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Abstract

Compact and economic processes for methanol synthesis from syngas demand a new catalyst that is active under low-pressure and low
temperature. Combinatorial approach comprising a high-pressure high-throughput screening (HTS) reactor system, an artificial neural network
(NN), and a genetic algorithm (GA) was applied for the catalyst development. A variety of 96 microplates were used in the HTS reactor
system for both preparation and activity testing to handle 96 catalyst samples simultaneously. Activity test results were used as training data
for NN. After training, the NN can map catalyst activity as a function of catalyst composition and parameters for catalyst preparation. GA
was used as an optimization tool to find maximum catalyst activity in the trained artificial neural network. Composition of methanol synthesis
catalyst (Cu—-Zn-Al-Sc—B-Zr), calcination temperature and the amount of precipitant were optimized simultaneously under pressure (1 MPa)
because optimum catalyst composition is usually affected by both preparation and reaction conditions. The composition of the optimum
catalyst was Cu/Zn/Al/Sc/B/z&= 43/17/23/11/0/6 prepared using 2.2 times the equivalent of oxalic acid and calcined at 605 K. The activity
(427 g-MeOH/kg-cat./h) was much higher than that of industrial catalyst (250 g-MeOH/kg-cat./h) at 1 MPa, 498 K.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction We propose a compact process to produce DME from
dispersed unused carbon resources, such as small gas
Nowadays, dimethyl ether (DME) is synthesized from reservoirs or coal-bed methane. If the following are all
syngas (a mixture of CO, CQand H) in a two-stage pro-  achieved: (1) low-pressure-operation (ideally, 1-3 MPa), (2)
cess in industry. In the first stage, a Cu-based oxide catalysthigh one-pass conversion (90% CO conversion), and (3) a
is used for methanol synthesis from syngas; in the secondone-stage reaction where hybrid catalyst of Cu-based oxide
stage, a solid acid catalyst is used to dehydrate methanol toand solid acid is used, then both pressure compression of
produce DME. The production scale is usually very small syngas and gas-recycling of unreacted syngas would be
because DME is used mainly as a non-CFC propellant for omitted. Through such a simple process, DME production
spray cans. Recently, DME has attracted much attention ascosts would be reduced.
an important candidate for a diesel fuel alternative because This study applied homemade combinatorial tools com-
emission of NQ, SO, and SPM, can be improved when it prising automated catalyst preparation, high-pressure HTS
is used as fuel in diesel engines instead of gas—oil. However,reactor, and data mining tools to develop an active catalyst
economic and efficient process is required for fuel use. for low-pressure methanol synthesis. In order to attain high
conversion under such a low-pressure, the catalyst must be
mspondmg author. Tels81.22-217-7214: operated under lower temperature because the synthesis.of
fax: +81-22-217-7293. methanol and DME from syngas suffers from a severe equi-
E-mail address: yamada@erec.che.tohoku.ac.jp (M. Yamada). librium limit at lower pressure and higher temperature, as

0920-5861/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2004.02.001



456 Y. Watanabe et al./Catalysis Today 89 (2004) 455-464

100 == Genetic code
= ) DME (100101 011001 000101 001100 010111 000100 10110 0110),
R 80f R J_L decode
= L .
g N
'z 60 Y Cu Zn Al Sc B Zr a* b*
o
SO . (100101), (011001), (000101), (001100), (010111), (000100), (10110), (0110)
§ 40F MeOH . G Wy N e e | A ] S o s
o r \ 37 25 5 12 23 4 22 6
O L \

20 ) 035 : 024 : 005 : 0.1 : 022 : 004

! L 1 o a* Calcination temperature =573 +22x2=617K

300 400 500 600 b* Oxalic acid = 1 + 6 / 10 = 1.6 equivalent to cations
Temperature (K)

Fig. 3. HTS reactor with 12 parallel lines made by SUS 316=D.15m,
Fig. 1. Equilibrium conversion of methanol and DME synthesis from CO volume= 2.8 L. Reprinted from[5], Copyright (2000), with permission
and B at 1MPa, H/CO = 2/1. from the Japan Petroleum Institute.

shown inFig. 1 Therefore, a new and highly active cat- b lect q . f
alyst is needed because industrial methanol synthesis cat>y S€ ection, crossover and mutation. If a gene engen-

alysts are not sufficiently active under these mild reaction d€rs high fitness to its environment by the modification,
conditions. the probability of its survival is increased. As a result of

accumulation of such small modifications, progeny genes
differ from parents’ by providing high fithess to an en-
vironment after a large number of process iterations, or
generations. In our catalyst development, only a simple
GA was used where the gene, fithess and environment
corresponded to the catalyst (presented in binary code),
activity, and reaction conditions, respectivaig. 3 shows

the catalyst coding and decoding procedure in the GA
program used in this study; a 45 bit binary code was used
as a gene. Every catalyst component except for oxygen
was expressed by 6 bits. After the binary codes of the first
36 bits (6 bitsx 6 components) are converted to decimal
numbers, the molar percentage of each component was
calculated from the decimal number. Oxygen content was
determined from stoichiometry. Thus, the (100101 011001
000101 001100 010111 000100) partFig. 3 is decoded

to Cp.37ZN0.25A10.05S®.11B0.22210.0401.23. As preparation
parameters, the amount of precipitate (oxalic acid) and cal-
cination temperature were coded accordindets. (1) and

(2), respectively

2. Methodology

Usually a combinatorial catalysis tool consists of com-
binatorial catalyst preparation, high-throughput screening
(HTS), and informatic$1—-18]. In development steps of our
tools, a parallel reactor with 12 reaction lines was reported
first to investigate the effect of Cu/Mn ratio for methanol
synthesis under pressure (1 MP&)]. Twelve Swagelok
“reducer’s were diverted to catalyst vessels and placed in a
large autoclave, as shownhig. 2 [5]. In the next step, a ge-
netic algorithm (GA) was applied to optimize the Cu-based
oxide catalysf11,15} GA is widely used as a robust tool
to perform optimization even without prior knowledge of
the target. Because their affinity is high, the combination
of HTS and GA with and without other evolutional method
is often used for optimization of a heterogeneous catalyst
[3-5,10,15]

The process of GA is a biological metaphor of natural
evolution. Through natural evolution, genes are modified calcination temperaturd) = 573+ (5 bits) x 2 (1)

Genetic code
(100101 011001 000101 001100 010111 000100 11010 0110),

@ decode

Cu Zn Al Sc B Zr a* b*
(100101), (011001), (000101), (001100), (010111), (000100), (11010), (0110)
37 25 5 12 23 4 22 6

035 : 024 : 005 : 011 : 022 : 0.04

a* Calcination temperature =573 +22x2=617K

b* Oxalic acid = 1 + 6/ 10 = 1.6 equivalent to cations

Fig. 2. Coding of catalyst composition and preparation parameters.
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- ) 4 bits hidden layer where a radial basis function is used instead
precipitate(equivalent = 1.0 + 0 © of an S-shaped sigmoid function. During training, the cen-
ter points of the radial basis functions are decided by train-
If the next 5bits are (10110), as shownkhig. 3, the cal- ing data; thus the input datum for RBFN is a vector. Then
cination temperature is decoded as 617 K. The last 4 bits of weights between the hidden layer and the output layer are
the gene is code showing the amount of oxalate acid. If it determined to fit the output data to training data. We applied
is (0110), the precipitate of 1.6 equivalent to cations is used RBFN to evaluate gene fitness in the GA program. Opti-
for catalyst preparation. mization results were superior to those by the combination
The 4320 bitg45 bitsx 96) in 96 genes in the first gener-  of BPN and GA[16,18]
ation were determined in a stochastic manner. Then the de- The RBFN was constructed using STATISTICA Neu-
scending generation was decided by the GA program. Theral Network 6.0 (StatSoft). Normalized catalyst composi-
population was 96; therefore, 96 gene pairs were selectedtions of Cu/Zn/Al/Sc/B/Zr, calcination temperature and the
by the so-called “roulette rule” based on the fitness of the amount of oxalic acid were given to the input layer and
genes, namely activity of the catalyst, from the parent gen- only STY (g-MeOH/kg-cat./h) issued from the output layer.
eration. Then 10%-=tprobability of crossover) of the pairs  The number of nodes in a hidden layer was set as identical
were selected stochastically and operated with one-pointto that of training data. We determined 190 catalyst param-
crossover where the two genes exchange their codes. Aftereters for RBFN training randomly, as described above. At
96 genes were selected stochastically from the 192 genesfirst, 190 data were measured in an HTS reactor. Neverthe-
1.5% (probability of mutation) of all 4320 bit$45 bits x less, the number is insufficient to cover all combinations
96) were inverted as a mutation operation. The resulting 96 of parameters. When the resolution for the six components,
genes served as parents for the next generation. During theséhe amount of oxalic acid, and calcination temperature are
two operations, every bit of a gene was operated as an equiv-1%, 0.1 equivalent, and 2 K, respectively, the total number
alent bit. Consequently, the GA program was very simple of possible combinations is greater than 47 billion. There-
and was coded by a combination of internal functions on an fore RBFN was retrained using 234 data (original 190 data
Excel software spreadshdéti]. and additional 44 data) to improve the RFBN prediction
Fitness of genes in a GA program is usually determined accuracy. The 44 catalyst parameters were selected from
by experimental results. However, to replace laborious ex- developing generations and HTS reaction was performed to
perimental steps such as catalyst preparation and activitymeasure their activities.
test in the next step, evaluation by an artificial neural net-  Catalyst composition and preparation parameters were op-
work (NN) was introduced in our combinatorial todl4]. timized simultaneously in this study using GA and RBFN.
After NN is trained by experimental results, it can evaluate A new HTS reactor system using 96 well microplaf2§]
the gene fitness in the GA program. The network compriseswas also used both for preparation and activity testing to
an input layer, an association layer(s) and an output layer.handle 96 catalyst samples simultaneously.
Neurons in these layers are connected to all neurons in ad-
jacent layers, but not to those in the same layer. Among
many types of NNs, a back propagation network (BPN) 3. Experimental
was applied successfully to catalyst design; BPN is a su-
pervised learning and feed-forward type network. It is mod- 3.1. Catalyst preparation
ified by epoch-by-epoch backward calculation minimizing
errors between the target and calculated data. For example, For industrial use, Cu—Zn oxide methanol synthesis cata-
Hattori and Kito applied BPN for development of the cata- lysts are prepared using the alkaline co-precipitation method
lyst for butane oxidation and oxidative dehydrogenation of [27]. In this method, a highly active catalyst is obtained
ethyl benzeng19]. Hou et al.[20] and Huang et a[21,22] from highly dispersed Cu—Zn carbonate called Aurichalcite
used BPN to predict catalyst composition with high con- [28]. However, the method presents some difficulties, such
version and selectivity and developed catalyst performance.as the need for delicate pH and temperature control; also,
Corma et al. also used the combination of GA and [4BI. contamination of alkaline metals from precipitate should be
The important checkpoint of BPN application is to avoid avoided. On the other hand, it was reported that copper and
overtraining, which causes a loss of generalizability of the zinc are easily dispersed by oxalate co-precipitation method
BPN. Optimization of BPN structure is necessary for that [29]. Therefore, we employed the ethanol-oxalate method
purpose. Aside from a trial-and-error method, many sophis- for catalyst preparation. For conventional activity testing, an
ticated procedures have also been develdgai4] ethanol solution of nitrates of Cu, Zn, Al, Sc, boric acid, and
Recently, radial basis function network (RBFN), a kind zirconium oxynitrate was mixed with a given composition;
of NN, has also garnered much attention as an optimizationthen an ethanol solution of oxalic acid was added to precip-
tool in a variety of engineering fields because it is robust itate the mixed oxalic salts. The resulting mixed oxalates
and suffers only slightly from over-traininf25]. The ap- were washed with ethanol and dried at 353 K in vacuo. Ox-
parent structure of RBFN is similar to BPN with only one alate precipitates were calcined at 593 K. Oxide precursors
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Fig. 5. HTS apparatus for methanol synthesis: (a) stop valve, (b) mass-flow
Fig. 4. Fixed bed reactor for methanol synthesis and in si0O Ritration: controller, (c) autoclave, (d) aluminum block with Durham tube, (e) back
(a) stop valve, (b) six-way valve, (c) four-way valve, (d) three-way valve, pressure regulator, (f) soap flow meter, (g) SUS capillary tube, (h) water
(e) reactor, (f) electric furnace, (g) catalyst, (h) back pressure regulator. trap.

were packed into a SUS reactor after being sieved. Ox- the Durham tube. Two capillaries made of SUS (line A: ID
ide precursor was reduced using synthesis gas before the.1 mm, 0.8 m length for gas purge at 0.1 MPa for catalyst
reaction. pretreatment; line B: ID 0.1 mm, 11 m length for reaction
Catalysts for HTS were prepared according to a similar at 1 MPa) were inserted in each bead layer. Catalyst was
method using 96 well microplates. In this case, each catalystfixed above the glass beads layer by quartz wool. The 95
composition was determined randomly. All solutions were tubes with catalyst were arranged in an aluminum 96 well
dispensed into 96 deep-well microplates (volume of each microplate, as shown iRig. 6 [26] one vacant tube at H12
well was 2ml) using liquid handler (222XL; Gilson Inc.). position was used to check the background atmosphere. The
An ethanol solution of oxalic acid was added to each well. whole aluminum plate with 96 Durham tubes was placed at
The amount of oxalic acid was selected randomly from 1.0, the bottom of an autoclave. Reaction gas was introduced to
1.5, 2.0, and 2.5 times the equivalent to total cation. The each catalyst bed prior to reaction using line A to activate
oxalate precursors were calcined at a temperature that wagatalysts by temperature-programmed heating up to 523 K.
also randomly selected from 573, 593, 613, and 633 K. After W/F was below 1 g h/mol, where CO conversion is propor-
weight measurement (15mg), these oxide precursors weretional to W/F.
transferred into Durham tubes (OD 8 mm, 33 mmlength)
and reduced using synthesis gas. 3.3. Paralldl assay

3.2. Activity test For HTS reaction, parallel product assay is important.
Color reaction was applied for quantitative analysis because

Two different apparatuses were used for the activity test: the performance of GC, even rapid GC, is insufficient for

a conventional fixed bed reactor and an HTS reactor. Their 96 lines[26]. This type of assay is expected as real parallel

flow sheets are shown iRigs. 4 and Srespectively. The  analysig30]. Produced methanol was depressurized through

reaction gas comprises 60%H30% CO, 5% CQ and capillaries (line B) with syngas, and trapped for 3 h in water

5% Ar (as internal standard). Catalysts were activated by in a 96 deep-well microplate placed outside of the HTS

temperature-programmed heating up to 523K under reac-reactor. Each methanol was detected by color reaction of

tion gas flow. Reaction was performed at 498K, 1 MPa, dichromate, as shown iq. (3}

W/F = 1gh/mol. Under these conditions, CO conversion is

lower than equilibrium limit of methanol synthesis. Activity 3CHzOH + K2CroO7 + 4HSOp + 17H,0

is shown as a space-time yield (STY, g-MeOH/kg-cat./h).  _, 3CH,0 + 2KCH(SOy); - 12H,0 3)
In the conventional apparatus, CO conversion and methanol
were analyzed by GC equipped with TCD and FID. Potassium dichromate is reduced by alcohol to chrome alum.

In HTS experiments, all catalysts were set into respective As shown inFig. 7, chrome alum shows strong absorbance
Durham tubes. Glass beads were packed in the bottom ofat 580 cntt. A microplate reader (595 and 655 nm filter,
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Fig. 6. Catalyst vessels arranged in aluminum 96 well microplate. Reprinted [6n Copyright (2003), with permission from the Japan Petroleum
Institute.

Model 550; Bio-Rad Laboratories, Inc.) was employed for 0.5
guantitative analysis. Linearity of the calibration line is suf-
ficient to measure STY of 15 mg catalyst, as showRiq 8. 0.4
3.4. HTSreactor check 20-3 -
o

The HTS reactor system was subjected to test reaction. §0.2 -
As shown inFig. 9a), the identical catalyst (Cu/Zn/Ak <
6/3/1 M ratio) in 95 Durham tubes showed identical activity 0.1
within experimental error. The activity was also identical to
that in a conventional fixed bed reactor. Results supported o : ' ' :
the conclusion that aluminum block was effective for isother- 0 01 02 03 04 03

L. . . . MeOH concentration (vol.%)

mal condition and that analysis using color reaction was
consistent with that of the conventional GC analysis. In the Fig. 8. Calibration of methanol concentration. Reprinted f{@8], Copy-
next step, the catalyst (of another lot, Cu/ZntAI6/3/1 M right (2003), with permission from the Japan Petroleum Institute.

ratio) was placed in a checkerboard manner. The result in
Fig. 9(b) reflects the lack of influence from adjacent tubes. | \was confirmed that all methanol formed in a Durham

tube is certainly transferred to the corresponding well of

0.4 the deep microplate connected by a capillary tube.
H —_——— 01%
§ o~ T 3.5. Characterization
03 kit / N | e 0.025%
\\r // \\ -------- 0.0125% . .
VN o Surface area was measured by nitrogen adsorption at 77 K

(MS-19; Quantachrome Instruments). The surface area of
metallic Cu after reaction was measured in situ in a fixed
bed reactor Kig. 3) by N.O titration. Oxide structure was

Absorbance (-)
S
o
1%

0.1 analyzed by XRD (Miniflex; Rigaku Co.).
0500 ' 6(.)0 7(;0 ‘ 800 4. Results and discussion

Wave length (nm)

. ) _ 4.1. Selection of parameters

Fig. 7. UV-Vis spectrum change during color reaction by methanol.

Shimadzu, UV-160, cell size:.2Zmm x 1.2mm x 4.5mm. Reprinted . . .

from [26], Copyright (2003), with permission from the Japan Petroleum Whereas conventional or commercial Cu—Zn oxide cata-

Institute. lysts are prepared using alkaline co-precipitation method,
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site resulting in higher activity34]. Our observation cor-
responds to the mechanism. Boron only increases metallic
Cu surface area and gives higher STY, as showRidgn 11
where the effect of these additives on activity is plotted as a
| function of metallic Cu surface area. The synergistic effect
| of B and Zr is expected because Zr increases only surface
b 1 21 36 48 T area, unhk_e B. As shown |I=T|g..1l STY is propqruonal to
Catalyst Number the metallic Cu surface area in accordance with the report
that active site is Cu metal when G@ contained in the
feed syngag$35]. Al, Sc, B, and Zr were selected as opti-
mization targets.

At the last stage of ethanol-oxalate method, the precipi-

] ) ] tated mixed oxalate is converted to mixed metal oxide by
other preparation methods for mixed oxides have been re-cgcination according t&q. (4)

ported, such as ethanol-oxalate method, sol-gel method, 1 1 1
and so on. Activities of Cu—Zn oxide catalysts prepared by M(COO)y — 5MO; + 3(x)CO+ 3(NCO, (4)
these methods were compar@&d]; that by ethanol-oxalate |t js possible that CO from precursor reduces CuO os@u
method showed the highest activity. This study used jmmediately after its formation and Cu sinters easily at high
ethanol-oxalate method because highly dispersed Cu—Zntemperaturg36]. Both decomposition temperature and de-
oxide can be obtained and contamination of precipitate cancomposition atmosphere are important factors for high ac-

be prevented easily by this method. ~ tivity because thermal stability of Cu metal is insufficient.
The effect of additives was investigated to obtain high

activity where Cu/Zn/X= 6/3/1 (X: additive, molar ratio).
Fig. 10shows the changes of surface area byaNsorption
and metallic Cu surface area obtained byONtitration by | B
additives. Additives are indicated in the figure. Compared 400 -
to Cu—Zn oxide without additive (shown as “None”), Li ad-
dition causes both low surface area and low metallic Cu
surface area. The function is similar to that of Na, which
promotes sintering of C[B2]. Whereas Cr shows no effect,
Al and Sc promotes both areas simultaneously. lonic sizes
of these additives very closely approximate that ofZn
therefore, they are easily doped in ZnO lattjB8]. Excess
electrons localized on the ZnO patrticles prevent aggrega-
tion of the particles to increase the surface d633. They gt 1
were also found to have a synergistic effect on the activity of 0 10 20 30 40 350 60

Cu—Zn—Al catalys{18]. Boron was reported as an effective Cu surface area (m?/g-cat.)

additive for methanol synthesis from GQt escapes from  Fig. 11. Influence of additives on the relationship between STY and Cu
the catalyst surface during reaction to expose a new activesurface area at 1 MPa, 498 K/ F = 2 gh/mol.

STY (g-MeOH/kg-cat./h)
(3]
(=]
<

Fig. 9. Activity check for identical Cu-Zn—Al oxide catalyst at 498K,
1 MPa. Reprinted fronj26], Copyright (2003), with permission from the
Japan Petroleum Institute.
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Fig. 12. Effect of calcination temperature on catalytic activity of methanol
synthesis at 1 MPa, 498 K. Reprinted frdBil], Copyright (2002), with
permission from Elsevier.

The effect of calcination temperature is shownFig. 12
[28] where Cu/zZn/Al= 6/3/1 and the equivalent amount
of oxalic acid were used for precipitation. The catalyst ob-
tained by 573 K calcination shows the highest activity. XRD
patterns of these oxides are illustratedrig. 13 Sintering

of Cu and Zn oxides is observed, whereas at 523 K decom-
position of oxalates does not procd@d]. Furthermore, the
difference in size and shape of clucibles influence the circu-
lation of gas inside the crucible set in a furnace. Therefore,
degree of Cu sintering by CO formed by oxalate precursor
decomposition should be different.

Aside from the calcination temperature, effects of the
amount of oxalic acid were investigated as showRim 14
Contrary to the catalytic activity, BET surface area of ox-
ide precursors increases when the quantity of oxalic acid
increases. Such contrariety can be explained from a view-
point of Cu stability: because methanol synthesis reaction is
exothermic reaction, Cu may sinter easily, if reduction and

Oxalic acid (times per Cu and Zn mol.)

Fig. 14. Effect of amount of oxalic acid on BET surface area and STY.

perature under 0.1 MPa, then catalyst bed was pressurized
up to 1 MPa followed by temperature tuning to 498 K. Af-
terwards, activity was compared at 498 Rid. 15. The
catalyst prepared using twice equivalent oxalic acid showed
higher activity when the start-up temperature is low. Clearly,
the use of excess oxalic acid produces an active but thermally
sensitive catalyst. Overall, we inferred that a balance of
parameters for high-activity and for high-stability is impor-
tant: simultaneous optimization is needed for both catalyst
components (Cu, Zn, Al, Sc, B, Zr) and preparation condi-
tions (amount of oxalic acid and calcination temperature).

4.2. HTS and data mining

Activity tests of 190 random catalysts were performed in
the HTS reactorFig. 16 shows the observed activities. It
is not so difficult to visualize the relation between the pa-
rameters and activity to find the optimum directly if there
are few independent parameters. However, eight parameters
must be optimized in this study. So RBFN was applied to

reaction start-up by pressurizing andfor temperature raliSingobtain useful and quantitative information from these data.

are too rapid, by overheating of catalyst bed. In order to
elucidate this point, the effect of start-up temperature was
examined in the following manner. Catalysts were reduced

After the RBFN was trained successfully using the 190 data
in Fig. 16 observed activities were mapped as a function
of catalyst composition, the amount of oxalic acid, and cal-

by temperature-programmed heating up to the star-up tem-q; o temperature. Hereafter, the RBFN works as a sub-

[ ]
[ ]
v
v
673 K
623 K
—/O\Aml(xz
/L,_./O/O\/O\_.
No calc.
20 25 30 35 40 45
26

Fig. 13. Effect of calcination temperature on X-ray diffractogram. Copper
oxalate (O), copper oxide @), and zinc oxide ¥). Reprinted from{31],
Copyright (2002), with permission from Elsevier.

routine in the GA program to output the fitness of genes.

W
=
(=]

400 [

STY (g-MeOH/kg-cat./h)

350

500
Startup temperature (K)

300

450 550

Fig. 15. Effect of start-up temperature on methanol synthesis activity: (A)
two times excess; (B) equivalent molar of oxalic acid.
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Catalyst Number show predicted and experimental STY, respectively.

Fig. 18. Comparison of activity at 1 MPa, 498 K. White and black bars

Fig. 16. Results of HTS experiments at 1 MPa, 498K,F < 1 gh/mol.
increased with increasing of the number of training data
Generation alternation was repeated based on the trained13]. In that case, HTS was repeated after every generation
RBFN. That optimization process is shownhig. 17. The alternation to accumulate the training data. Instead, in this
activity is illustrated as a function of main components study, additional 44 training data of active catalysts in the
(Cu and Zn). At the 80th generation, the maximum STY former generation were collected by HTS. RBFN was then
is 519 g-MeOH/kg-cat./h. From the history of the maxi- retrained again using all 234 data. Based on the retrained
mum value and dispersion of parameters, the maximum RBFN, generation alternation was repeated until the 90th
point was considered to be the point of convergence wheregeneration to find the maxima. The maximum STY was pre-
Cu/Zn/Al/Sc/B/Zr = 38/24/32/1/0/5, 1.6 times the equiva- dicted to be 495 g-MeOH/kg-cat./h by Cu/Zn/Al/Sc/B/Zr
lent oxalic acid and calcination at 617 K. Experimental re- 43/17/23/11/0/6, 2.2 equivalent oxalic acid and calcination
sults showed, however, that the real STY of the catalyst wasat 605K. The real STY was determined by experimen-
390 g-MeOH/kg-cat./h. tation to be 427 g-MeOH/kg-cat./h. Therefore, predic-
As mentioned inSection 3 the difference probably re- tion was achieved further by additional semi-optimized
sults from insufficient information around the optimum data.
point. Corma et al. reported that the precision of predic- These activities are compared with that of the industrial
tion of back propagation network (BPN) based on GA catalyst inFig. 18 That comparison shows clearly that the

1

0.8
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sition were prepared using an automated dispenser. Then
their activities were measured in a high-throughput screen-
ing reactor system. These results were used as training data
for an artificial neural network. In order to find the maxi-
mum point in the trained artificial neural network, a genetic
algorithm was applied. Training data were selected from
semi-optimized generation and appended for re-training of
the network because the initial training data were insufficient
for precise prediction. Finally, the optimum catalyst prepared
using a 96 well microplate was summed up. Activity of the
catalyst was measured in a conventional down flow fixed bed
reactor to compare with conventionally developed catalyst.
Thus optimized catalyst using the retrained neural net-
work consists of Cu/Zn/Al/Sc/B/Z& 43/17/23/11/0/6 pre-
pared using 2.2 times of oxalic acid and calcined at 605 K.
The highest catalytic activity, 427 g-MeOH/kg-cat./h, was
twice as high as that of industrial catalyst at 1 MPa, 498 K.
The Cu/zn ratio of the optimized catalyst was higher
than those of industrial catalysts when the total content of
(Cu+Zn) is equivalent. This higher ratio was considered to

optimized catalyst is superior to an industrial one. This pe syitable for reaction under lower temperature and lower
superiority of the optimized catalyst is reasonable becausepressure than with industrial conditions. The combinatorial
industrial catalysts are optimized to different reaction con- tgg|s developed here are useful to find optimal catalysts

ditions (i.e. higher pressure (5-10 MPa), higher temperature corresponding to reaction conditions.

(503-523 K)[37], and longer reaction time).

To investigate the reason for this superiority, the Cu/Zn
ratio of the optimized catalyst is compared with those of
industrial catalyst$37] in Fig. 19 The Cu/Zn ratio of the
optimized catalysts is apparently higher than those of in-

dustrial ones when compared with catalysts containing the

same amount of Cu and Zn. Combining the resuFim 18
with that inFig. 19 it can be said that the higher the Cu/Zn
ratio is, the higher the activity is. This fact concurs with
previous reports that the active site of Cu—Zn catalyst is
metallic Cu, whereas Zn stabilizes Cu partic[e8] and
prevent their sintering38]. That is, in a milder reaction
condition, less Zn can stabilize the Cu particle to maintain
its activity. The optimum Cu/Zn ratio, therefore, depends
on the reaction conditions.

Reaction conditions should be different to develop a com-
pact process of DME production based on a variety of car-

bon resources such as a small gas field, coal-bed methane,
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