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Abstract

A modified robotic workstation has been developed which is able to reproduce a conventional catalyst preparation method
used routinely in our laboratory, thereby increasing significantly the number of catalysts that can be prepared at once. This
paper describes some of the features of this modified system and outlines some of the difficulties encountered in transferring
from manual to automatic operation. Some catalytic test results are given for the selective oxidation of propane over a catalyst
consisting of Mo-V-Nb-W oxides supported on alumina which illustrate good reproducibility of data for samples prepared
with the robotic system and a close similarity with data obtained with equivalent manually prepared materials.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction methods for the preparation of a range of supported
multi-component transition metal oxides of a type
The combinatorial approach to catalyst screening developed previously in our laboratory for the se-
has come to the fore over the last few yefdrs3] and lective oxidation of propane (typically Mo-V-Nb-W
much attention has been given to the development of oxides supported on alumina), to demonstrate that
automated (robotic) catalyst preparation systems andthe robotic method produces materials equivalent
to high throughput screening (HTS) reactor systems. to those prepared manually, and then to produce li-
The work described in this paper has been carried braries of catalysts based on this type of system to
out within the framework of a larger EU-funded be tested and optimised using the high throughput
programme aimed at the development of novel high screening reactors developed within the programme.
throughput screening methods for a variety of types This paper describes the robotic workstation devel-
of reaction, including gas-liquid—solid processes. The oped for the preparation of multi-component samples
aim of the work is to develop robotic preparation using either wet or dry impregnation methods and
also gives the results of preliminary experiments on
the selective oxidation of propane which illustrate
* Corresponding author. Fax:353-61-202602. the reproducibility of samples prepared using the
E-mail address: giacomo.grasso@ul.ie (G. Grasso). system.
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Fig. 1. Photo of the robot.

2. Experimental
2.1. The robotic workstation

Fig. 1 shows a photograph of the robotic work-
station developed in this work arfeig. 2 shows the
layout schematically. The workstation is based on a
Hamilton Microlab Duo system with a two-arm ar-
rangement: a singleeedle arm on one side (left-hand
side) and aD-Head connected to an internal syringe
on the other (right-hand side), the use of two arms
offering a greater flexibility in the number of unit op-

placed in the primarpeating/stirring block (for ‘wet
impregnation’) or to intermediate vessels placed in
the secondary rack the use of which is described fur-
ther below. Awash station on the right of the main
block is used to wash the needle assembly between
injections.

Further modification of the original Hamilton
system includes the introduction of an integral
heating/stirring block (H&P Labortechnik) on the
left-hand side of the deck. This block, which can be
heated to 200C, contains 48 quartz vessels (25 mm
diameter), each of which can be magnetically stirred

erations that can be performed than would be possible (at a variable speed, from 100 to 2000 rpm); the ves-

with a single-arm system.
The needle arm (seeFig. 2 was modified to sup-

sels can be either flat-bottomed or round-bottomed.
We have investigated the use of both types of vessel

port a five-needle arrangement. Four of these needlesand are currently using the flat-bottomed vessels for
are connected to syringe drivers and hence to reser-dry impregnation and the round-bottomed vessels for

voirs containing the appropriate reagent solutions
while the fifth needle is connected to a nine-port valve
modular valve positioner (MVP). In the arrangement
illustrated inFig. 2 the MVP can introduce either

water (e.g. to permit dilution of the reagents added)
or a gas (e.g. to allow operation under a controlled

wet impregnation. In the selection of the hardware
to be used, we performed an extensive investigation
on the influence of stirring on the process of catalyst
preparation and the final choice of stirrer geome-
try (cross-shaped for the flat-bottomed vessels and
rugby-ball shaped for the round-bottomed vessels)

atmosphere). The needle arm may be used to deliverwas made on the basis of the observation that the

predetermined volumes of each of the four sepa-
rate solutions simultaneously or successively either
to one of the 48 vessels containing catalyst support

best mixing, while avoiding excessive fragmentation
of the catalyst support, was achieved with these com-
binations. A programmablél&P Control Sation is
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Fig. 2. Scheme of the robot.

used to give independent control of both the heating impregnation’ to be carried out in a homogeneous
rate applied to the primary block and the stirring fashion.
speed. As indicated above, théive-needle assembly has
The secondary rack (24 vessels) is used to allow access to both the primary and secondary racks. A
solutions of salts to be premixed for use in the dry im- filter may be fitted next to each of the storage vessels
pregnation method; in that case, the five-needle probeto avoid any clogging of the syringes by undissolved
of the workstation can be used to make up the solu- solids. The syringes are located behindtibating and
tions just prior to use. (This rack can be exchanged stirring block and they are easily replaced with others
for another containing 12 vessels of 32mm diam- of different capacities to offer the necessary precision
eter for use in situations needing a larger volume for dispensing £1% of total syringe volume).
of solution.) The syringe mounted on th2-Head The original software supplied by Hamilton (Mi-
arm supports can be used to transfer solutions made crolab sampler) was modified by Hamilton Bonaduz,
up in the intermediate vessels of tkecondary rack Switzerland to a newer version (Version 1.5) able to
to 24 of the 48 vessels (i.e. those on the right-hand operate all aspects of the new modified workstation.
side) of the primaryheating/stirring block. The sy- An important feature with the new version of the
ringe of theD-Head arm uses disposable tips (to avoid software is its capability of controlling any additional
cross-contamination) and these are stored intifpe  third-party hardware, in this case the H&P Control Sta-
rack. This syringe may be used to dispense solutions tion. Commands are transmitted to the H&P Control
drop by drop and, more importantly, to do this in a cir- Station via a serial port, thus allowing catalyst prepa-
cular motion around the circumferences of each ves- ration sequences to run to completion without manual
sel instead of only at the centre, thus enabling ‘dry intervention.
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2.2. Sandard manual catalyst preparation during the drying step and that layers of powder may
then form on the walls of the vessels. This has been

A series of Mo-V-Nb-W-O/A}O3 catalysts for minimised by careful selection of the geometries of

use for the selective oxidation of propane was pre- the vessel and the stirrer and, also, increasing the tem-

pared manually using wet impregnation method de- perature of drying and reducing time and speed of stir-

scribed previously4,5]. The alumina support used ring. In fact, sieving the catalysts after the preliminary

was crushed, sieved (particle size212-425.m) test and the last one we found that the percentage of

and calcined at 1150C and it was then placed in  crushed powder (below 23i2n) decreased from 60 to

a round-bottomed vessel. Solutions each contain- 30%.

ing different metal species (ammonium molybdate,

AnalaR; ammonium metavanadate, AnalaR; niobium 2.3.2. Dry impregnation

oxalate, CBMM; ammonium metatungstate hydrate, A procedure to enable this method to be carried out

Aldrich) were fed sequentially to the vessel and the has been established and a number of tests have been

resultant mixture was equilibrated for a period of carried out. This procedure can be used to carry out

12 h. Drying was then carried out using a Rotavapor both sequential impregnation (adding each solution,

system and the resultant solid was calcined for 6 h followed by drying, before the addition of the next)

at 650°C. and simultaneous impregnation (premixing all the so-
lutions in the secondary rack before impregnation). In

2.3. Catalyst preparation by robotic system both cases, the D-Head probe is used to feed the ap-
propriate solution, drop by drop, into the centre and

2.3.1. Sandard wet impregnation then round the circumference of each of the 24 ves-

The aim was to reproduce the original method of sel on the right-hand side of the primary block, this
wet impregnation described above using the robotic procedure ensuring a homogeneous distribution of the
system before doing exploratory work on new catalyst solutions over the support. The results of experiments
formulations. The initial experiments for which results carried out using catalysts prepared using this proce-
are described in this paper involved the preparation of dure will be described elsewhere.
identical formulations of the Mg/,Nb,,W_/alumina
material in all 48 vessels, the aim being to demonstrate
the reproducibility of the system. 3. Results of for catalysts prepared using the

For each set of preparations by the wet impregnation robotic system by wet impregnation: the selective
method, a sample of the powder was weighed carefully oxidation of propane over Mo-V-Nb-W oxides
(£0.1mg) into each vessel. The appropriate quantity supported on a-alumina
of each of the four mother liquors was added to each
vessel without stirring and these were then allowed We report here the results of a series of catalytic
to stand at room temperature for 12 h. The theoretical experiments carried out with a batch of catalysts de-
composition of the resultant materials, assuming that signed to have exactly the same composition which
all the added salts were taken up by the support, waswere prepared with the robotic system and we com-
in each case Mg/ 4Nb; W1, concentration of metals  pare these results with data obtained with a roughly
being expressed as weight percent of metal per gramequivalent sample prepared manually. The object of
of alumina. The solvent (water in all cases in the ex- these experiments was to show the reproducibility of
periments carried out to date) was removed by evapo- the method rather than to optimise the catalyst compo-
ration by heating the heating/stirring block to 12D sition. The results of catalyst optimisation experiments
for 2 h, stirring being carried out for 1 min in every will be reported elsewhere. We discuss here also some
10 min. After drying, half of the samples of catalyst experimental limitations, which must be overcome in
were calcined at 650C and the other half at 70C. order to achieve reproducibility.

Preliminary experiments showed that an issue that The catalytic tests were carried out in a stan-
has to be controlled very carefully is the possibility dard microreactor using a quartz tubular reactor
that the support particles are crushed to a powder form of 4 mm internal diameter. The total flow rate was
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40cm?min~! and the catalyst weight used for each convert the CO and Cfof the product stream to
test was 300mg; in each case, the sample was di- CHg, detectable by FID. The carrier gas used for the
luted with 100mg of quartz (GHS\-= 5300 h™1). GC was helium (13 cAmin—1). Two GC columns in
The composition of the flow used (using mass-flow series were used for separation of the components: a
controllers) was: @Hg/O2/H,0O = 15%/15%/10%, 10 m Molsieve 5A to separate the permanent gases
He being used to make up the balance to 100%. The and a 10 m Poraplot Q for the separation of the hy-
water was introduced to the reaction stream through drocarbons and oxygenated compounds. A 10-way
a stainless steel saturator and its partial pressure wasggas-sampling valve was used for gas sampling, using
controlled by heating the saturator to the appropriate a 50ul loop and, also, to avoid the contamination of
temperature (measured by a thermocouple system).Molsieve 5A column by C@, C; and G compounds.
Analysis of the gas stream was carried out by on-line  Six catalysts were tested and compared: five made
gas chromatography using a Varian 3400CX GC by the robot and one, with approximately the same
system. This is equipped with both thermal conduc- composition, prepared manually. The catalysts pre-
tivity (TCD) and flame ionisation (FID) detectors. pared by the robot (A5, A16, A18, A29, A40) were
The TCD was used to measure permanent gases anac¢hosen randomly from half the batch of 48 identically
the FID was used for an accurate evaluation of the prepared samples, that which had been calcined at
concentrations of organic compounds. A methanation 650°C (seeSection 2.3.1above).Fig. 3 shows the
column was inserted between the two detectors to results of the experiments carried out with these
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Fig. 3. Comparison between catalysts A5, A16, Al8, A29, A40 (robotic preparation) angOg/Ainanual preparation): (a) propane
conversion, (b) oxygen conversion, (c) yield of propane, (d) yield of acrolein.
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Fig. 4. TPR of the catalyst A40. Experimental conditions: catalyst weighi00 mg; flow= 50cn? min~1, 3% H, in Ar; temperature
ramp = RT to 900°C at 10°C/min.

samples. The conversions of propane as a function peak occurring in the same temperature range of the

of reaction temperature are shownHig. 3aand the catalytic experiments.

equivalent oxygen conversions and the propene and We will report elsewhere the results of experiments

acrolein yields are shown iRig. 3b—drespectively. which show additional data on the time-dependent

(Other trace products were also obtained but these effects occurring at and around 60D, particularly

are not shown, as they do not contribute significantly on the effects of the water partial pressure on these

to the product yields.) The results for all the robot- changes.

ically prepared samples (A5, A16, A18, A29, A40)

show very good reproducibility in terms of both the

propane and oxygen conversions, although there are4. Conclusions

small differences in the propene and acrolein yields.

The data are similar to those obtained with the manu- A robotic catalyst preparation system has been de-

ally prepared material (6/AD3) but this material was  veloped which is able to prepare simultaneously 48

less active at all temperatures; this sample contained catalysts by wet impregnation or 24 catalysts by dry

slightly less vanadium that those prepared roboti- impregnation. In either case, addition of solutions can

cally and it will be shown elsewhere that increasing be performed either sequentially or simultaneously.

vanadium concentrations gives increased propaneThese batches of catalysts can be prepared in a time

conversions and associated shifts downward in the comparable with that necessary for the manual prepa-

temperature distribution of products. ration of a single sample. The results obtained using
An interesting observation made during these ex- samples selected at random from a series with the

periments was that there are time-dependent changessame nominal compositions showed very satisfactory

which occur at a temperature of around 6@0 This reproducibility.

phenomenon is dramatically shown by the behaviour

of yield of propene and acrolein of catalyst 5 A, which

changes over the period of 45 min, represented by the Acknowledgements

subsequent points on the graph 3c—d. The phenomenon

is reflected also by temperature programmed reduction The authors acknowledge with thanks finan-

(TPR) experiments carried out with all the samples cial support from the EU under project number
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