. stainless-steel (316 SS) tubing. A
thermowell was fixed at the center of the
catalyst bed to monitor the reaction tem-
perature. Before the inlet of the reactor, the
carrier gas (helium, 30 ml/min at 1 atm) was
split into two streams; one was passed
through the gas 10-port sampling valve and
catalyst bed, and the other bypassed the re-
actor. The bypass stream and that exiting
from the reactor were joined and fed into
the Poropak S column for analysis of the
products by gas chromatography (GC).

Before the reaction, catalysts were pre-
heated overnight at 200°C. Isopropanol was
kept in a three-stage saturator and a stream
of helium passing through the trap carried
saturated isopropanol vapor (vapor pres-
sure of ca. 40 Torr at 24°C) into the loop
(3.77 ml) of the 10-port sampling valve. Af-
ter switching to the injection mode of the
sampling valve, the helium saturated with
isopropanol in the sampling loop was fed
into the reactor. The tubing after the reac-
tor was wound with heating tape and the
temperature was kept at 150°C to avoid
product condensation in the line.

Apparent residence time, W/F, is defined
in this paper to be the ratio of catalyst
weight (W, mg) to flow rate of helium
stream (F, ml/min) into the reactor. Also, F
is defined at reaction temperature and a re-
actor pressure of 30.2 psia.

The products after the reactor were ana-
lyzed by a GowMac gas chromatograph,
Series 550. A 6-ft Porapak S column was
used for separating the product mixture.
The column temperature was controlled

manually—>35 min at room temperature after
the injection of isopropanol, 10 min at 70°C,
S min at 80°C, and finally 130°C for 10 min.

Measurements of X-ray diffraction pow-
der pattern and TGA. X-Ray diffraction
powder patterns of the catalysts were taken
with a Siefert-Scintag PAD-II diffractome-
ter at 1°C/min with CuKa radiation (Ni fil-
tered). Weight loss data were obtained with
a Cahn electrobalance with TG accessories
at a heating rate of 4°C/min.

RESULTS AND DISCUSSION
Catalyst Descriptions

Analytical and TG data for the catalysts
used in this study are shown in Table 1
while the TG curves are given in Fig. 1.
Interlayer spacings for the preparations are
given in Table 2. These were determined
from the (002) reflection of the X-ray pat-
tern which represents the distance between
adjacent layers (5).

It is seen that the interlayer spacing in-
creases with the size of the pillar. This is
also reflected in the water contents. Sample
P-1-7-7 has a small interlayer spacing and
contains almost no water while the cata-
lysts with larger interlayer distances incor-
porate more than one mole of water. In ad-
dition, sample PP-2-5-1 contained 0.638 mol
of the diphosphonic acid used for pillaring.
This is shown by the high carbon content
and the shape of its TG curve. We note that
the total weight loss is inordinantly high for
this sample and that a large weight loss
(29.8%) begins at a temperature of 280°C

TABLE 2

Surface Area and Catalysts Interlayer Spacing

Sample Interlayer BET surface
spacing surface area
(nm) (m?g)
a-ZrP (2.5:48) 0.74 33
P-1-7-7 0.96 8.6
MPM-6-1 1.08 23
PP-2-5-1 1.39 102
PP-2-5-12 1.39 342
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and ends at about 440°C. This loss is due to
unbound diphosphonic acid. When the
phosphonic acid is bound as a pillar it does
not elute below 400°C. Thus, the weight
loss which immediately follows (24.6%) is
due to bound phosphonate and to the mono-
hydrogen phosphate group decomposition.
We note quite different behavior with sam-
ple PP-2-5-12. In this case the organic be-
gins to decompose and elute at about
450°C, with no evidence of trapped organic.
The incorporation of diphosphonic acid
during preparation appears to occur at high
ratios of HF to Zr in the reactant mixture.
Additional information relevant to this
point will be presented in a subsequent pa-
per ({11).

Surface Areas and Adsorption

The BET surface areas of the organically
pillared zirconium phosphates, shown in
Table 2, have been found to increase with
the increase in the size of the organic
groups in the interlayer. Moreover, PP-2-5-
12, which has no trapped diphosphonic acid
in the interlayer of the zirconium phos-
phate, has a BET surface area of 342 m%/g.
Thus, the significantly larger surface areas
of PP-2-5-1 and PP-2-5-12 suggest that the
diphenyl groups have enlarged the intra-
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Fi1G. 2. Nitrogen sorption isotherm at —196°C. (4)
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60.0

50.0} A/

v, ml/g (STP)

30.0f /0’
/ o

A
20.0F ~

10.0p

e ——%
;g:.n __._n—.-—-—.‘-’ /__._
0.0% .- 8-8 1
0.0 0.2 0.4 0.6 0.8 1.0

RELATIVE PRESSURE OF ISOPROPANOL,P/P,

F1G. 3. Isopropanol sorption isotherm at 23°C. (A)
PP-2-5-12, (O) PP-2-5-1, (@) «-ZrP (2.5:48), ()
MPM-6-1, and (W) P-1-7-7.

crystalline pore sizes of zirconium phos-
phates and the molecules of nitrogen can
penetrate into the interlayers. The same or-
der of magnitude of surface areas of phenyl
and dimethylphenyl zirconium phosphates
as that of a-zirconium phosphate suggests
that these two organically pillared com-
pounds have pore window sizes smaller
than the size of nitrogen molecules, and
only exterior surfaces are available for the
BET surface area.

Typical adsorption isotherms for nitro-
gen and isopropanol are shown in Figs. 2
and 3. These isotherms exhibit the typical
Langmuir form for relative pressures up to
0.5. The adsorptive capacity of a-ZrP,
MPM-6-1, and P-1-7-7 for isopropanol oc-
curs at relative pressures of less than 0.0,
whereas the PP-2-5-1 and PP-2-5-12 con-
tinue to adsorb isopropanol at essentially a
constant rate up to relative pressures of 0.9
(relative pressure is the pressure divided by
the vapor pressure of the adsorbate).

The capacity of the pillared samples for
physical adsorption of several adsorbates;
isopropanol, 2,2’-dimethyl butane, and
perfluorotributylamine; increases with the
amount of the nitrogen monolayer or sur-
face area as illustrated in Table 3 (i.e., the
adsorptive capacity is PP-2-5-12 > PP-2-5-1
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TABLE 3

Monolayer Soption Data

Adsorbate: Nitrogen Water Isopropanol 2,2'-dimethyl butane Perfluorotributyl amine

Catalyst gNy g H,O B g isopropanol ] g 2,2'-dimethyl B g perfluorotributy! B
g catalyst g catalyst g catalyst butane amine
g catalyst g catalyst
a-ZrP (2.5:48) 0.00943 0.0107 — 0.0111 — 0.00472 — 0.0167 —
P-1-7-7 0.00246 0.0108 3.86 0.00287 0.99 0.00180 1.46 — —
MPM-6-1 0.00524 0.0415 7.0 0.00595 0.77 0.00233 0.89 — —
PP-2-5-1 0.0294 — — 0.0386 1.12 — — — —
PP-2-5-12 0.0983 0.027 0.24 0.0747 0.65 0.0664 1.35 0.189 1.08
> MPM-6-1 > P-1-7-7). However, the wa- where

ter adsorption on each sample does not fol-
low this trend. MPM-6-1 has a higher ca-
pacity for water than the other samples. In
contrast to MPM-6-1, PP-2-5-12 has only
half the amount of capacity for water ad-
sorption, although it has nearly 20 times the
surface area. This indicates that water has
penetrated into the interlayers of MPM-6-1.
The pore window opening between the lay-
ers of MPM-6-1 only allows water mole-
cules or molecules with sizes smaller than
water to pass through, since the Kinetic di-
ameter of water is 0.265 nm (/2).

By comparing the monolayer adsorption
for a-ZrP (2.5:48) with PP-2-5-12, we
found that except for water adsorption, PP-
2-5-12 always has about a 10-fold increase
of monolayer adsorption. This indicates
that the molecules with sizes as large as the
kinetic diameter of perfluorotributylamine,
1.02 nm (I2), can penetrate the interlayer
space of PP-2-5-12. Furthermore, the rela-
tively smaller amount of monolayer adsorp-
tion of water in PP-2-5-12 as compared to
the other adsorbates suggests that the di-
phenyl groups within the interlayers have
increased the hydrophobic character of this
compound.

In order to compare the relative adsorp-
tive capacity of the pillared catalysts with
that of a-Zr(HPO,),, a new parameter, 8, is
introduced in Table 3. 8 is defined as

Wi,
B=wiw:

W = g of adsorbate adsorbed as a mono-
layer per g of pillared catalyst,

W, = g of nitrogen adsorbed as a mono-
layer per g of pillared catalyst,

W' = g of adsorbate adsorbed as a mono-
layer per g of ZrP (2.5:48),

W, = g of nitrogen adsorbed as a mono-
layer per g of ZrP (2.5:48).

The amount of monolayer is calculated by
fitting the BET equation to the adsorption
isotherms to determine the monolayer vol-
ume of adsorbate. The grams of adsorbate
forming a monolayer are calculated by use
of the monolayer volume, the molecular
weight, and the perfect gas law. The 8 val-
ues are based on the assumption that a-ZrP
(2.5:48) is nonporous, and that all of the
adsorbates shown in Table 3 adsorb on the
same surface. Therefore, a 8 value of 1 in-
dicates that the adsorbate and N, adsorb on
the same surface whereas a value greater
than 1 indicates that the adsorbate has pen-
‘etrated into more area of the pillared cata-
lyst than nitrogen. The 8 values, shown in
Table 3, clearly indicate that water can pen-
etrate into more pores of MPM-6-1 and P-1-
7-1 than the nitrogen, since 3 values of 7.00
and 3.06 are obtained. The B8 value also
shows the hydrophobic property of PP-2-5-
12, since a 8 value of 0.24, which is much
smaller than 1, is obtained. The rest of the 3
values for these pillared samples are equal
to 1.0 = 0.5.

Since MPM-6-1 and P-1-7-7 have lower
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surface areas than «-ZrP (2.5:48), while
their 8 values for water are significantly
larger than 1, we conclude that these com-
pounds have pore window sizes which al-
lows access to water; however, in their be-
havior toward the remaining adsorbates,
MPM-6-1 and P-1-7-7 are like a-ZrP, which
is a nonporous catalyst. If the value for the
thickness of the layer, ~0.6 nm, is sub-
tracted from the interlayer spacings, 0.96
nm for P-1-7-7 and 1.08 nm for MPM-6-1, it
is recognized that only molecules as small
as water, 0.265 nm, can penetrate into the
layers. In contrast, PP-2-5-12 was found to
have a surface area much larger than a-ZrP
(2.5:48), and a B value for perfluorotribut-
ylamine close to 1. We conclude that water,
nitrogen, and perfluorotributylamine all
penetrate the interlayers of zirconium phos-
phates pillared by the diphenyl organic
group. The pore window size of this pil-
lared zirconium phosphate is shown to be at
least 1.02 nm from the sorption behavior
and this accords well with expectations.
From the formula (Table 1) we see that
roughly half of the phophate positions are
pillared. This makes the average interpillar
distance 1.06 nm (5) and the free interlayer
distance, 0.79 nm.

Acidic Measurements

Temperature-programmed ammonia-de-
sorption isotherms are shown in Fig. 4. If it
is assumed that the peak at 93°C is from
physical adsorption, then five types of sites
with different acid strengths may be in-
ferred from changes in the peak shapes be-
tween 100 and 386°C for a-ZrP (2.5:48).
The shapes of the curves for the pillared
catalysts are not as distinct as those for the
a-ZrP (2.5 :48). The peaks are broader, and
the amount of ammonia desorbed is less
than that obtained for a-ZrP (2.5:48). This
is expected since the pillars replace many
of the Brgnsted sites. However, two types
of acid sites are recognizable. The weaker
acid sites are in the range of 100-250°C, and
the stronger acid sites cover the range of
250-350°C. Above 350°C, the crystallinity

TCD RESPONSE

100 150 200 250 300 350 400
TEMPERATURE, °C

FiG. 4. Temperature-programmed ammonia desorp-
tion for zirconium phosphate samples. (—) a-ZrP, (@)
P-1-7-7, (——-) MPM-6-1, (+ — + —) PP-2-5-1.
Temperature increasing rate = 2°C/min.

of the sample is lost due to decomposition
of the organic. Table 4 shows the amount of
ammonia desorbed for these two types of
sites. The large number of acidic sites on a-
ZrP (2.5:48) results from the intercalation
of ammonia, which expands the layers and
measures the number of internal as well as
external sites. The pillared samples desorb
less ammonia than a-ZrP (2.5:48), but the
amount of ammonia desorbed from each
pillared sample is the same order of magni-
tude as shown in Table 4. As shown in Ta-
ble 4, the number of acidic sites obtained
from the experiments from a-ZrP (2.5:48),
MPM-6-1, and P-1-7-7 are smaller than
those calculated from the formula listed in
Table 1. The difference is probably due to
weak acidic sites where ammonia would be
desorbed at temperatures below 100°C. The
experimental value for PP-2-5-1 is larger
than the expected value. This is probably
due to the effect of the trapped diphos-
phonic acid within PP-2-5-1. Diphosphonic
acid should increase the number of acid
sites for ammonia chemisorption.

Catalyst Activity

Isopropanol decomposition was utilized
for the characteriation of the catalyst activi-
ties of a-ZrP and the organically pillared
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TABLE 4
Acidic Strength Measurement
Sample 100-250°C 250-350°C Total Expected®
(mmol/g) (mmol/g) (mmol/g)
a-ZrP (2.5:48) 1.23 3.2 4.43 6.4
PP-2-5-1 0.26 0.36 0.62 0.27
MPM-6-1 0.49 0.51 1.00 2.37
P-1-7-7 0.37 0.92 1.29 2.39
PP-2-5-12 — — — 1.99

4 Calculations based on the formulas presented in Table 2 with no sorption by the diphos-

phonic acid.

compounds. The two basic modes of iso-
propanol decomposition are: (a) dehydra-
tion to form propylene and water, and (b)
dehydrogenation to form acetone and hy-

Aracan

arogen. If nranvlane ig main nroadnet

1L PIOpyiciic 15 th Illaiit prouull,
the catalyst is characterized as an acid type
catalyst; if acetone is the main product, the
catalyst is characterized as a basic type cat-
alyst (13). In our studies of a-ZrP (2.5:48)
and organicaily piilared derivatives, propyi-
ene and water were the main products from
1sopropanol decomposition. Only trace
amounts of acetone (<1%) were found.
Thus, these catalysts can be treated as acid
type catalysts.

Reaction of isopropanol at 200°C and
15.5 ncio (Tahla §)Y far thic coariag of cata

5.5 psig (Table 5), for this series of cata-
lysts, provides the following trend in cata-
lyst activity, PP-2-5-1 > PP-2-5-12 > a-ZrP
(2.5:48) > P-1-7-7 > MPM-6-1. Nearly
100% selectivity toward propylene and wa-
ter was obtained for isopropanoi decompo-
sition on each catalyst. Only trace amounts
disopropyl ether (<1%) were detected in the

TABLE 5

Kinetic Results of Isopropanol Dehydration

Catalyst ky(mg/ml/min) Apparent
at 200°C activation energy

(kcal/mol)
a-ZrP (2.5:48) 0.243 21.8
P-1-7-7 0.0106 18.7
MPM-6-1 0.0031 21.0
PP-2-5-1 2.72 12.4
PP-2-5-12 1.99 14.9

product stream. No products such as ethyl-
ene, butylene, and hexene were found. In
contrast to the clean reaction for isopro-
panol decomposition on zirconium phos-

mramslana lana lhatvlan

yuau-a, PlUylellb, bl.ll_yl\-rll\/ aud Uulyl\-«lle
were obtained when using silicalite.
Blanton et al. (I14) have shown that for
the first-order reaction the kinetic relation
between conversion and apparent resi-
dence time for pulse reactors are the same
as those for steady state reactors. In our
studies, the first-order rate expression

IOgE(T%Y} =k (—‘::/),

NE

where x is the conversion, W/F is propor-

tional to the annarent residence time, and k
tional 1o the apparent residence time, and £

is the rate constant; was found to ade-
quately fit the data. Figure 5 shows this
first-order kinetic fit. Furthermore, a direct
comparison of kinetic results from pulse
runs and steady state runs was performed
on a-ZrP (2.5:48). The data from both re-
actors give similar results. This suggests
that a first-order kinetic fit is applicable to
quantitatively interpret the data.

The Arrhenius plots are shown in Fig. 6.
The slopes of the straight lines yield the
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O1 WiC apparcni 101 nergies,

which are summarized in Table 5. The acti-
vation energies of a-ZrP (2.5 48), P-1-7-7,
and MPM-6-1 are between 18.7 and 21.8
kcal/mol, which are close to the activation
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studies, the activation energies, 23.8 ~ 25.2
kcal/mol, were obtained for the zirconium
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F1G. 5. First-order kinetic fit for isopropanol dehy-
dration at 200°C and 15.5 psig. (O) PP-2-5-1, (A) PP-2-
5-12, (V) a-ZrP (2.5:48) (plug flow reactor), (@) a-
ZrP (2.5:48) (pulse reactor), (M) P-1-7-7, and (O)
MPM-6-1.

phosphate pretreated at 300 to 400°C before
the reaction. Hattori also found that the ac-
tivation energies increased to even higher
values if the zirconium phosphate was pre-
treated at higher temperatures. For pre-
treatment at 800°C, an activation energy of
35.8 kcal/mol was obtained. Clearfield (/6)
reported that zirconium pyrophosphate will
be formed by the dehydroxylation of zirco-
nium phosphate at temperatures above
400°C. Thus, the increase of activation en-
ergies as the pretreatment temperature is
increased probably corresponds to the de-
composition of isopropanol over various
mixtures of a-ZrP and zirconium pyrophos-
phate.

The activation energies for isopropanol
dehydration on «-ZrP (2.5:48), P-1-7-7,
and MPM-6-1 are close to those for zeolite
Y and X, about 20 kcal/mol, when using a
pulse reactor (17-19). First-order kinetics
were also reported for the zeolites when us-
ing the pulse reactor.

The activation energies of PP-2-5-1 and
PP-2-5-12, organically pillared diphenyl zir-
conium phosphate, are significantly lower
than those of o-ZrP (2.5:48), MPM-6-1,
and P-1-7-7. The rate constants based per
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milligram of catalyst of these two diphenyl
pillared zirconium phosphate are signifi-
cantly larger than those of the other organi-
cally pillared catalysts. In the previous sec-
tion on adsorption studies, we concluded
that the pore size of the diphenyl pillared
compounds is greater than the size of iso-
propanol. Therefore, isopropanol mole-
cules can diffuse into the interlayers of this
zirconium phosphate catalyst, and the de-
hydration reaction can occur within the in-
terlayers. Thus, the low activation energies
of PP-2-5-1 and PP-2-5-12 suggest a diffu-
sion limitation for the dehydration reaction.

The rate constant for PP-2-5-1 is larger
than that for PP-2-5-12 although the surface
area of PP-2-5-1 is smaller than that of PP-2-
5-12. As has been discussed in the section
on catalyst description there is a significant
amount of diphosphonic acid trapped inside
PP-2-5-1. The trapped diphosphonic acid
has apparently increased the catalytic ac-
tivity of PP-2-5-1.

CONCLUSIONS

1. Dehydration rather than dehydrogena-
tion is the main reaction of isopropanol
over the zirconium phosphate based cata-
lysts. The acid sites are weak since only
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FiG. 6. Arrhenius plot of isopropanol dehydration.
(O) PP-2-5-1, (A) PP-2-5-12, (@) a-ZrP (2.5 : 48), (W) P-
1-7-7, and ((J) MPM-6-1.
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dehydration occurred with no secondary
reactions.

2. The diphenyl pillared compounds had
the highest activity for isopropanol dehy-
dration among the catalysts tested.

3. The adsorption studies illustrated the
hydrophobic nature of PP-2-5-12, and that
only diphenyl pillared material had pore
sizes large enough for penetration of iso-
propanol into the intracrystalline particle.

4. The reaction appears to occur on the
surface of the particles of a-ZrP (2.5:48)
and the compounds pillared by monophenyl
or by dimethylphenyl group. However, on
the diphenyl pillared derivative, a signifi-
cant diffusion limitation is suggested by the
low activation energy. Hence, the reaction
appears to be occurring between the inner
layers of this catalyst. Even with this diffu-
sion limitation, the diphenyl pillared com-
pounds are significantly more active than
the other catalysts tested.

5. The different bands of temperature-
programmed ammonia desorption between
a-ZrP (2.5 :48) and organically pillared zir-
conium phosphate derivatives demonstrate
that the strength of acidic sites changes
when the organic pillar compounds are in-
serted between the layers.
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