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Abstract

Bimodal porous silica—alumineatalysts with both continuous magores and mesopores were prepdred tetraethylorthosilicate

in the presence of polyethylene oxide, and the effectiveness of macropores in vapor-phase dehydration of 2-propanol was evaluated by tt
comparison with silica-alumina having no macropores. The reaction rate of dehydration varies depending on the particle size and the presenc
of macropores as well as reaction temperature. For more detail data processing, diffusion coefficients in pores at each reaction temperatu
were theoretically calculated by assuming molecular diffusion and Knudsen diffusion for catalysts with and without macropores, respectively.
Then, we compare the catalyst effectiveness factors obtained experimentally with the theoretical curve. The experimental data well agre
with theoretical prediction. The results clearly show that the macropores with interconnected structure effectively work as pathways for rapid
diffusion and improve the reaction kinetics.
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1. Introduction gas molecules in mesopores smaller than a mean free path is
described with Knudsen equatifi]
Diffusion in pores of solid catalysts during catalytic re- 2 /8RT\2
action sometimes affects the overall kinetics of reaction. In D = §Fp<m> ; 1)

chemical industry, practical catalysts are formed in spheres, ) e
pellets, rods, and so on, with typical size of 5-10 mm, whereD, rp, R, T, andM are respectively diffusion coef-

whereas catalyst powders or particles smaller than 1 mm aref'c'(lant 'T pore's,hpt)orfe rad|us,|gas| con_ﬁ]ant, ter;rpe{r?ture, and
usually tested in laboratory. Diffusion limitation has been molecular weignt of gas molecules. The smaller th€ meso-

frequently observed in the industrial catalysts with large par- pore size 1s, the smaller the dlﬁu§|on coefﬂqent becomes.
ticle size, whereas has rarelytracted an attention in the At|me,t, necessary tq diffuse particular lengtfis roughly

. . estimated by the relatiqi4]
catalysts used in laboratory-scale reactor except for the lig-
uid phase reactiofil-9]. Because of the recent progress :=?/2D. (2)
in catalyst preparation, however, catalytic results suggesting
the decrease in activity by diffusion limitation have been re-
ported for newly developed catalysts with high activity even
in laboratory-scale gas-phase reacfib®-12] Diffusion of

Therefore, long time is required for gas molecules to
move into the center of catalyst particles with large size and
with small mesopores in which diffusion coefficient is also
small. Then, the center portion of catalyst particles does not
effectively work in reaction, when the reaction rate is very
" Corresponding authors. Fax: +81-43-290-3376. fast. The catalyst effectiveness factsy, is defined a$13]
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The ideal reaction rate is that without suffering the effect weight of 100 000 (PEO100) or 3 000 (PEO3) were added in
of diffusion. An excellent catalyst is expected to show both the sol-gel preparation of catalysts. Nitric acid was used as a
high reaction rate and&; = 1. This can be achieved only catalyst of sol-gel reaction. Tinbtained silica—alumina cat-
by increasing diffusion rate in pores of catalysts with large alysts prepared in the presence of PEO100 and PEO3 were

particle size. named SA100 and SA3, respectively. A commercial silica—
One of the methods to increase the diffusion rate of mole- alumina catalyst, N631L, was used for the comparison of
cules in the catalyst is to provide macropores if15—18] catalytic activity. The obtainedlga—alumina catalysts were

Usual catalysts have only mesopores and/or micropores ingrounded to two sizes, 2.0 and 0.2 mm, and distinguished
which diffusion of molecules is strongly restricted. Presence with -L and -S in natification, respectively.
of macropores in the catalyst has an effectto enhance the dif- Scanning electron microscope (SEM, SM200, Topcon,
fusion rate, as predicted from Knudsen equation (&J). Japan) was used to observe micrometer scale morphology of
Furthermore, a recent simulation study reveals that well- the samples. Nitrogen adsorption—desorption isotherm was
designed arrangement of macropores with high connectivity measured at-196°C on an OMNISORP 100CX (Beckman
is much more effective for gh catalytic performance than  Coulter, USA). Specific surface area and mesopore volume
random configuration of macropores, as observed in most ofwere calculated by the BET method and from the amount
commercially available catalysf&9]. It was, however, dif- of nitrogen adsorbed aP/Pp > 0.95, respectively. Size
ficult to design such pore configuration in practical catalysts distribution of pores smaller than 50 nm was calculated us-
by the conventional catalyst preparation methods. Recently,ing the Dollimore—Heal method. Temperature-programmed
we have developed silica-based bimodal porous catalystsdesorption (TPD) of ammonia and 2,6-dimethylpyridine
with both macropores and mesopores, such as Ny 0, (2,6-DMP) adsorbed at 20C was measured to estimate
silica—zirconia[21,22] and silica—aluming11,12]. In the the acidic property of the cataligs Details of the character-
catalysts, the macropores are formed by freezing transitionalization are described elsewhéie].
structures of phase separation induced in a sol—gel solution The catalytic dehydration of 2-propanol was carried out
[23]. The macropores have 3-dimensional high connectivity in a fixed-bed flow reactor made with glass at tempera-
without neck structure, and can be used as pathways for massures between 140 and 220. Catalyst bed with 0.15 g was
flow of liquid and gas phasg24,25] In our latest work, heated to the reaction temperature. Then, 2-propanol was fed
acceleration of diffusion of nitrogen gas by the presence of into the reactor at the rate of 8.0 8w as a liquid, together
macropores has been also recognized 826°C for the ma- with 30 cn® min~1 He carrier gas. The effluent was analyzed
terial prepared by the same methodol$g§]. We propose  with an on-line gas chromatograph equipped with TCD and
that the catalysts prepared by the methodology to provide 1 m-length BentoR- DNP column.
macropores by freezing transitional structure of phase sep-
aration are the new generation of bimodal porous catalysts
because of the presence of Bagnsionally interconnected 3. Resultsand discussion
macropores instead of randomly distributed macropores.
In the preliminary catalytic test of silica—alumina thus 3.1. Structuresand catalytic activity of silica—alumina
prepared in cracking of cumenhigh catalytic activity was  catalysts
observed for the catalysts with macropores when the reac-
tion rate was fast, and we related the observation with the In the preparation of silica—alumina gel by the sol—gel
enhancement of diffusion due to the presence of macroporeamethod, no interaction was detected between aluminum
[11,12] However, such effect has not been quantitatively cation and silica as long as the reaction was carried out in
evaluated. In this work, we prepared two different silica— acidic conditions at moderate temperatfir2]. That is, alu-
alumina catalysts with and without macropores, where other minum cations dissolve in solution as hydrated cations rather
structural features are esseiitighe same. The catalytic de-  than being incorporated in silica network, and the aluminum
hydration of 2-propanol was used as a model reaction, andcations aggregate as a salt during drying. Therefore, the sol—
effect of the presence of macropores on the overall reactiongel-derived silica—alumina is not so active in catalysis. The
kinetics was evaluated from tlebange in catalyst effective-  addition of PEO in the preparation drastically increases the
ness factor. catalytic activity of the resultant silica—alumifd2]. PEO
chain with a large number of ether oxygen atoms can interact
with both silica surface and aluminum cations. Therefore,
2. Experimental we have speculated that such interaction increases the dis-
persion of aluminum cations in the silica—alumina, leading
The silica—alumina catalystsere prepared as reported to the high activity. This effect is expected for both PEO100
previously [11,12], using tetraethyl orthosilicate (TEOS, and PEO3. In addition, PEO100 has another effect to in-
Shinetsu) and aluminum nitrate nonahydrate (Alg¥O duce phase separation just before gelation. Then, transitional
9H,0, Wako) as sources of silica and alumina, respectively. structure of phase separation is frozen as permanent microm-
Either of the polyethylene oxides (PEO) with molecular eter scale morphology.
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Table 1
Additives in preparation and sttural properties of catalysts
Additive  Specific sur- Pore volume Base adsorbéd
facearea  (cmigl) (umolg™1)

2 ~—1
(m°g™) Meso Macro NH 2,6-DMP

SA10¢ PEO100 620 0.388 0.870 250 215
SAZ PEO3 429 0.276 - 250 170
N631L - 347 0.438 0.150 250 100

2 These data were taken from Refts1,12]

b Amount of base adsorbed at 200.

¢ Preparation compositions are TB@luminum nitrate:water:60%
HNO3: PEO= 9.31:2.21:11.5:1.15: in weight ratio, wherex is 1.15 for
SA100 and 2.00 for SA3.

. # i 3
J ‘ZKV-* Tk x 15.3_;%“‘&3134 A5-2R 2063
& oo

ble 1 Both SA100 and SA3 show similar structural features
of specific surface area and mesopore size, although SA100
has somewhat larger specific surface area. The similarity in
mesoscale structure between SA100 and SA3 is probably re-
sulted from the same kind of interaction between silica and
organic additives, PEO100 and PEO3: hydrogen bonding be-
tween silanols on silica and ether oxygens in PR@J. In
TPD, the amount of adsorbed ammonia is a measure of total
acid amount while that of 2,6-DMP is a measure of number
of Brgnsted acid sitefl2]. It is recognized that number of
Bragnsted acid on N631L is much smaller than that on SA100
and SA3. The difference between SA100 and SAS is rela-
tively small. These results aggws that the major difference
between SA100 and SAS3 is the presence of macropores in
SA100.

Figures 3 and 4show the changes in conversion of
2-propanol and selectivity to propene with reaction tempera-
ture. Conversion increases simply with reaction temperature,

Fig. 1. SEM image of fractured surface of SA100.
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while the values at each tempéure vary depending on the
catalyst used. The SA100 shows higher activity than the
commercial catalyst, N631L, at any temperatu¥ig(3). In
addition, selectivity to propene is higher than that of N631L.
The major by-product over N631L is dipropyl ether. Larger

mesopores in N631L than in the sol-gel catalysts would
Fig. 2. Pore size distribution curves calculated from nitrogen adsorption make possible the two-moleleudehydration reaction. Dif-
isotherms. ference in the ratio of Brgnsted acid to the total acid would
be also the origin of the difference in the selectivity. Re-

Figure 1shows the SEM image of silica—alumina pre- garding the effect of the presence of macropores, there is
pared in the presence of PEO100. Macropores with uniform small difference in conversion between the SA100 and SA3
size of ca. 3 um, which are interconnected 3-dimensionally, at lower reaction temperaturgig. 4). SA100 has larger spe-
are observed. This structurigature is essentially the same cific surface area and larger amount of Brgnsted acid than
as that reported previous[#1,12], and we can assure that SA3. Therefore, it would be expected that SA100 shows
the macropores are formed by phase separation. In pore sizgomewhat higher activity even at the low reaction temper-
distribution measured by mercury porosimetry, this sample ature. However, the catalytic result suggests that the dif-
shows a sharp peak in micrometer size range as shown preference in catalytic ability between SA100 and SA3 is not
viously[11]. The sample prepared with PEOS3 has no macro- so large. In the cracking of cumene, both SA100 and SA3
pores and nothing was observed with SEM at this magnifi- showed similar activity at low reaction temperatjie],
cation. which is similar to the present results on dehydration of 2-

Figure 2shows the pore size distribution calculated from propanol. With rising reaction temperature, conversion over
nitrogen adsorption. The reference catalyst, N631L, shows aSA100 becomes higher than SA3. Furthermore, it is recog-
peak at 4 nm while other samples show no peak suggestingnized that powdered catalyst shows higher conversion than
the presence of small mesopores together with micropores.one particle for each catalyst series. Because the activation
Structural features of theatalysts are summarized Tra- energy of reaction is larger than that of diffusion, reaction
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1
00 Table 2
L 1 First order reaction rate constant fartg/dration of 2-propanol and theoret-
X 20 ical diffusion coefficients in mesopores and macropores
2 Temper- k2 (s~1) Digealx 107 (m?s~1)
2 r iy aothe SA100-S SA100-L SA3-S SA3-L Meso- Macro-
3 60 L i Q) pore$ pore$
% 160 0.61 0.53 0.62 019 & 135
= r 1 180 1.83 1.49 1.34 0.74 B 144
= 40 b a 200 3.78 2.97 2.82 131 & 154
.g 220 9.94 6.01 4.63 240 ® 164
= | 4
S @ Calculated from reaction data shownFig. 3by using Eq(4).
g L a b calculated by using Eq1). rp = 2Vmeso/ A = 1.3 nm was used in the
S 20 p
o calculation.
L i C Calculated by using Eq5). o = 0.5 nm ands2 = 1 were used in the
| | | calculation.

160 180 200 220
o scale reaction. Then, we quantitatively evaluate the effec-
Temperature /°C tiveness of macropores. The apparent first-order reaction rate

Fig. 3. Changes in 2-propanol consi&n (open symbols) and selectivity constantk, can be calculated according to

to propene (closed symbols) with réian temperature. Square: SA100-S,
rectangular: SA100-L, circleN631L-S, triangle: N631L-L. k

Fo 1
= 1- 1 | 4
v{ yox =+ ( +yo)n1_x} (4)
100 T T T

for fixed-bed flow reactof13]. Here, Fp, V, yo, andx are

1 volumetric feed rate of reactant, volume of catalyst bed, mo-
_ lar ratio of reactant in the feed gas, and conversion. The
obtained rate constants are summarizedidhle 2 Here, it
should be noted that the data contains the effect of diffu-
sion.

Diffusion coefficient of molecules in the catalysts with-
out macropores can be calculated using Knudsen equation
(Eg.(1)). Here, we have to consider the diffusion both of re-
actant, 2-propanol, and products, propene and dipropyl ether.
Because the selectivity to dipropyl ether is about one-tenth
of that to propene, we used an average molecular weight of
2-propanol and propene in EflL). Regarding the pore ra-
dius, we use Pmeso/ A as mesopore radius assuming straight

80

60 -

40 |

Conversion and selectivity / %
[\]
S
— ; ;
L | L | s | f

0
160 180 200 220 cylinder-type pores, wher€mnesoand A are mesopore vol-
ume and specific surface area, because no clear peak is
Temperature / °C observed in pore size distribution curve calculated from ni-

_ _ _ N trogen adsorption isothernfrig. 2). It should be noted that
Fig. 4. Changes in 2-propanol congiem (open symbols) and selectvity o gnecific surface area calculated with the BET method
to propene (closed symbols) with réi@ao temperature. Square: SA100-S, . .
rectangular: SA100-L, circleSA3-S, triangle: SA3-L. contains some errors due to the presence of micropores.
However, Zmes/ A would be the most reliable as an exper-
imentally obtained pore radius. On the other hand, it is clear
that the size of macropores in SA100 is much larger than
o : , , average free path of gas molecules, typically in the order of
S|'gr?|f|cant at h|.gh reaction temperature. There ISNo .contra- 0.1 um. Therefore, the diffusion coefficientin SA100is eval-
d'Ct'F’n o cqn3|der that the cause of the dlﬁerencg N CoN-,ated assuming the molecular diffusion. For the estimation
Vversion at high temperature be result Of, acceleration of of diffusion coefficient in macroporous samples, therefore,
diffusion by the presence of macropores in SA100. we used the following equation for molecular diffusids]:

rate increases more rapidly with reaction temperature than
diffusion rate. Therefore, the diffusion limitation tends to be

3.2. Quantitative evaluation of the effectiveness of T3/2(1/ Ma + 1/ Mr)V/2
racropores D = 0.0018583 -/ Ma + 1/Ms)

: ()

PUKB.QAB

We have obtained the catalytic results suggesting the dif- where P, o, £2 are respectively total pressure, Lennard-
fusion limitation in pores of catalysts even in the laboratory- Jones potential parameter, and collision integral. Use of this
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equation would be appropriate for the SA100 sample be-
cause its macropores not are randomly distributed but are
3-dimensionally interconnected without nedlable 2sum- 107 |
marizes diffusion coefficients calculated for mesopores and
macropores at different reaction temperatures. Both diffu-

sion coefficients for Knudsen diffusion and for molecular
diffusion increase with reaction temperature, while coeffi- =
cient of molecular diffusion is about 40 times larger than that

of Knudsen diffusion. In addition, we have to take into ac-

count the contribution of structural factors such as porosity,

¢, and tortuosity,r, to diffusion in a real porous materi-

-1
al [13]: 107
e i ]
DporeZ—Dideal- (6) | N | R |
‘ _ _ _ 107! 10° 10!
For SA3, porosity of 0.38 is obtained from pore volume ”

shown inTable 1and density of silica (2.2 gcnt). For
SA100, porosity affecting the molecular diffusion would be Fig. 5. Change in catalyst effectiveness factby, with Thiele modulus,
the volume ratio of macropores, and it becomes 0.51. Them, in the 2-propanol dehydration over SA100 and SA3 catalysts. Data in
tortuosity for usual porous material is 3{83]. Then, we Table 2were used in calculation dff andm for the data points, assuming
can evaluate that the facterz is in the range of 0.13 ’0 063 there was no diffusion effect in the reaction over SA100-S. The symbols are
fT 9 dihte the same as those Fig. 4. The solid curve is theoretically calculated for
for SA3 and 0.17-0.085 for SA100. Thus, the real diffusion gpperes.
coefficients in porous materials are about 10 times smaller

than the ideal values. We us¢1D of diffusion coefficient

listed inTable 2as Dpore in the following data processing. in it is appropriate. In the figure, a theoretidgl curve cal-
Itis theoretically predicted that catalyst effectiveness fac- culated using Eq(9) is also drawn. All the data points well
tor for spherical samples is described[b@] fit the theoretical curve. This result ensures that the causes of
3 1 1 the differences in catalytic aeity at high reaction temper-
Ef= —{ - — } ) ature between SA100 and SA3 and those between particles
m | tanfim) — m and powders of the same catalysts are attributed to the dif-
Herem is the Thiele modulus expressed as fusion limitations in SA3 without macropores and in large
particles, respectively. The effectiveness of macropores is
m = repher kideal’ 8) clearly shown for the catalyst with large particle size, as ex-
D pected.
where rsphere @nd kigeal are respectively radius of catalyst Them in the present data is limited up to transition re-

particles and reaction rate constant without restriction of dif- gion between reaction limitation and diffusion limitation.
fusion. Assuming that no diffusion limitation occurs in the Therefore, the ratio ofs between SA100-L and SA3-L par-

powdered SA100-S with macropordsfor the sample at  ticles with size of 2 mm is limited to 3. Since for the

each reaction temperature can be regardeklgag, which reaction over catalyst with larger size is in the diffusion lim-
can be used to obtain Thiele modulus using @{. Further- itation region, effectiveness of macropores would be more
more, the ratio ok/ kigeal at the same temperature provides significant in experiments using a catalyst with larger parti-
catalyst effectiveness famtof respective catalyst, cle size. Unfortunately, these experiments are very difficult
in laboratory-scale reaction because of limited diameter of
k 3 1 1

Er = =— - = (9) reactor.

kideal  m | tankim) — m We have to mention estimated errors in the data process-

Then, we can compare the catalyst effectiveness factorsing. We used diffusion coefficients calculated theoretically
obtained experimentally with theoretical ones. assuming Knudsen diffusion in mesopores and molecular

Figure 5shows the change in catalyst effectiveness fac- diffusion in macropores. These values could somewhat devi-
tor with Thiele modulus for althe reaction data except for ~ate from real ones due to both limitation in the equations and
N631L. Because N631L has different pore structures and parameters used. Furthermore, we postulate the sgme
shows different product selectivities compared with SA100, value of 0.1 for both SA100 and SA3. The values afould
factors other than diffusion would be incorporated in the vary depending on the pore structure. UseDpbre values
k/ kigeal In the plot, data points are located between 0.01 and obtained experimentally at eachrtperature rather than the-
10inm, andEs decreases with increasingatm > 0.2. Be- oretical values would lead to more exact comparison, if one
cause of smalt: in powdered macroporous silica—alumina, could measure them directly. Inevitably, distribution in par-
SA100-S, the assumption that no diffusion limitation occurs ticle size in the samples would be a cause of an error. Thus,
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the plot inFig. 5 may contain substantial errors along the [7] S. Sato, R. Takahashi, T. Sodesawa, F. Nozaki, X.-Z. Jin, S. Suzuki,
x-axis, although the general trend prevails. T. Nakayama, J. Catal. 191 (2000) 261.
[8] H. Tsai, S. Sato, R. Takahashi, T. Sodesawa, S. Takenaka, Phys. Chem.
Chem. Phys. 4 (2002) 3537.
[9] R. Takahashi, S. Sato, T. Sodesawa, T. lkeda, Phys. Chem. Chem.
Phys. 5 (2003) 2476.
[10] A. Shichi, A. Satsuma, M. lwase, K. Shimizu, S. Komai, T. Hattori,

4. Conclusion

Two types of silica—alumina catalysts with and without Appl. Catal. B 17 (1998) 107.
macropores were prepared by the sol-gel method using PEQu1] R. Takahashi, S. Sato, T. Sadsva, M. Yabuki, J. Catal. 200 (2001)
with different molecular weight. They showed higher cat- 197.
alytic activity than a commeral silica—alumina catalyst,  [12] M. Yabuki, R. Takahashi, S. Sato, T. Sodesawa, K. Ogura, Phys. Chem.
N631L, in dehydration of 2-mpanol. In addition, effective- Chem. Phys. 4 (2002) 4830.

; . At i [13] J.M. Smith, in: Chemical Engineering Kinetics, third ed., McGraw-
ness of macropores in the reactis quantitatively clari Hill Book Co, New York, 1981, Ch. 11.

f!Ed by.comparlng CataIySt, efttiveness factor. for the reac- [14] J. Crank, The Mathematics of Diffusion, second ed., Oxford University
tion using the catalysts with controlled particle sizes. The Press, Oxford, 1975, Ch. 2.

catalyst effectiveness factabtained experimentally well  [15] N. wakao, J.M. Smith, Chem. Eng. Sci. 17 (1962) 825.

agrees with theoretal prediction. The results clearly indi-  [16] A. Leitao, M. Dias, A. Rodrigues, Chem. Eng. J. 55 (1994) 81.

cate that the macropores with well-designed structure effec-[17] T. Numaguchi, K. Shoji, Shokubai (Japanese) 42 (2000) 63.

tively work as pathways for rapid diffusion and improve the [18] T. Numaguchi, Catal. Surveys Japan 5 (2001) 59.
[20] N. Nakamura, R. Takahashi, Sat8, T. Sodesawa, S. Yoshida, Phys.
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