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Optimization of the Me-V —Shb mixed-oxide system for the selective oxidation of isobutane to methacrolein

by true combinatorial methods primarily is intended to reduce the number of experiments in a broad parameter
space. Therefore, an evolutionary approach based on a genetic algorithm has been chosen to screen three
generations of 30 catalysts. With the help of automated-gel synthesis techniques, a high-throughput
continuous flow reactor (L6UPCFR), and appropriate software for experimental design, a new catalyst
composition with improved performance has been obtained. Finally, the best catalysts were scaled-up to
gram quantities and tested in a continuous-flow reactor unit that was equipped with four parallel reactors
(AUPCFR). The final catalyst showed a significantly higher selectivity toward methacrolein at the same
isobutane conversion, compared to the initialgMgBhyoOx catalyst.

Introduction € [0,10]), based on their interesting dehydrogenation and/or

The optimization of heterogeneous catalysts by combina- 0Xidation properties of the associated oxides reported in the
torial principles is faced with the high complexity of the literature* In this way, the purpose of these efforts was to
optimization task of comparing a large number of variables. increase the selectivity to methacrolein (MA) at the same
This includes qualitative and quantitative aspects of catalyst (Or even increased) isobutane conversion.
composition, as well as the diversity of preparation param-
eters (such as type of precursors, calcination temperature,
and calcination media) and operating conditions (such as Optimization via Combinatorial Approaches. For com-
temperature, contact time, and reactant concentrations).binatorial optimization with the genetic algorithm, the
Therefore, effective experimental strategies are required todigitalization of material information was indispensable.
navigate through this vast experimental space in the searchTherefore, the composition of each additive was coded with
for new materials. A variety of methods have already been a system of 8 digits. The size of each generation of catalysts
applied to the design of combinatorial experiments in and the initial number of elements per catalyst were 30 and
heterogeneous catalysis, including statistical design of ex-3, respectively. Table 1 shows how the first generation has
periments,? diversity method$,evolutionary algorithm$;,® been produced by two random number sets. For the selection
neural networkg; ® and hybrid approaché8:'2 The choice of three elements, a binary system with 8 digits was used.
of strategy is dependent on the goals of the experiment andThirty 8-digit numbers, which consisted of five “zeros” and
the intended use of the resulting data. An indication that three “ones”, were selected in a random way for the deter-
evolutionary principles can be applied in heterogeneous mination of the elements included in the catalytic materials
catalysis has already been reported in the optimization of of the first generation. The digit “0” represents the absence
multicomponent oxides for the oxidative dehydrogenation of an element, and the digit “1” denotes its presence in the
of propanét A significant increase in the propene yield was catalyst. In this way, each catalytic material consisted of three
observed with the increasing number of generations. primary components. For the determination of the elemental

In the present study, the best-performing ¢MgShyOx composition of each element, 90 (303) numbers consisting
catalyst presented earlier for the selective oxidation of of a real number between 0 and 100 were created randomly.
isobutan&® is further optimized using an evolutionary These numbers were then normalized so that the sum of the
approach that is based on a genetic algorithm. In particular,three dopants was equal to 10. Each number corresponded
some dopants (M M2, and M), which were selected from  to the relative amount of three elements determined by the
elements such as Sb, Cr, Fe, Nb, Te, Ce, P and K, were8 digits, given in order. In this way, the digits in the code

Results and Discussion

added to the MgV/,ShsoM1, M3, M3, Ox system kl,m  for elemental composition referred to the molar concentration
of the corresponding elements in the catalyst.
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Table 1. Production of the First Generation of Doped MoVShCatalysts by Two Random Number Sets
Molar Concentration (%)

catalyst
existence quantity number Sb Cr Fe Nb Te Ce P K composition
[L0000101] [1.90.18.0] 1 1.9 0.1 8.0 MW ,Shs; LLroFeNbyTeyCey 1PoK s Ok
[10100001] [453.32.2] 2 45 3.3 2.2 MW ,Shss sCroFes sNbTesCeaPoK 2 20«
[L0010010] [3.92.33.8] 3 3.9 2.3 3.8 MY 2 Shis LCroFeNb, sTerCenPs sKoOx
[00110001] [3.73.42.9] 4 3.7 34 2.9 MY ,Shs LCroFes Nbs 4TegCePoK 2 Ok
[L0010001] [3.03.83.2] 5 3.0 3.8 3.2 MY ,Shss LCroFesNbs sTepCearPoK 3 20k
[01010100] [2.03.34.7] 6 2.0 3.3 4.7 MY 5Shi0.oCr2.0F@Nbs sTeyCey PoK 0Oy
[11000010] [481.73.5] 7 48 1.7 35 MY ;S ¢Cr1 FFeNbeTesCePs sKoOx
[00100110] [3.43.43.2] 8 3.4 34 32 MY ;S «CroFe3 ANbo TesCes 4P3 2K 0Oy
[01010001] [0.83.95.3] 9 0.8 3.9 5.3 MW ,Shs «Cro gFeNbs oTegCenPoKs 30«
[10110000] [3.02.05.0] 10 3.0 20 50 MY 2Shss ICroFe. oNbs oTesCeayPoK 0Oy
[01100010] [424.41.5] 11 42 4.4 15 MY 2Shso. Cra 2Fes aNbe TenCeyPr 5K 0Ok
[00001101] [153.64.9] 12 15 36 4.9 MY ,Shso LCroFeNbyTe; sCes 6PoK 4.d0«
[01010001] [1.7156.8] 13 1.7 1.5 6.8 MYV Shs {CrFeNby sTesCerPoKe 80«
[LO000011] [5.11.73.2] 14 5.1 1.7 3.2 MY ,Shs CroFeyNbeTenCeayPs K3 20«
[11000010] [2.85.02.2] 15 28 50 2.2 MY ,Shs, £Crs oFeyNb TenCeyPs KOy
[00001110] [3.4551.1] 16 34 55 11 MY 2Shso CroFesNbyTes 4Ces 5P1 1K 0Ok
[01100010] [5.72.02.3] 17 57 20 2.3 MY 2Shso. Crs. €. o0Nbe TegCeyP2 K gOx
[01001100] [1.05.63.4] 18 1.0 56 34 MY 2Shso 1. oFeNboTes 6Ce; APoK 0Ok
[L0011000] [1.22.36.5] 19 1.2 23 6.5 MY 2She; LCroFeND; 3Tes sCePoKoOx
[10110000] [3.02.05.0] 20 3.0 20 5.0 MY 2Shss CroFe.oNbs oTesCeaPoK 0Ok
[L0000110] [1.28.40.4] 22 1.2 84 04 MY 2Shs1 LCroFesNBeTenCes 4Po 4K oOx
[L0010001] [451.64.0] 23 45 1.6 4.0 MY ,Shss sCroFeNb; gTesCeaPoK 46Ok
[00010011] [267.30.1] 24 2.6 7.3 0.1 MY;Sh CroFeNb, ¢TeCerP7.3Ko 10«
[11010000] [3.92.63.5] 25 39 26 35 MY 2Sky3 12 g-END3 5T€CePoK Ok
[00011100] [053.95.7] 26 05 39 57 MY 2Shyo LCroFeNbg sTes gCes PoK 0Oy
[L0010010] [1.74.14.3] 27 1.7 4.1 4.3 MY Sk CroFegNby 1 TegCeyPy 3K 0Ok
[00100011] [3.01.75.3] 28 3.0 1.7 53 MVShyCroFe; NbyTeyCeayPr Ks 30«
[O0O000111] [0.42.86.8] 29 04 2.8 6.8 MYShCroFeNbyTesCey P2 8K 80«
[L1000001] [0.66.62.9] 30 06 6.6 2.9 MY 3Shs «Crs.dFeoNbeTenCePoK 2. 6O«

a Existencex quantity= composition.

reactor (16UPCFR). One reactor tube was filled with quartz  Table 2 illustrates the reproduction procedure for the
grains, to check the contribution of a homogeneous reaction.second generation of catalysts, based on the evaluation results
The main products formed included carbon monoxide (CO), of the first generation of catalysts, using the normalized
carbon dioxide (C@), isobutene, and methacrolein (MA). performance of each catalyst, based on the MA selectivity
The formation of G, C,, and/or G molecules, as well as  (“Norm No.”), the type of operation (“Operator”), the
other oxygenates, could not be observed in the present set otorresponding parent(s) (“Parent”), and the place where the
experiments. (The corresponding results are listed later inoperation starts (“C/M position”). Based on the selectivities
this work in Table 3, in order of decreasing methacrolein toward MA, the “runlet selection” was performed to choose
selectivity Sua) at 1% isobutanei{C,) conversion.) It was  between the three evolutionary operators, i.e., crossover,
noticed that doping the MW 2SOy mixed oxide with small quantitative, and qualitative mutatiémn addition, the same
amounts of niobium and tellerium developed the highest population size was used in all subsequent generations.
selectivity toward MA, i.e.Sua = 50.4% for the M@V .Shs: ~ Finally, after performing one of the three operations, the
Nb, 3Tes 5O, composition. On the other hand, other metal antimony content for each generated catalyst was adapted
oxide compositions also showed selectivitieSaf = 43.7% to keep the total concentration of elements equal to 100%.
and 26.5% for M@V :ShyoT ez 4Ce;5 sP1.10x and M@V ,Shs- In particular, for the reproduction of the second generation
FeNbsOy, respectively. Finally, those catalysts with a of catalysts, 10 catalysts were generated by quantitative
catalytic activity of<1% in the temperature range tested had mutation. For example, the first catalyst of the second
CQ, isobutene, and MA selectivities that were equal to zero. generation was created by taking catalyst 10 of the first

After analysis of the performance of the first-generation generation (based on the fitness proportional choice) and
catalysts for the selective oxidation of isobutane, a secondaltering the element concentration on position 4 (niobium)
generation of catalysts was planned. For the selection offrom 5% to 7.5%. In addition, two catalysts were generated
catalytic materials in an ongoing evolutionary procedure, by qualitative mutation. For instance, in the second genera-
different criteria (e.g.i-C, conversion, MA yield or selectiv-  tion, catalyst 20 was generated by changing the molar
ity) could have been used to identify the promising materials. concentration of iron (from 0% to 2.1%) in catalyst 16 of
Because methacrolein is the desired product, which is formedthe first generation. Finally, 18 catalysts were created by
as an intermediate in a sequence of oxidation steps, MA crossover. Catalysts 5 and 6 from the second generation, for
selectivity at 1%i-C, conversion was used throughout the instance, were generated by crossover at position 2 between
entire evolutionary procedure for the evaluation of subse- the fitness proportional selected catalyst 30 and the randomly
quent generations of catalysts. chosen catalyst 19 (both from the first generation).
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Table 2. Reproduction Procedure of the Second Generation
with Operations of Crossover and Mutation

1* generation results Operation (erossover + mutation)

Cat | Selectivity | Morm Parent Dopant Operator | /M
No. | MA) | No* Sh Cr Fe Nb Te Ce P K b Pos*
| 8.4 1 0 30 20 50 Cuant 4
2 7.2 1 24 16 73009 Chuant 4
3 51 0 21 0.8 1.6 7.7 uant &
4 78 1 19 1.2 23 [65 Quant 5
5 7.7 1 30 06 66 29 Cross 2

[ 13.2 1 19 1.2 23 65
7 83 1 23 45 1.6 39 Cross 1
£ 158 | 10 30 20 50
9 7.5 1 27 1.7 4.1 4.3 Cross 3
10 26.5 2 30 06 66 9
11 6.4 1 19 12 23 65 Cross 3
12 1.4 1 6 3455 11
13 80 1 14 5.1 1.7 032 Quant
14 86 1 18 10 56 34 Cross 4
15 4.8 o 19 1.2 23 165
16 437 4 16 34 55 11 Quant 5
17 43 0 16 34 55 1.1 Cross 5
18 126 1 10 30 20 50
19 50.4 4 15 2.8 U500 22 uant 2
20 21,7 2 16 34 55 1.1 Cual 3
21 10.3 1 19 12 23 65 uant 4
22 0 L 11 42 44 1.5 Cual S
23 7.1 1 5 30 38 3.2 Cross 5
24 10.9 1 19 1.2 23 63
25 21.8 2 20 3.0 20 5.0 Cuant 3
26 ] 0 12 1.5 36 4.9 Cross 3
27 20.4 2 23 |45 1.5 4.0
28 0 0 12 1.5 36 4.9 Cross 4
29 8.6 1 3 30 23 3.8
30 9.8 1 19 1.2 23 6.5 Cuant 4
2" generation
Cat Dopant Catalyst Composition
Mo.| Sb Cr Fe Nb Te Ce T K
1 0.5 2.0 RS Moy V' Sby.sCroFeNbo.sTegCegMKe
2 -1.3 39 73 009 | MogVaSbagaCroFeMbyoTenCeels Kan
3 | -08 0.8 s 7.7 MoV, Shoo CryFeg
4 2.0 2.3 B MogV,S| wFegNby.: Tes
5] -54 66 23 65 Mo VoShay (O FeyNbe. o Teg s CegPokly
6 7.1 29 MoV Shey | CrgFegNby TegCegPyKa o
7 30 20 50 MogVoShy (CryFeyNbs TeoCe Pk
8 4.5 1.6 3.9 MogVoSbgy CroFegMby  TeCegPuks .0
9 7.1 29 MoV, Sbag, CroFegNhy TegCegPybas
10 S50 6.6 4.1 4.3 WogV ShoeyCrgcFegNby. TegCegPa Ky
11 34 55 11 Mo VoS oCroFegNby Tes sCessPy Ky
12 1.2 23 65 MogV Shy) SCrpFegNbeTey.oCeoPuks
13 | 67 1.7 BRI MogWVaSbas CroFegNby TegCeoPy oKy
14| 25 10 6.5 MogVoShye Oy FegMhy Tey sCegPks
15 -1.3 23 56 34 Moy VSb CryFegNbo.s Tes (Ces jPokg
16 | -1.7 Bl 5.5 1.1 MogVoShag CriFegNbeTes Ces o) Ky
17 [ 34 MogV.Shy, egMNbpTes. CegPKy
18 | 36 20 50 55 11 MogVoShae CroFey N TeCes o Py Ky
19 | 55 '35 22 MagV;Shy.. FeNby Te,CegPo Ky
| 21 2.1 34 55 11 MaogV: CroFes NbyTes sCes 5Py Ky
21 23 12 6.5 Moy V:Shy sCryFeyNb, o Tey sCeyPy Ky
22| 17 42 44 7.6 1.5 Mo VoShos s Crs s Fey sMby Tes, CegPy <Ko
23 [ 62 38 MogVoShy  CroFesNb. o TeCeyPoKy
24 =2.0 23 6.5 3.2 Moy V- Sbm o CroFegNbs s Teg sCegPoka.o
25 | 20 30 50 MogV:Sbg, oCroFesNbs TeoCenPoky
26 | 45 1.5 4.0 Moy V;She, o CroFegNb . TeoCegPKy o
27 0 1.5 36 4.9 Moy Vs Sby «CroFenNbyTe, sCey.sPokan
28 | 62 38 MoV, Sy o CroFegNby TeyCegPrgks
M| 23 23 15 36 49 | MogVaShor. CraFesNbs.iTer.sCes.cPakyg
30 0l 34 635 MoV Sk CroFegNby . Te Ce Py Ky

aNormalized frequency of catalyst presence in next generation.
b Cross = crossover, quant= quantitative mutation; quak
qualitative mutation® Crossover/mutation position.
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third generation: the best catalyst in generations 1, 2, and 3
showedSy, values of 50.4%, 53.5%, and 55.8%, respec-
tively, compared to 35.8% for the initial M@,ShyOx
catalyst (Figure 1). The figure shows that not only the MA
selectivity, but also the number of selective catalysts grows
during the evolutionary changes. After identification of the
amount of “doping” elements present in the 10 best catalysts,
it was interesting to note that, primarily, the presence of
niobium and tellurium seems to be essential (Figure 2).
However, even the best materials still contained minor
amounts of chromium, iron, cerium, phosphorus, and potas-
sium. Therefore, it could not be decided yet whether the
presence of minor amounts of these elements is of any
significance.

Scaling Up the Best Catalyst CompositionsAfter the
significant increase in MA selectivity with three catalyst
generations, the decision was made to stop the evolutionary
design strategy and examine the hits using conventional
techniques. The seven best materials from the combinatorial
screening stage with the highest MA selectivity were
prepared and tested by conventional experiments (in a
continuous-flow reactor unit with four parallel reactors
(4UPCFR)), using 500 mg of pelletized catalyst per reactor.

Table 4 shows the composition, the oxygen conversion,
and the selectivities toward the different products at 1%
isobutane conversion for different oxide catalysts tested in
the 4UPCFR. These data were derived from a data set that
contained conversion data and selectivities at different
temperatures. In all cases, the isobutane conversion showed
an exponentional change with a change of reaction temper-
ature. Using regression analysis, the selectivity for the
different products at 1% isobutane conversion could be
determined. The obtained selectivities were comparable to
those obtained in the 16UPCFR. It is important to note that
the order of catalyst performance (in terms of MA selectivity)
determined in the high-throughput screening from the first
generation of catalysts to the third generation of catalysts
remained identical in the scaling-up tests. Particularly, the
selectivity to MA, for the best catalyst compositions in each
generation, increased from 40.2% for the initial catalyst
composition (M@V:ShyOy) to 46.9% (first generation),
52.6% (second generation), and 52.8% (third generation).

To determine the influence of isobutane conversion on the
MA, isobutene, and CEselectivities, the contact time was
varied by changing the flow rate at 40C over the best
performing catalyst composition from each generation. A
gradual increase of MA selectivities was observed from the
initial MogV,ShyOx catalyst composition to the best per-
forming catalyst compositions of every further generation
in the evolutionary process, in the isobutane conversion range

The number of created generations may be increased constudied (Figure 3). For instance, the selectivity toward MA
tinuously according to the procedure described above. In theat 3% isobutane conversion increased from 25.8% for the
present study, three generations were prepared and screendd0sV 2SO« catalyst to 44.7% for the best-performing
in this manner. In this way, the total number of tested catalysts catalyst from the third generation. At the same time, a
amounted to 90. The results for the corresponding catalystsdecrease in isobutene and £$@lectivities was observed for

in the successive generations are ranked in Table 3.
Clearly, the selectivity toward MA for the 10 best catalysts
has increased significantly from the first generation to the

the best catalyst of the consecutive generations. These results
were in good agreement with the results obtained from the
high-throughput screening in the 16-fold reactor.
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Table 3. Compositions for the First, Second, and Third Generation and Their Selectivity toward Methacgleira{ 1%

Isobutane Conversion

composition Sua (%) composition Sua (%)
First Generation
MogV>Shs1 Nbs 3Tes 50« 50.4 M@V ,Shs1 «Cey. 1K Ox 8.4
MogV,ShsoT €3 4C65 5P1 10, 43.7 M@V Sk ¢Cr1 7P 50x 8.3
M03V25Q3F62Nb50x 26.5 MQstbgon‘lebl.sKe.gox 8.0
MosgV 2Shis fCr2. 6Nb3 5O« 21.8 MasV 2ShsoFes NDbs 4K2 O 7.8
MogV 2Shis F&.odNbs O 21.7 MasV 2Shss Nbs gK 3 20« 7.7
MogV>Shs1 N 1P4 20« 20.4 M@V 2ShsoCro.gNbs oKs 30« 7.5
MogV ShsoFe; ACe; 4P3 20« 15.8 M@V oSk 63 K2 204 7.2
MogV>SksoCrz oNbs sCes 704 13.2 M@V 2Shsa Nby K Ok 7.0
MogV 2ShsoCr.oT €5.6C63.40x 12.6 MV 2ShksoCra o€y 4P1 50k 6.9
MogV 2ShsoTer sCes 6K 4,904 11.4 MasV 2Shss b2 3P 60x 51
MogV >SksoNb; 6P7 3K 10« 10.9 M@V 2Sh, 4CrsP2 20k 4.8
MogV 2ShksoNby éCey 6P7.70x 10.3 M@V 2ShkyoCrs 762, 0P2.30x 4.2
MogV>Shio 6Crs 62,90« 9.8 MoV 2Shs; LCes.4Po.40« 0
MogV>ShsoCey 4P2 K6 80« 8.6 MoV 2ShsNbg sTes oCes5 70 0
MosV 2Skes 1P1. K320 8.6 M@V 2ShsoFe; oP1. 7K 5 20x 02
average 12.3
Second Generation
MogV >Shrg Ny 3T ey 70« 53.5 M@V Shys sTes 1C6s5.5P1.10« 23.5
MogV 2Shs2 by 2Tes s0x 52.7 M@V >Shs2 £Cry 0T €5 50k 22.5
MogV 2Shys Nb3 O« 51.1 MV 2Shye 6T €3.40« 20.3
MogV2Shs1 Nby 3Tes s0x 50.8 M@V 2Shy2 LCr4 Fey 4T €7.6P1 50« 18.4
MogV2Shy7 €2 1T€3.4C65 5P1.10« 50.0 MV 2Shss £Crr2.5P2 20k 15.0
MogV >Shrs Nb; 3Tes 6Ces.40x 49.6 M@V 2Shso.1Nbs 4T €5 50x 14.8
MogV>Sby7 Nb; sTer sCes 6K 4,90« 46.5 M@V oSk €3 o0Nbs Oy 14.7
MogV 2Shyg N2 sTes 5K 3 20x 36.6 MV 2Shyg Nby §Ce2 3P7. 70k 141
MogV 2Shs7.1K 2 6Ok 35.4 MasV 2Shys P3.60« 12.4
MogV2Shy4 6Crs eNbD2 3T € 50x 31.7 M@V 2Shsa Nby K4 Ok 8.7
MosgV 2Shio oT €1 5Ce3 6K 4,60« 29.4 MasV 2Shys Cre N4 1P4 504 8.2
MogV >Shse #1.7K 1,60« 28.8 M@V 2SSk Nby 5K 4.Ox 6.5
MogV 2Shro F~&.o0Nb7 50« 28.6 MaV 2Shyre 46 .0Nbs (Ces 5P1.10« 4.0
MogV 2Shy3z €2 0Nbs O« 24.2 MV 2Shs1.1Cey oK 4,60« 02
MogV>Shyg Nbs oP7 3K o.080x 23.7 M@V 2Shyo oT €3 4C65 5110 0
average 25.9
Third Generation
MogV 2Shyg LCro 2F&.1Nbg 7Ter 1C65 5P1 10« 55.8 MV 2Shye Cro sTes 6Ce3.4K0.60« 26.7
MogV >Shyz N 3P4 30« 55.1 M@V oSk 1Nbs K3 204 24.9
MogV >Shye Nz 4Ter sCes 6K 4,90« 53.3 MV 2Shs7.1Crg sF 65 aINbg dP7.3K 010« 23.5
MogV 2Shyo 3T €5.1Ce3 3P1 3K o.0040x 53.0 M@V 2Shyg 465, 3N, 3T es K2 Ok 21.7
MogV 2Shs2 b2 3Tes 6O« 51.2 M@V 2Shy7.£CrasTer sCes e g0« 16.1
MogV 2Shrz 1INby sTer4.dOx 48.8 M@V 2Shss Nb; sTes 20k 155
MogV >Skyo.1Nbs 4T €5 50« 48.4 M@V 2Sky3.4Cr6.60x 14.8
MogV >Shyrs «Cro F € 1IND, 3Tes 50« 45.3 M@V 2Shyrs fCr1 0T €5.6C 63 4K 20y 12.8
MogV>Shis dK1.40x 39.1 M@V >Shs SNby 3P 204 12.0
MogV 2Shs1 N1 6P2 I 4.00x 38.6 M@V 2Shy3.4Crs 6K 2,90« 116
MogV 2SkyeOy 35.8 MV 2Shs7.Crg sFe5 INbg oT €3 6Cey.0P4.6K 4,90« 8.6
MogV>Shrg N, 3T e 5K 2 60« 35.8 M@V >Shsz Nbo 7T er 1Ce3 3P 3K o.0080x 02
MogV>Shr ¢Crs.eNbD4 1 Te€s 50x 31.0 M@V Shys 1Crs eKs.30x 02
MogV>Shs7 P1. 7K o.60x 29.6 M@V 2Shsa N3 oTe7 6Cey.0P4.6K 4,90« 02
MogV 2Sky.£Cro sTes5 6Ce3.40« 28.4 M@V 2Shso Nb; sTer sCes 6K2 40« 02
average 27.9
Conclusions results showed a gradual increase in methacrolein (MA)

selectivity at constant isobutane conversion for the best
was proposed for the optimization of sajel-synthesized catalysts from each ponsecutive generatip_n. After scaling-
MosV>ShyOx catalysts by determining the effect of the UP the .best—performlng catalyst gomp03|t|ons from ea.ch
introduction of seven selected dopants. This approach9eneration, the results from the high-throughput screening
required the introduction and optimization of automated c0uld be reproduced on a gram scale. In this way, this study
synthesis and screening of catalysts by high-throughput '@S, once again, confirmed the strength of using a combi-
techniques, as well as advanced software. In addition, an"at0rial approach in catalyst research.

appropriate experimental design strategy had to be developed,
to guide the screening in a much faster way. Based on the
evolutionary approach reported earliethree consecutive Combinatorial Platform. For the automated catalyst
generations of 30 catalysts were synthesized and screenedynthesis, a Genesis RSP100 (TECAN) liquid handler was
in high-throughput mode. The high-throughput screening used. Because solvents as well as alkoxide precursor solu-

In this work, the use of a combinatorial search strategy

Experimental Section
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Figure 1. Change in methacrolein selectivitgs) of the 10 best catalysts obtained with a genetic algorithm in three successive generations.
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Figure 2. Effect of the evolutionary procedure on the average concentration of doping elements in the 10 best catalysts per generation.

Table 4. Overall Composition and Product Selectivities at 1% Isobutane Conversion for the Best Catalysts Tested in the
4UPCF Reactdr

Selectivity (%)
temperature, methacrolein, isobutene, CO+ CO,,
catalyst generation T(°C) Sua S-cr o,
MogV 2SOy initP 391.7 40.2 30.9 26.8
MogV>Shs1 Nb; 3T €5 50k 1 403.1 46.9 27.6 23.5
MogV 2Shyg b 3Ty 70« 2 464.4 52.6 23.4 22.4
MogV »Shy7 Nb, sTe; sCes 6K 4,90y 2 447.0 44.7 27.6 24.1
MOngSb]gﬁrogFezj_Nboﬂ—el1C655P110X 3 462.3 52.8 23.0 20.6
MogV >Shyz N, 3P4 10k 3 431.9 50.1 19.1 27.7
MOszsh;ogT&;,_1CQ>,,3P1,3K0_00Q>< 3 441.6 47.0 21.2 30.5
MogV >Shs, dNb, 5Te Ok 3 401.1 46.4 28.2 21.4

a Experimental conditions: total flow rate, 10 mL/mirC,:O,:He volume ratio, 3:1:2; mass of catalyst: 0.2 ¢pitial catalyst composition.

tions were used, a combination of two disposable tips (DITIs) for catalyst synthesis. The destination rack could hold 30
and two fixed tips was chosen. Custom racks were built for 22-mL wells. The synthesis of the combinatorial catalyst
the precursor solutions, as well as for the destination wells libraries was drastically accelerated by the use of an in-house
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Figure 3. Product selectivities against isobutane conversion by
changing the contact time at 400 for the best performing catalysts
from each generation:X) initial catalyst, @) best first-generation
catalyst, [0) best second-generation catalyst, am) best third-

generation catalyst.
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XM,(OR)), + YM,(ORy,), + ZM4(ORy),, + 0.20H" +
65 solvent— mixed oxides (1)

0.5 M metal alkoxide precursor solutions were prepared by
dissolving commercially available metal alkoxides (vanadi-
um(V) triisopropoxide, molybdenum(V) isopropoxide 5%
w/v in 2-propanol, chromium(lil) isopropoxide +12% in
2-propanol, iron(lll) ethoxide, niobium(V) ethoxide, tellu-
rium(lV) ethoxide 85% v/v) or inorganic salts (ammonium
cerium hexanitrate, phosphoric acid (85% v/v), potassium
hydroxide, and anhydrous antimony(V) chloride) in 2-pro-
panol. In the case of antimony(V) chloride, the solution was
flushed with argon to remove the HCI vapors that formed.
Proton acidity originated from a 0.15 M acetic acid solution
in 2-propanol.

The total amount of reagents used was 8 mmol per flask.
After the addition of all the reagents to each flask in a rack,
the wells in the destination rack were closed, after which
the rack was placed on an orbital shaker (Heidolph Unimax
1010) fo 1 h to obtain a homogeneous solution. The
destination rack was then kept covered overnight, to allow
gel formation, after which point the lids were removed and
the rack was placed under the hood for 3 days to allow the
catalysts to dry. The resulting gels were calcined at 250
for 5 h (at a heating rate of 0. %/min) and at 400C for 8
h (at a heating rate of 0.8C/min). The obtained powders
were milled in the flasks and pelletized manually to a 0-125
0.250 mm size fraction, and finally 100 mg of each catalyst
were transferred to the corresponding reactor tube in the 16-
unit parallel continuous-flow reactor (1L6UPCFR).

The 16UPCFR contained 16 open, quartz microreactor
tubes mounted with Teflon ferrules (Swagelok) on a stain-
less-steel flange. The reactor set was covered with a quartz
bulb that was sealed to the flange with a Kalrez O-ring. The
upper portion of the tubes had an internal diameter of 2.1
mm and a height of 25 mm, and the tubes contained a quartz
frit at the bottom to support the individual catalyst beds.
Downstream from these frits, the quartz tubes were narrowed
to an inner diameter (ID) of 1 mm. The feed inlet occurs
through the flange. The entire reactor is electrically heated
via a ceramic mantle with a control thermocouple. The actual
temperature in the reactor is monitored by a thermocouple
in the center of the reactor at catalyst bed height. The space
between the different reactor tubes is filled with quartz
cylinders, to reduce the death volume and possibly homo-
geneous reactions. The microreactor outlets are connected
downstream to identical capillaries that create a major flow
resistance, compared to that of the catalyst bed, ensuring an
equal feed distribution over the 16 catalyst beds.

During the catalyst testing procedure, a continuous flow
of feed gases passed through each catalyst bed. A flow of
20% oxygen in helium was used for catalyst pretreatment at
400°C for 2 h. An isobutane/oxygen/helium feed (7.5/2.5/

developed library design software, denoted as Pipetting 150 mL/min) was then fed over the different catalyst beds,
Studio, written under MS Visual Basic.

For the synthesis, a modified acid-catalyzed gyl
procedure (eq 1) was applied, based on the synthesisperformed every 20C, over a temperature range of 350

procedure for amorphous mixed oxidé@syhich lend them-

selves well to the use of dispensing robots:

corresponding to a space tim@/fo) of 2.5 mg s/mL per
reactor. Conversion and selectivity measurements were

430 °C. Reaction product analysis was conducted using an
on-line gas chromatograph (GC) (Interscience) that was
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