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Abstract

Bimodal porous silica–aluminacatalysts with both continuous macropores and mesopores were preparedfrom tetraethylorthosilicate
in the presence of polyethylene oxide, and the effectiveness of macropores in vapor-phase dehydration of 2-propanol was evalu
comparison with silica-alumina having no macropores. The reaction rate of dehydration varies depending on the particle size and th
of macropores as well as reaction temperature. For more detail data processing, diffusion coefficients in pores at each reaction t
were theoretically calculated by assuming molecular diffusion and Knudsen diffusion for catalysts with and without macropores, res
Then, we compare the catalyst effectiveness factors obtained experimentally with the theoretical curve. The experimental data
with theoretical prediction. The results clearly show that the macropores with interconnected structure effectively work as pathway
diffusion and improve the reaction kinetics.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Diffusion in pores of solid catalysts during catalytic r
action sometimes affects the overall kinetics of reaction
chemical industry, practical catalysts are formed in sphe
pellets, rods, and so on, with typical size of 5–10 m
whereas catalyst powders or particles smaller than 1 mm
usually tested in laboratory. Diffusion limitation has be
frequently observed in the industrial catalysts with large p
ticle size, whereas has rarely attracted an attention in th
catalysts used in laboratory-scale reactor except for the
uid phase reaction[1–9]. Because of the recent progre
in catalyst preparation, however, catalytic results sugges
the decrease in activity by diffusion limitation have been
ported for newly developed catalysts with high activity ev
in laboratory-scale gas-phase reaction[10–12]. Diffusion of
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gas molecules in mesopores smaller than a mean free p
described with Knudsen equation[13]

(1)D = 2

3
rp

(
8RT

πM

)1/2

,

whereD, rp, R, T , andM are respectively diffusion coe
ficient in pores, pore radius, gas constant, temperature
molecular weight of gas molecules. The smaller the me
pore size is, the smaller the diffusion coefficient becom
A time, t , necessary to diffuse particular length,l, is roughly
estimated by the relation[14]

(2)t = l2/2D.

Therefore, long time is required for gas molecules
move into the center of catalyst particles with large size
with small mesopores in which diffusion coefficient is a
small. Then, the center portion of catalyst particles does
effectively work in reaction, when the reaction rate is v
fast. The catalyst effectiveness factor,Ef , is defined as[13]

(3)Ef = real reaction rate
.

ideal reaction rate
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The ideal reaction rate is that without suffering the eff
of diffusion. An excellent catalyst is expected to show b
high reaction rate andEf = 1. This can be achieved on
by increasing diffusion rate in pores of catalysts with la
particle size.

One of the methods to increase the diffusion rate of m
cules in the catalyst is to provide macropores in it[15–18].
Usual catalysts have only mesopores and/or micropore
which diffusion of molecules is strongly restricted. Prese
of macropores in the catalyst has an effect to enhance the
fusion rate, as predicted from Knudsen equation (Eq.(1)).
Furthermore, a recent simulation study reveals that w
designed arrangement of macropores with high connect
is much more effective for high catalytic performance tha
random configuration of macropores, as observed in mo
commercially available catalysts[19]. It was, however, dif-
ficult to design such pore configuration in practical cataly
by the conventional catalyst preparation methods. Rece
we have developed silica-based bimodal porous cata
with both macropores and mesopores, such as Ni/SiO2 [20],
silica–zirconia[21,22] and silica–alumina[11,12]. In the
catalysts, the macropores are formed by freezing transiti
structures of phase separation induced in a sol–gel solu
[23]. The macropores have 3-dimensional high connecti
without neck structure, and can be used as pathways for
flow of liquid and gas phases[24,25]. In our latest work,
acceleration of diffusion of nitrogen gas by the presenc
macropores has been also recognized at−196◦C for the ma-
terial prepared by the same methodology[26]. We propose
that the catalysts prepared by the methodology to pro
macropores by freezing transitional structure of phase
aration are the new generation of bimodal porous cata
because of the presence of 3-dimensionally interconnecte
macropores instead of randomly distributed macropores

In the preliminary catalytic test of silica–alumina th
prepared in cracking of cumene, high catalytic activity was
observed for the catalysts with macropores when the r
tion rate was fast, and we related the observation with
enhancement of diffusion due to the presence of macrop
[11,12]. However, such effect has not been quantitativ
evaluated. In this work, we prepared two different silic
alumina catalysts with and without macropores, where o
structural features are essentially the same. The catalytic de
hydration of 2-propanol was used as a model reaction,
effect of the presence of macropores on the overall reac
kinetics was evaluated from thechange in catalyst effective
ness factor.

2. Experimental

The silica–alumina catalystswere prepared as reporte
previously [11,12], using tetraethyl orthosilicate (TEOS
Shinetsu) and aluminum nitrate nonahydrate (Al(NO3)3 ·
9H2O, Wako) as sources of silica and alumina, respectiv
Either of the polyethylene oxides (PEO) with molecu
l

s

weight of 100 000 (PEO100) or 3 000 (PEO3) were adde
the sol–gel preparation of catalysts. Nitric acid was used
catalyst of sol–gel reaction. Theobtained silica–alumina ca
alysts prepared in the presence of PEO100 and PEO3
named SA100 and SA3, respectively. A commercial sili
alumina catalyst, N631L, was used for the comparison
catalytic activity. The obtained silica–alumina catalysts wer
grounded to two sizes, 2.0 and 0.2 mm, and distinguis
with -L and -S in notification, respectively.

Scanning electron microscope (SEM, SM200, Topc
Japan) was used to observe micrometer scale morpholo
the samples. Nitrogen adsorption–desorption isotherm
measured at−196◦C on an OMNISORP 100CX (Beckma
Coulter, USA). Specific surface area and mesopore vol
were calculated by the BET method and from the amo
of nitrogen adsorbed atP/P0 > 0.95, respectively. Size
distribution of pores smaller than 50 nm was calculated
ing the Dollimore–Heal method. Temperature-programm
desorption (TPD) of ammonia and 2,6-dimethylpyrid
(2,6-DMP) adsorbed at 200◦C was measured to estima
the acidic property of the catalysts. Details of the characte
ization are described elsewhere[12].

The catalytic dehydration of 2-propanol was carried
in a fixed-bed flow reactor made with glass at tempe
tures between 140 and 220◦C. Catalyst bed with 0.15 g wa
heated to the reaction temperature. Then, 2-propanol wa
into the reactor at the rate of 8.0 cm3 h−1 as a liquid, togethe
with 30 cm3 min−1 He carrier gas. The effluent was analyz
with an on-line gas chromatograph equipped with TCD
1 m-length Benton+ DNP column.

3. Results and discussion

3.1. Structures and catalytic activity of silica–alumina
catalysts

In the preparation of silica–alumina gel by the sol–
method, no interaction was detected between alumi
cation and silica as long as the reaction was carried ou
acidic conditions at moderate temperature[12]. That is, alu-
minum cations dissolve in solution as hydrated cations ra
than being incorporated in silica network, and the alumin
cations aggregate as a salt during drying. Therefore, the
gel-derived silica–alumina is not so active in catalysis. T
addition of PEO in the preparation drastically increases
catalytic activity of the resultant silica–alumina[12]. PEO
chain with a large number of ether oxygen atoms can inte
with both silica surface and aluminum cations. Therefo
we have speculated that such interaction increases the
persion of aluminum cations in the silica–alumina, lead
to the high activity. This effect is expected for both PEO1
and PEO3. In addition, PEO100 has another effect to
duce phase separation just before gelation. Then, transit
structure of phase separation is frozen as permanent mic
eter scale morphology.
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Fig. 1. SEM image of fractured surface of SA100.

Fig. 2. Pore size distribution curves calculated from nitrogen adsorp
isotherms.

Figure 1shows the SEM image of silica–alumina p
pared in the presence of PEO100. Macropores with unif
size of ca. 3 µm, which are interconnected 3-dimension
are observed. This structuralfeature is essentially the sam
as that reported previously[11,12], and we can assure th
the macropores are formed by phase separation. In pore
distribution measured by mercury porosimetry, this sam
shows a sharp peak in micrometer size range as shown
viously[11]. The sample prepared with PEO3 has no ma
pores and nothing was observed with SEM at this mag
cation.

Figure 2shows the pore size distribution calculated fr
nitrogen adsorption. The reference catalyst, N631L, sho
peak at 4 nm while other samples show no peak sugge
the presence of small mesopores together with microp
Structural features of thecatalysts are summarized inTa-
e

-

.

Table 1
Additives in preparation and structural properties of catalystsa

Additive Specific sur-
face area
(m2 g−1)

Pore volume
(cm3 g−1)

Base adsorbedb

(µmol g−1)

Meso Macro NH3 2,6-DMP

SA100c PEO100 620 0.388 0.870 250 215
SA3c PEO3 429 0.276 – 250 170
N631L – 347 0.438 0.150 250 100

a These data were taken from Refs.[11,12].
b Amount of base adsorbed at 200◦C.
c Preparation compositions are TEOS:aluminum nitrate:water:60%

HNO3: PEO= 9.31:2.21:11.5:1.15:x in weight ratio, wherex is 1.15 for
SA100 and 2.00 for SA3.

ble 1. Both SA100 and SA3 show similar structural featu
of specific surface area and mesopore size, although SA
has somewhat larger specific surface area. The similari
mesoscale structure between SA100 and SA3 is probab
sulted from the same kind of interaction between silica
organic additives, PEO100 and PEO3: hydrogen bonding
tween silanols on silica and ether oxygens in PEO[12]. In
TPD, the amount of adsorbed ammonia is a measure of
acid amount while that of 2,6-DMP is a measure of num
of Brønsted acid sites[12]. It is recognized that number o
Brønsted acid on N631L is much smaller than that on SA
and SA3. The difference between SA100 and SA3 is r
tively small. These results assure us that the major differenc
between SA100 and SA3 is the presence of macropor
SA100.

Figures 3 and 4show the changes in conversion
2-propanol and selectivity to propene with reaction temp
ture. Conversion increases simply with reaction tempera
while the values at each temperature vary depending on th
catalyst used. The SA100 shows higher activity than
commercial catalyst, N631L, at any temperature (Fig. 3). In
addition, selectivity to propene is higher than that of N63
The major by-product over N631L is dipropyl ether. Larg
mesopores in N631L than in the sol–gel catalysts wo
make possible the two-molecule dehydration reaction. Dif
ference in the ratio of Brønsted acid to the total acid wo
be also the origin of the difference in the selectivity. R
garding the effect of the presence of macropores, the
small difference in conversion between the SA100 and S
at lower reaction temperature (Fig. 4). SA100 has larger spe
cific surface area and larger amount of Brønsted acid
SA3. Therefore, it would be expected that SA100 sho
somewhat higher activity even at the low reaction temp
ature. However, the catalytic result suggests that the
ference in catalytic ability between SA100 and SA3 is
so large. In the cracking of cumene, both SA100 and S
showed similar activity at low reaction temperature[12],
which is similar to the present results on dehydration o
propanol. With rising reaction temperature, conversion o
SA100 becomes higher than SA3. Furthermore, it is rec
nized that powdered catalyst shows higher conversion
one particle for each catalyst series. Because the activ
energy of reaction is larger than that of diffusion, react
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Fig. 3. Changes in 2-propanol conversion (open symbols) and selectivit
to propene (closed symbols) with reaction temperature. Square: SA100-
rectangular: SA100-L, circle: N631L-S, triangle: N631L-L.

Fig. 4. Changes in 2-propanol conversion (open symbols) and selectivit
to propene (closed symbols) with reaction temperature. Square: SA100-
rectangular: SA100-L, circle: SA3-S, triangle: SA3-L.

rate increases more rapidly with reaction temperature
diffusion rate. Therefore, the diffusion limitation tends to
significant at high reaction temperature. There is no con
diction to consider that the cause of the difference in c
version at high temperature isthe result of acceleration o
diffusion by the presence of macropores in SA100.

3.2. Quantitative evaluation of the effectiveness of
macropores

We have obtained the catalytic results suggesting the
fusion limitation in pores of catalysts even in the laborato
Table 2
First order reaction rate constant for dehydration of 2-propanol and theore
ical diffusion coefficients in mesopores and macropores

Temper-
ature
(◦C)

ka (s−1) Dideal×107 (m2 s−1)

SA100-S SA100-L SA3-S SA3-L Meso-
poresb

Macro-
poresc

160 0.61 0.53 0.62 0.19 3.67 135
180 1.83 1.49 1.34 0.74 3.76 144
200 3.78 2.97 2.82 1.31 3.84 154
220 9.94 6.01 4.63 2.40 3.92 164

a Calculated from reaction data shown inFig. 3by using Eq.(4).
b Calculated by using Eq.(1). rp = 2Vmeso/A = 1.3 nm was used in the

calculation.
c Calculated by using Eq.(5). σ = 0.5 nm andΩ = 1 were used in the

calculation.

scale reaction. Then, we quantitatively evaluate the ef
tiveness of macropores. The apparent first-order reaction
constant,k, can be calculated according to

(4)k = F0

V

{
−y0x + (1+ y0) ln

1

1− x

}

for fixed-bed flow reactor[13]. Here,F0, V , y0, andx are
volumetric feed rate of reactant, volume of catalyst bed,
lar ratio of reactant in the feed gas, and conversion.
obtained rate constants are summarized inTable 2. Here, it
should be noted that the data contains the effect of d
sion.

Diffusion coefficient of molecules in the catalysts wit
out macropores can be calculated using Knudsen equ
(Eq.(1)). Here, we have to consider the diffusion both of
actant, 2-propanol, and products, propene and dipropyl e
Because the selectivity to dipropyl ether is about one-te
of that to propene, we used an average molecular weig
2-propanol and propene in Eq.(1). Regarding the pore ra
dius, we use 2Vmeso/A as mesopore radius assuming strai
cylinder-type pores, whereVmeso andA are mesopore vol
ume and specific surface area, because no clear pe
observed in pore size distribution curve calculated from
trogen adsorption isotherm (Fig. 2). It should be noted tha
the specific surface area calculated with the BET met
contains some errors due to the presence of micropo
However, 2Vmeso/A would be the most reliable as an exp
imentally obtained pore radius. On the other hand, it is c
that the size of macropores in SA100 is much larger t
average free path of gas molecules, typically in the orde
0.1 µm. Therefore, the diffusion coefficient in SA100 is ev
uated assuming the molecular diffusion. For the estima
of diffusion coefficient in macroporous samples, therefo
we used the following equation for molecular diffusion[13]:

(5)D = 0.0018583
T 3/2(1/MA + 1/MB)1/2

Pσ 2
ABΩAB

,

where P , σ , Ω are respectively total pressure, Lenna
Jones potential parameter, and collision integral. Use of
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equation would be appropriate for the SA100 sample
cause its macropores not are randomly distributed bu
3-dimensionally interconnected without neck.Table 2sum-
marizes diffusion coefficients calculated for mesopores
macropores at different reaction temperatures. Both d
sion coefficients for Knudsen diffusion and for molecu
diffusion increase with reaction temperature, while coe
cient of molecular diffusion is about 40 times larger than t
of Knudsen diffusion. In addition, we have to take into
count the contribution of structural factors such as poro
ε, and tortuosity,τ , to diffusion in a real porous mater
al [13]:

(6)Dpore= ε

τ
Dideal.

For SA3, porosity of 0.38 is obtained from pore volum
shown inTable 1 and density of silica (2.2 g cm−3). For
SA100, porosity affecting the molecular diffusion would
the volume ratio of macropores, and it becomes 0.51.
tortuosity for usual porous material is 3–6[13]. Then, we
can evaluate that the factorε/τ is in the range of 0.13–0.06
for SA3 and 0.17–0.085 for SA100. Thus, the real diffus
coefficients in porous materials are about 10 times sm
than the ideal values. We use 1/10 of diffusion coefficient
listed inTable 2asDpore in the following data processing.

It is theoretically predicted that catalyst effectiveness
tor for spherical samples is described by[13]

(7)Ef = 3

m

{
1

tanh(m)
− 1

m

}
.

Herem is the Thiele modulus expressed as

(8)m = rsphere

√
kideal

D
,

where rsphereand kideal are respectively radius of cataly
particles and reaction rate constant without restriction of
fusion. Assuming that no diffusion limitation occurs in t
powdered SA100-S with macropores,k for the sample a
each reaction temperature can be regarded askideal, which
can be used to obtain Thiele modulus using Eq.(8). Further-
more, the ratio ofk/kideal at the same temperature provid
catalyst effectiveness factor of respective catalyst,

(9)Ef = k

kideal
= 3

m

{
1

tanh(m)
− 1

m

}
.

Then, we can compare the catalyst effectiveness fac
obtained experimentally with theoretical ones.

Figure 5shows the change in catalyst effectiveness
tor with Thiele modulus for allthe reaction data except fo
N631L. Because N631L has different pore structures
shows different product selectivities compared with SA1
factors other than diffusion would be incorporated in
k/kideal. In the plot, data points are located between 0.01
10 inm, andEf decreases with increasingm atm > 0.2. Be-
cause of smallm in powdered macroporous silica–alumin
SA100-S, the assumption that no diffusion limitation occ
Fig. 5. Change in catalyst effectiveness factor,Ef , with Thiele modulus,
m, in the 2-propanol dehydration over SA100 and SA3 catalysts. Da
Table 2were used in calculation ofEf andm for the data points, assumin
there was no diffusion effect in the reaction over SA100-S. The symbol
the same as those inFig. 4. The solid curve is theoretically calculated f
spheres.

in it is appropriate. In the figure, a theoreticalEf curve cal-
culated using Eq.(9) is also drawn. All the data points we
fit the theoretical curve. This result ensures that the caus
the differences in catalytic activity at high reaction temper
ature between SA100 and SA3 and those between par
and powders of the same catalysts are attributed to the
fusion limitations in SA3 without macropores and in lar
particles, respectively. The effectiveness of macropore
clearly shown for the catalyst with large particle size, as
pected.

The m in the present data is limited up to transition
gion between reaction limitation and diffusion limitatio
Therefore, the ratio ofEf between SA100-L and SA3-L pa
ticles with size of 2 mm is limited to 3. Sincem for the
reaction over catalyst with larger size is in the diffusion li
itation region, effectiveness of macropores would be m
significant in experiments using a catalyst with larger pa
cle size. Unfortunately, these experiments are very diffi
in laboratory-scale reaction because of limited diamete
reactor.

We have to mention estimated errors in the data proc
ing. We used diffusion coefficients calculated theoretic
assuming Knudsen diffusion in mesopores and molec
diffusion in macropores. These values could somewhat d
ate from real ones due to both limitation in the equations
parameters used. Furthermore, we postulate the sameε/τ

value of 0.1 for both SA100 and SA3. The values ofτ would
vary depending on the pore structure. Use ofDpore values
obtained experimentally at each temperature rather than th
oretical values would lead to more exact comparison, if
could measure them directly. Inevitably, distribution in p
ticle size in the samples would be a cause of an error. T



R. Takahashi et al. / Journal of Catalysis 229 (2005) 24–29 29

he

ut
PEO
at-
,
-

c-
he

ll
i-
ffec-
he

.K.

nd,

51

zuki,

hem.

hem.

ri,

)

hem.

w-

sity

s.

98)

,

o-

.

ram.
the plot in Fig. 5 may contain substantial errors along t
x-axis, although the general trend prevails.

4. Conclusion

Two types of silica–alumina catalysts with and witho
macropores were prepared by the sol–gel method using
with different molecular weight. They showed higher c
alytic activity than a commercial silica–alumina catalyst
N631L, in dehydration of 2-propanol. In addition, effective
ness of macropores in the reaction is quantitatively clari-
fied by comparing catalyst effectiveness factor for the rea
tion using the catalysts with controlled particle sizes. T
catalyst effectiveness factorobtained experimentally we
agrees with theoretical prediction. The results clearly ind
cate that the macropores with well-designed structure e
tively work as pathways for rapid diffusion and improve t
reaction kinetics.
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