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Abstract

The side-chain alkylation of toluene with methanol is one alternative technology to produce styrene that has been given
attention in the last few years. In the literature basic materials has been proposed as catalyst for the reaction but the real number
of tested catalysts is very small and few preparation parameters have been taken into account. In this work a combinatorial
approach has been used to explore the possibilities of basic zeolites to carry out such reaction. To do this, the following catalyst
variables have been studied: nature of zeolite, framework composition, nature and content of compensating cation and method
of incorporation (exchange, impregnation). The results obtained confirm the requirements of both basic and acid sites in the
catalysts and show the compromise between these two functions. The study carried out shows that zeolite-based catalysts
are still poor reactive to give the styrene/ethylbenzene yields required for converting this process in a real alternative to the
existing one, based on the alkylation of benzene with ethylene, followed by the dehydrogenation of ethylbenzene to styrene.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction for this reaction. Since then, a large number of pa-
pers and patents have been published and some of
Styrene is an industrially important chemical that the earlier ones are given here as referg@ed8]. It
is used for production of plastics and rubbers. This was known that basic catalysts direct the alkylation of
molecule is industrially produced by two subsequent toluene to the formation of chain-alkylated products,
reactions: the alkylation of benzene with ethylene while acid catalysts produce ring alkylatii?]. More
to produce ethylbenzene and its dehydrogenation to specifically, basic zeolites such as Cs-X, Rb-X and
styrene. There is a potentially interesting alternative Cs-Y give side-chain alkylatiofil], and the selectiv-
route for production of styrene, which involves the ity to styrene can be improved by adding B, P, Cu or
direct side-chain alkylation of toluene with methanol. Ag to the basic zeolit§3-5]. Also, small quantities
Indeed, back in 1967, Sidorenko et §l] showed of alkali-hydroxide particles entrapped within the alfa
that alkali exchanged zeolites were active catalysts cavities of faujasite, strongly increase the alkylation
in the side-chain of alkylaromatidé—8]. Other ba-
"+ Corresponding author. Tek+39-252046678: sic solids such as magnesium oxide and hydrotalcite
fax: +39-252056364. have also been used as toluene alkylation catalysts
E-mail address: cflego@enitecnologie.eni.it (C. Flego). [19].
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With respect to the mechanism of the side-chain
alkylation reaction, it is generally accepted that
formaldehyde produced via dehydrogenation of
methanol is the alkylating agent, and this is the con-
trolling step of the whole proced4,10]. NMR and
IR in situ studies together with quantum chemical cal-
culations[23] have strongly improved the knowledge

about the details of the mechanism of the reaction.
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of the preparation parameters for the zeolites modi-
fication have a strong effect on the catalytic activity.
The investigation strategy consisted of combining
the most usual parameters of the synthesis: (i) nature
of zeolites (medium-large pore zeolites at different
SiOx/Al,03 molar ratio, neutralized with Na or

K*; in particular, NaZSM5, NaY, NaX, NaBeta and
KL), (ii) mixture of the above zeolites (100 wt.%,

It has been established that the key requirements 75-25wt.% or 50-50 wt.%), (iii) preparation method
for a successful side-chain alkylation catalyst are: (ionic exchange and/or impregnation), (iv) loading
(i) sufficient base strength to generate the alkylating of the basic cation for the impregnation procedure
agent (formaldehyde); (ii) enough amount of weak (0.5, 1.0, 1.5 or 2wt.%), (v) nature of basic cation
Lewis acid sites able to stabilize sorbed toluene and chosen among alkali and alkali-earth elements (Li,
polarise its methyl groups; (iii) a balanced sorption Na, K, Rb, Cs, Mg, Ca, Sr and Ba) and (vi) cation
stoichiometry of the two reactants. In other words, a precursor (highly soluble in water and easily decom-
good balance between the acid—base properties of theposed by thermal treatment, as nitrate, acetate and
catalyst should be achieved. hydroxide).

Despite the relatively deep mechanistic knowledge  Binary combinations of zeolites are here consid-
achieved, a side-chain alkylation catalyst giving high ered; in that case some synergism/interaction between
conversion and selectivity has not been reported up to them may occur, not only from the point of view of
now and there is room for improving the design of the intrinsic catalytic activity but also of performance

such type of catalysts.

of the basic cation exchange/impregnation during the

In this paper, we report a case study concerning the preparation.

application of a combinatorial methodology to the se-
lection of a catalytic material for the side-chain alky-

These basic materials are very sensible to air pollu-
tants (e.g. C@) and moisture. At the same time, the

lation of toluene. The catalytic parameters space has procedure applied to decompose the precursors of the
been constrained to the area of basic zeolites. The zeo-basic cations affects notably the final basic strength

lite systems have been selected as potentially suitableof the active sites. For these reasons, the calcination
for tuning the basicity—acidity characteristics of the was performed before reaction directly in the reactor

catalysts and for favouring the bimolecular reaction under controlled atmosphere (sgection 2.3.

owing to the reactant proximity within the micropores.

Specifically, the catalysts are composed of zeolites 2.1.2. Test parameters
(X, Y, Beta, ZSM5 and L) exchanged and/or impreg-  According to the literatur¢4,6—9,20-22,24]tem-
nated with alkali and alkali-earth and have been pre- perature, feed composition and space velocity influ-
pared in parallel by means of a robotic system. These ence greatly the catalytic performance. Therefore, the
catalysts were screened in a high-throughput fixed following experimental conditions were selected: (i)
bed continuous reactor system on an iterative mannergas phase reaction at atmospheric pressure; (ii) tem-
while learning when proceeding. perature range of 380-50Q; (iii) toluene/methanol
molar ratio from 0.1 to 5, often with inert dilution (i.e.
He/mixture ca. 5/1); (iv) WHSV of 1-10H.

In order to simplify the comparison among the cat-
alytic performances of these materials, a well-defined
set of conditions were applied for the screening of all
samples (seBection 2.3 These conditions were cho-
2.1.1. Catalyst parameters sen to minimize the secondary reactions of methanol,

Basic zeolites can be obtained essentially by ionic including water and coke formation. The selectivity to
exchange or impregnation (or by combination of both the most interesting products (styrene and ethylben-
methods) of basic cations on neutral zeolites. Most zene from basic catalysis and xylenes from acid one)

2. Experimental

2.1. Description of the search strategy
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are referred to the conversion of the reactant presentextraction of equivalence classes, which accumulates

in lower amount (i.e. methanol). strategic information on the whole search space pre-
viously explored. It also allows to monitor efficiently
2.1.3. Evolutionary strategy the browsing—exploitation ratio or, in other words, the

The following parameters have been selected for the chemist can guide the design of catalysts generation
screening: five zeolites, nine basic cations, three typeseither to cover as much as possible the whole param-
of cation precursors (nitrate, acetate and hydroxide, eter space or to focus on well-defined area (defined
the latter only for the alkali cations), three preparation by selected parameters) which have been revealed as
methods (ionic exchange, impregnation and their com- promising by the KBS. Details on the hybrid algorithm
bination), four cation loadings and two binary mix- can be found elsewhefg26].
tures of zeolites (50-50 and 25-75wt.%). The number  In order to improve the learning process, additional
of calculated combinations within for this parameter information (here called additional aggregated vari-
space is larger than 250.000. A strategy for the design ables,Table ) were added to the catalysts encoding,
of libraries are therefore crucial to reduce strongly the namely: SiQ/Al,O3 molar ratio, pore size, number of
number of tested materials in order to speed up the member ring (i.e. number of tetrahedra constituting the
discovery of new active catalysts. channel structure of the zeolite), cation charge, crys-

Recently, an evolutionary strategy was successfully tal ionic radius, atomic radius and electronegativity. In
applied to the design of libraries resulting in the dis- the case study, the learning proceeded on two classes
covery and optimisation of new mixed oxides cata- of catalysts defined as “bad” and “good” according
lysts[25]. In the present work all selected parameters to an objective functionEq. (1). This function was
of the synthesis are discrete and therefore a new ge-chosen to give more importance to the production of
netic algorithm (GA) able to operate with qualitative styrene (desired product of reaction) and a lower one
data on the basis of binary coding had to be developedto ethylbenzene (obtained by consecutive hydrogena-
(Fig. 1. The catalysts were described as 100 disjunc- tion of styrene, but anyway indicative of basic catal-
tive variables (also called descriptors). These variables ysis). Despite the limited number of experiments, we
can be categorized in three groups: preparation vari- were able to confirm most of empirical rules found
ables, interaction variables and additional aggregated by the described algorithm by classical frequency and
variables. contingency table studies.

In addition, the genetic algorithm was hybridised
with a knowledge-based system (KBS) which enables
to extract, update and validate knowledge from allthe ~ The first generation containing 32 catalysts was
tested catalysts. This learning method is based on thedesigned on a random manner with a statistical

y= %yield (styrene + %yield (ethylbenzeng Q)

Initial library

Population of
K individuals

selection of
individuals by
the KBS

Evaluation

Population of
uK individuals

Final
population of K
individuals

Fig. 1. Diagram of the evolutionary strategy.
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Table 1
Physico-chemical characteristics of alkali and alkali-earth cations and zeolites

Zeolite type Pore size (A) Number of Si0,/Al,03 molar ratio

member ring

KL 7.1 12 6.0
NazSM5 55 10 23
NaY 7.4 12 5.6
NaBeta 5.5-7.0 12 25
NaX 7.4 12 11
Cations Crystal ionic Atomic Electronegativity Line lonisation energy | Charge §)

radius (A) radius (A) () number (1) (kI/mol)
Li 0.68 2.05 0.98 2 513.3 1
Na 0.97 2.23 0.93 3 495.8 1
K 1.33 2.77 0.82 4 418.8 1
Rb 1.47 2.98 0.82 5 403.0 1
Cs 1.67 3.34 0.79 6 375.7 1
Mg 0.66 1.72 131 3 737.7 (1450.7) 2
Ca 0.99 2.23 1.00 4 589.7 (1145.4) 2
Sr 1.12 2.45 0.95 5 549.5 (1064.2) 2
Ba 1.34 2.78 0.89 6 502.8 (965.2) 2

partitioning of the parameters space (equal frequency 12 h. For samples prepared both by ionic exchange
of zeolites, preparation methods, elements and pre-and impregnation, the ionic exchange was performed
cursors type) in order to allow an easier recognition first.

of relevant parameters. In Table 2all materials and their preparation vari-
ables are listed. The materials are named with con-
2.2. Catalysts preparation secutive numbers (from 1 to 96), divided in three

generations of 32 samples. The preparation variables
Samples of same generation were prepared in a truly of each material are reported in the same line of the
parallel fashion by using the robotic system Zinsser sample in the rows of the corresponding generation
SOPHAS, able to carry out all the liquid handling (e.g. the preparation variables of sample 64 can be
steps under inert atmosphere. First, 0.6 g of zeolites found in the last row of the table corresponding to the
or binary mixture of zeolites were placed manually in  second generation).

8 ml glass vials which were supported ox4 racks.
To assure the adequate mixing of binary combinations, 2.3. Catalytic test
the rack was shacked for 1 h.

For the ionic exchange procedure, 5ml of aque-  High-throughput catalytic tests were carried out by
ous solution of the basic cation precursor ([Mj means of a multiple continuous reactor syst@m,
0.06-02 M) was added to the zeolites. The suspen- which allows to test 16 catalysts in parallel. In this
sions were then shacked for 2 h at’Z& After a short automated system, the measurement and/or control of
sedimentation of the powders down to the vials, the temperature, pressure, flow of nitrogen feed (gas) and
suspensions were filtered from the top with needles liquid mixture feed is carried out in each of 16 mi-
equipped with filters. The wet unwashed solids were croreactors, individually.

dried under N stream at 120C for 12h. For the The calcination was performed prior to reaction in
wetness impregnation, the desired amount of the ba- the same reaction system at 5ZDunder CQ free air
sic cation precursor in agueous solution ([M]8 g/l (50 ml/min flow) for 1 h and under nitrogen (110 ml/

Viot = 5ml), was added to the zeolites to get the de- min flow) for 2h. The reaction conditions for the
sired loading. After 2 h shaking at room temperature, catalytic testing were: 450C, atmospheric pressure,
the water was evaporated under nitrogen at°12€or toluene/methanol molar ratie= 5, nitrogen/mixture
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Table 2
Composition and preparation procedure of the three generations screened
Sample Zeolites Cations
Type 1 % Type 2 % Exchange Precursor Impregnation Precursor %
First generation
1 NazZSM5 100 Li Nitrate
2 NaXx 100 Cs Acetate
3 NaY 100 Ca Hydroxide
4 Na3 100 Sr Nitrate
5 NazZSM5 100 K Hydroxide 0.5
6 NaX 100 Rb Hydroxide 1
7 NaY 100 Ca Nitrate 15
8 N&a3 100 Sr Acetate 2
9 NazZSM5 100 K Hydroxide Ca Nitrate 0.5
10 NaX 100 Mg Acetate Cs Acetate 2
11 NaY 100 Ca Nitrate Cs Hydroxide 15
12 N&B 100 Ba Hydroxide Mg Nitrate 1
13 KL 100 Li Acetate K Acetate 1
14 KL 100 Na Nitrate Li Hydroxide 0.5
15 KL 100 Rb Nitrate Li Nitrate 2
16 KL 100 Sr Acetate Na Acetate 15
17 NazSM5 25 NaX 75 K Acetate
18 NazZSM5 50 NaX 50 Rb Hydroxide
19 NaY 75 NaX 25 Mg Nitrate
20 N&B 25 KL 75 Ba Acetate
21 NazSM5 50 NaY 50 Ba Hydroxide 15
22 NaX 75 NaY 25 Rb Nitrate 2
23 NaY 25 KL 75 Cs Acetate 2
24 N&B 50 KL 50 Sr Hydroxide 1
25 NaZSM5 75 KL 25 Rb Acetate Na Hydroxide 1
26 NaX 25 KL 75 Li Hydroxide Li Acetate 0.5
27 NaY 50 KL 50 Sr Acetate Ca Acetate 0.5
28 N& 75 NaY 25 Ba Hydroxide Ba Nitrate 15
29 NazSM5 25 N 75 Cs Nitrate K Hydroxide 0.5
30 NaX 50 N 50 Mg Hydroxide Mg Acetate 1
31 NaY 75 NB 25 Ca Acetate Ca Nitrate 2
32 N&B 25 NazSM5 75 Sr Hydroxide Sr Nitrate 1
Second generation
33 KL 100 Sr Acetate
34 NaY 100 Ca Nitrate 15
35 N& 100 Sr Acetate 1
36 NaX 100 Li Acetate
37 NazSM5 100 K Nitrate
38 NaXx 100 Rb Nitrate
39 KL 100 Cs Hydroxide
40 NaX 100 Mg Acetate 0.5
41 N& 100 Mg Nitrate
42 NazSM5 100 Ca Nitrate
43 NaY 100 Ba Nitrate
44 NaX 100 Cs Nitrate Mg Nitrate 0.5
45 KL 100 Mg Acetate Na Acetate 15
46 NaY 100 Na Acetate
47 N&B 100 Sr Nitrate 2
48 NaX 100 Na Hydroxide 2
49 NaZSM5 100 K Acetate 0.5
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Table 2 Continued)
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Sample Zeolites Cations
Type 1 % Type 2 % Exchange Precursor Impregnation Precursor %
50 NazZSM5 100 Cs Hydroxide 2
51 KL 100 Li Hydroxide 1
52 NaY 100 Ca Nitrate 15
53 KL 100 Ba Acetate 2
54 N&B 100 Rb Hydroxide 0.5
55 NaY 50 KL 50 Ba Acetate Ca Nitrate 1.5
56 NazZSM5 25 NaY 75 Ca Acetate Sr Acetate 1
57 KL 75 N&3 25 Rb Acetate Li Hydroxide 2
58 NaX 50 NaY 50 Na Hydroxide K Nitrate 0.5
59 NaY 50 NaX 50 Sr Nitrate Ba Acetate 0.5
60 N3 75 NaX 25 Cs Hydroxide Rb Acetate 1
61 NaX 25 KL 75 Mg Hydroxide Cs Hydroxide 0.5
62 NazSM5 25 Ng 75 Li Nitrate Mg Acetate 1
63 N&3 75 NazZSM5 25 K Hydroxide Na Nitrate 15
64 KL 75 NaY 25 Ba Acetate Sr Nitrate 2
Third generation
65 NaX 100 Na Acetate 25
66 NazSM5 100 Na Acetate 2.5
67 NaX 100 Na Hydroxide 25
68 NaX 25 NazSM5 75 Na Hydroxide 25
69 NaX 100 0 Mg Acetate 0.25
70 NaX 100 0 Mg Nitrate 0.25
71 NazSM5 25 NaX 75 Mg Acetate 0.25
72 NazSM5 25 NaX 75 Mg Acetate 2.5
73 NaX 25 NazZSM5 75 K Acetate Li Acetate 1
74 NaX 100 Li Hydroxide 2
75 NazZSM5 100 K Hydroxide Mg Acetate 1
76 NazSM5 100 Na Acetate 2
77 NaY 100 NaXx K Nitrate
78 NaY 25 NaX 75 Li Hydroxide 0.5
79 NaY 25 NaXx 75 K Hydroxide
80 KL 100 K Nitrate Li Acetate 0.5
81 KL 100 Li Hydroxide 2
82 KL 100 K Nitrate Mg Acetate 25
83 NazSM5 25 NaY 75 Li Hydroxide 0.5
84 NazSM5 25 NaX 75 K Acetate
85 NazZSM5 25 NaX 75 Mg Acetate 2
86 KL 25 NazSM5 75 Rb Acetate 2
87 NaX 25 NaY 75 K Acetate 2
88 NaX 25 NaY 75 Mg Acetate 0.25
89 KL 25 NaX 75 Li Acetate 0.5
90 KL 25 NazSM5 75 Li Acetate
91 NazSM5 100 Li Hydroxide 2
92 NaX 100 Rb Acetate 0.5
93 NaX 100 Rb Acetate
94 NaX 100 K Nitrate
95 NazSM5 100 K Hydroxide
96 NazSM5 100 Li Acetate 0.5
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molar ratio= 5 and contact time= 0.5h. Reaction
was maintained during 18h (time on stream), being

431

high conversion. The presence of large amount of wa-
ter is probably the reason for a quite rapid catalyst de-

possible to carry out seven analysis for each cata- activation (basic sites poisoning). Coke formation on

lyst. Catalytic results are therefore calculated with

the products analysis obtained after reaching catalyst

stabilisation.

The amount of catalyst in each fixed bed microreac-
tor is 0.4 g and patrticle size 0.4—0.6 mm, for which in-
ternal diffusion was checked not to be the controlling
step when using a reference catalyst (CsOH-NaX).
The complexity of the reaction products and the low
amounts of some of them require a conventional GC
Analysis (Varian 3380GC), using a Carbowax capil-
lary column, reaching an analysis time of ca. 8 min.

With the purpose of validating the results obtained
by the multi-sample reactor, catalytic tests were car-
ried out by means of a conventional laboratory fixed
bed reactor (10 mm of internal diameter, holding 5g
of catalyst, particle size 0.4—-0.8 mm).

3. Results and discussion
3.1. Validation of the reaction assay

Firstly, the catalytic results of the reference cat-
alyst CsOH-NaX reported ifi28] were reproduced
in the laboratory fixed bed reactor. The experimen-
tal conditions were as those described for run num-
ber 2 of [28]: 430°C, toluene/methanol molar ratio
of 1/7.5, toluene/N molar ratio of 0.11/1, N flow of
70 ml/min. The reproducibility of literature data was
satisfactory (se@able 3. However, these experimen-
tal conditions were not applied in the screening, be-

catalyst surface was also observed.

Secondarily, another experiment with the same cat-
alyst (CsOH-NaX) was run with both multi-sample
and conventional reactor, at the reaction conditions de-
scribed inSection 2.3i.e. large toluene/methanol feed
ratio, in order to limit both basic sites poisoning and
coke formation). A good reproducibility between the
multi-sample and the conventional fixed bed reactor
was obtained: methanol conversion (%) of 98.6 and
100, and styrene yield (%) of 1.36 and 1.30, respec-
tively. In addition, a good degree of reproducibility
within the different microreactors of the multi-sample
system was confirmed.

From the reaction products obtained, the following
reactions are believed to occur in the catalytic test:
toluene disproportionation, alkylation of toluene to
xylenes, alkylation of toluene to ethylbenzene, alky-
lation of toluene to styrene, alkylation of xylenes
to trimethylbenzenes, disproportion of xylenes and
oligomerization of methanol. A reaction network
based on product distribution is given 8cheme 1
The basic sites catalyse the side-chain alkylation,
while the acidic sites catalyse the alkylation and
transalkylation on the aromatic ring.

3.2. Search progress

3.2.1. Results, learning and library design

Composition and preparation procedure for the 96
catalysts is displayed ifiable 2 Fig. 2 shows the cat-
alytic performances for the three generations. When

cause the large amount of methanol in the feed gave considering the catalytic performances of all the cat-

rise to the formation of a large amount of water at

Table 3
Catalytic performance comparing the refereri28] and experi-
mentally reproduced data

Catalytic performances Reference Present
data (%) results (%)

MET conversion 69 70.8

TOL conversion 30 23.2

EB selectivity 74 80.2

STY selectivity 4 8.8

(EB + STY) yield 23.4 20.6

MET: methanol; TOL: toluene; EB: ethylbenzene; STY: styrene.

alysts tested, a positive evolution can be recognized.
Specifically, an improvement can be observed in the
formation of side-chain alkylation products (styrene
and ethylbenzene) and a decrease in ring-alkylation
products (xylenes). Inspite of these improvements of
the catalytic performances, the best results are in the
same range of those obtained by the reference catalyst
[28]: 1.15% of styrene obtained with sample 64 with
respect to 1.36% with the reference catalyst.

3.2.1.1. First generation. Seven catalysts (i.e. nos.
16, 17, 18, 22, 23, 26 and 31) showed a fitness (result
of the objective function) above 3&ig. 2) and were
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Scheme 1. Toluene—-G@H alkylation reaction network over acid—base catalysts.

therefore selected to form the class of good catalyst located as counter-ion of Al in the structufeable 1
on which the learning proceeded. see SiQ/Al>,0O3 molar ratio). Zeolites containing Ba

It was of course impossible to get clear rules from and Mg may present some extra Bronsted acidity due
only 32 samples, yet tendencies could be enlightened.to the hydrolysis of water by the divalent cations. Fi-
For example, the effect of cations was difficult to eval- nally, an excess of alkali cations over the exchange
uate since the hits were quite dispersed and there wascapacity will probably generate clusters of alkali ox-
not enough data to remove ambiguities. Nevertheless, ide within the pores of the zeolite that present strong
with variable coding of the cations chargel or +2), basicity[29].
it was clear that alkali cations were three times bet-  In order to get a better tendency view, the algorithm
ter than alkali-earth cations. Among the preparation parameters were tuned in such a way that a diverse
variables, the nature of the zeolite showed a great in- generation of catalysts was designed, thus promot-
fluence: 44% of catalysts containing NaX were good ing the browsing of the parameter space. As a conse-
against 10% for NaBeta. All catalysts containing Ba quence, alower probability was given by the algorithm
and Mg were bad, whereas for other cations there wasto generate mixture of zeolites, because in the first
at least one with good performances. High loading of generation any synergetic effects were not obtained.
cations for the impregnation (2 wt.%) was favourable,
since 50% of the catalysts with a loading of 2wt.% 3.2.1.2. Second generation. Although the yields are
showed good results. It appeared also that there wasstill far below the chemist requirements, the results
not a privileged preparation method and that there was showed clearly an overall improvement of the perfor-
likely no synergy when mixing zeolites. mances. The learning process was re-trained on both

These results can be easily explained taking into ac- the first and second libraries (64 samples) by selecting
count the basicity of the catalyst. Indeed, NaX is more those catalysts (i.e. nos. 26, 37, 40, 48 and 57) with
“basic” than NaBeta because of its larger amount of Na fithess above 153.
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Fig. 2. Experimental results from the assay in the multi-sample reactor: (a) objective function, (b) styrene yield, (c) ethylbenzene yield
and (d) xylenes yield for all the catalysts tested. The samples displayed are fitness-ordered for each generation.



434 JM. Serra et al./Catalysis Today 81 (2003) 425-436

16
14
B
SRV E
=
= 10
g
g 8
5
O
M H
41
51
d 0 Nln" 14 I|||Iiln ; Illlﬂ IIIII H"m e l‘ﬂ" N | “" pailln, ‘"‘ﬂ'nlﬂl..‘ anlag " ‘ MH lllll ﬂlﬂ,n,“,ulﬂ‘ "ll ralian
First Generation Second Generation Third Generation

Fig. 2. Continued).

It is important to note that the model was trained sites are in this case associated with the Lewis acidity
here with a very different set of catalysts that were of the cations and this follows the order ki Na >
useful to validate or invalidate the rules discovered at K > Rb > Cs and Mg> Ca > Ba. If one considers
the first library. The zeolite NaX was confirmed as the that the basicity of the exchanged or the impregnated
best zeolite (18% of hit), whereas NaBeta and NaY led zeolite will follow the reverse order, it appears that a
to bad catalysts. The cation effects were still difficult trade off between the two functions is required and
to evaluate since good performances were quite well this is shown above by the influence of the cation.
distributed among the different preparations. Never-
theless, Li showed the highest probability to find good 3.2.1.3. Third generation. The third generation was
performances rate (22% of hit), whereas Ca, Sr and designed in such a way that the discovered rules were
Ba showed only bad fitness. These results confirmed exploited. Thus, algorithm parameters were tuned to
the relevance of the cation charge. Furthermore, we focus on: (i) NaX zeolites, (ii) ionic exchange with
observed that K, Li and Rb all led to 20% of hits after Li and K, (iii) impregnation with Li, Mg and Na, (iv)
ionic exchange, while Li, Mg and Na gave rise to 40, higher and lower weight loadings for impregnation
20 and 20% of hits, respectively, in the case of im- (2.5 and 0.25wt.%) and (v) acetate and hydroxide pre-
pregnation. Interestingly, the cation loading in the case cursors for impregnation.
of the impregnation was revealed as a major feature.

Indeed, we observed that the highest hit rates (16%) 3.2.2. Validation of the rules performed

were obtained with the highest and lowest loading (2 on the 96 samples

and 0.5 wt.%, respectively), whereas medium loading  Results of the three libraries validated most of the
results in only bad catalysts. rules determined after the screening of the second

We have to keep in mind that the rules gener- library (new set of good zeolites, i.e. nos. 26, 37, 40,
ated were only statistical tendencies and had no 48, 67, 72, 73, 80 and 94). Among the zeolites, NaX
“direct” physical meaning. However, this unexpected was clearly the best material (36% of hits). K (31%
behaviour would call for further investigations and of hits) and Li, Mg and Na were confirmed as the best
characterisation. cations for the ionic exchange and the impregnation,

As said before, besides the basic sites, weak acid respectively. The high hit rates (33%) obtained for
sites are also required for this reaction in order to impregnated zeolites at 2 wt.% were very meaningful,
adsorb and “activate” the toluene molecules. The acid allowing a clear validation of a rule that could be
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Fig. 3. Data modelling performed with the C4.5 algorithm on 96 catalysts. The dark and light charts represent the “bad” and “good”
catalysts, respectively. Each node represents a disjunctive variable.

applied for further optimisation. Nevertheless, one mi- cision tree methodFig. 3) is a top—bottom classifi-
nor rule was invalidated, nitrates, which appeared as cation where the nodes represent the modality of the
bad precursors for ionic exchange in the first library, variables (here the modality is two because we have
seemed clearly the best precursors type after the third only disjunctive variables) and the dark and light bars
screening. Because of the stochastic features of therepresent the percentage of the population which be-
screening, invalid tendencies can appear at the verylong to the bad and good catalyst class, respectively.
beginning of the study, when not enough samples are The classification shows clearly the relevance of per-
tested. Therefore, it is utmost important to validate forming ionic exchange with K since it increases the
the learning process as the screening proceeds. hit rate from 9 to 31%. In this case, when NaX is used
Learning on the additional aggregated variables as zeolite a rate of 100% is obtained. When NaX is
(Table ) has also confirmed the empirical rules. not used, the choice of nitrate as precursor increases
Clearly zeolites with low silica—alumina ratio (SiO the probability from 18 to 50% to get a hit. On the
Al,O3 < 5), and therefore with lower average other hand, when the ionic exchange with K is not
Sanderson’s electronegativity after alkali introduc- chosen, the choice of 2.5wt.% of impregnation allows
tion, and with pore diameter of 7.4 A show better increasing drastically the probability from 6 to 40%.
yields. On the other hand, cations, which combine
high ionization energy and low crystal ionic radius,
give better results. These trends confirm partially the 4. Conclusions
good performances obtained for the NaX zeolite and
the Li, K, Mg cations. The results given by these From the application of the combinatorial method-
additional variables may appear redundant with the ology to the study of basic zeolite catalyst, some
variables of the preparation, yet they could have been interesting conclusions can be extracted. (i) High-
useful if a reduction of the space dimension would throughput screening is possible also in the presence
have been required for the data treatment. of a complex reaction as the side-chain alkylation of
For validation purposes, the same data set associ-toluene to styrene and ethylbenzene. (ii) Solid basic
ated with the same objective function was analysed zeolites can be prepared in parallel by one robotic ap-
by the inductive graph technique C430]. This de- paratus. (iii) Application of screening strategy allows
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dealing with a reduced number of materials, tak-
ing into account all the preparation variables of one
complex catalytic system.

The catalytic results obtained through this combi-
natorial work support the bifunctional acid—base na-
ture of the catalysts for this reaction. The fact that
NaX zeolite gives the best results among the different
zeolites (KL, NaZSM5, NaBeta, NaY), confirms that
the low SiQ/Al,O3 molar ratio and the correspond-
ing high basicity of the alkali exchanged samples (i.e.
Li, K and Mg) are adequate to catalyse the first re-
action step, i.e. the dehydrogenation of methanol to
formaldehyde. It is interesting to notice that, differ-

ently from the literature data, the best results are not
obtained with the most basic Rb and Cs exchanged
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acidity in these catalysts seems to be fundamental to[17] B. Denise, V. De Quivillic, WO patent 8904716 (1984), to

favour the adsorption—activation of toluene.

Nevertheless, based on the large number of vari-

Elf Aquitaine and CNRS.
[18] L. Slaugh, T.F. Brownscombe, US patent 5015796 (1991), to
Shell Oil Co.

ables and samples studied, it can be concluded that[19] A.E. Palomares, G. Eder-Mirth, M. Rep, J.A. Lercher, J.

zeolite-based catalyst probably become limited to
carry out the transformation of toluene into styrene
with yields high enough to represent an industrial
alternative to the existing processes.

Acknowledgements

Financial support by the European Commission
(GROWTH Contract GRRD-CT 1999-00022) is
gratefully acknowledged.

References

[1] Y.N. Sidorenko, P.N. Galich, V.S. Gutyrya, V.G. llin, I.E.
Neimerk, Doklad. Akad. Nauk. SSR 173 (1967) 123.

[2] H. Pines, J.T. Arrigo, J. Am. Chem. Soc. 79 (1957) 4958.

[3] M.L. Unland, G. Barker, US patent 4115424 (1978), to
Monsanto Co.

[4] D. Archier, C. Coudurier, C. Naccache, in: R. Van Ballucos,
et al. (Eds.), Proceedings of the 9th International Zeolite
Conference, Butterworth—Heinemann, vol. 2, 1993, p. 525.

Catal. 180 (1998) 56.

[20] H. Itoh, A. Miyatomo, Y. Murakami, J. Catal. 64 (1980) 282.

[21] B.K. Vasanthy, M. Palanichany, V. Krishanamy, Appl. Catal.
A 148 (1996) 51.

[22] W.S. Wieland, R.J. Davis, J.M. Garcés, Catal. Today 28
(1996) 443.

[23] A. Corma, G. Sastre, P. Viruela, Stud. Surf. Sci. Catal. 84
(1994) 2171.

[24] A.E. Palomares, G. Eder-Mirth, J.A. Lercher, J. Catal. 168
(1997) 442.

[25] D. Wolf, O.V. Buyevskaya, M. Baerns, Appl. Catal. A 200
(2000) 63.

[26] D. Farrusseng, L. Beaumes, C. Mirodatos, in: R.A. Potyrailo,
E.J. Amis (Eds.), High Throughput Analysis: A Tool
for Combinatorial Materials Science, Kluver Academic
Publishers/Plenum Press, 2002.

[27] A. Corma, J.M. Serra, A. Chica, in: E.G. Derouane, V.
Parmon, F. Lemos, F. Rama Ribeiro (Eds.), Principles and
Methods for Accelerated Catalyst Design and Testing, Kluwer
Academic Publishers, Dordrecht, 2002, pp. 153.

[28] H.-C. Liu, US patent 4,463,204 (1984), to Exxon Research
Engineering Co.

[29] P.E. Hathaway, M.E. Davis, J. Catal. 116 (1989) 263.

[30] J.R. Quinlan, C4.5 Programs for Machine Learning, Morgan
Kaufman, Los Altos, CA, 1992.



	Styrene from toluene by combinatorial catalysis
	Introduction
	Experimental
	Description of the search strategy
	Catalyst parameters
	Test parameters
	Evolutionary strategy

	Catalysts preparation
	Catalytic test

	Results and discussion
	Validation of the reaction assay
	Search progress
	Results, learning and library design
	First generation
	Second generation
	Third generation

	Validation of the rules performed on the 96 samples


	Conclusions
	Acknowledgements
	References


