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Abstract

This paper presents the development of a microreactor-based parallel-analysis system for fast catalyst development. The
method is based on the deployment of multiple, microfabricated chemical reactors which consume little energy or chemicals,
are safe and environmentally compatible in operation, and which yield relevant reaction data for catalyst evaluation. The
approach is a general one, applicable to various heterogeneous catalysis technologies. The aim of this research is to ultimately
apply the method to Fischer—Tropsch (F-T) and other syntheses related to the production of non-petroleum based fuels and
chemicals. Because of the large gains in experimental efficiency, the method has the ability to advance catalyst technology at
an unprecedented pace.

We begin by describing our previous work involving the fabrication of silicon micromachined microreactors and the
mechanical and electrical setup for the experimental characterization of microreactors. We then present the results of a
model reaction system (hydrogenation and dehydrogenation of cyclohexene) and preliminary results of methanation reactions
performed with this setup. Finally, the parallel-analysis system, which is currently under development, is discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction different research groups: (1) high sample throughput
with less information gained on each sampi3]
Starting from pharmaceutical research with respect and (2) lower sample count with more complete infor-
to the identification and optimization of drugs, com- mation obtained on each sampi4], depending on
binatorial methods for synthesis and screening have the candidate preparation and screening techniques.
become increasingly important for other chemical The first approach normally pursues a large num-
and biological species as well, e.g. regarding homo- ber of candidates (>100) to extract ten or so “leads”
geneous or heterogeneous catalysts or other types ofbased on relatively limited screening information. In
materials[1]. There are generally two approaches to contrast, the second approach, which collects more
combinatorial catalyst screening developed among detailed reaction information for a group of leads,
then facilitates the further elimination of less effective
- candidates from this group. In addition, the approach
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ical and Materials Engineering, Stevens Institute of Technol- . . .
ogy, Castle Point on Hudson, Hoboken, NJ 07030, USA. Tel. and deployment in agtual |_ndustr|al processes. Based
+1-201-216-5257; fax:+1-240-255-4028. on the second combinatorial screening approach and
E-mail address: rbesser@stevens-tech.edu (R.S. Besser). coupled with our experience with microfabricated

0920-5861/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0920-5861(03)00298-0



34 X. Ouyang, R.S Besser / Catalysis Today 84 (2003) 3341

reactor (microreactor) research, we are developing aered explosive regimes. Moreover, the environmental
microreactor-based parallel catalyst-analysis systemhazards due to leakage are minimal. Our research
for industrially important reactions to dramatically group has successfully proved the applicability of
decrease the catalyst development period and reducehis system by analyzing a model hydrocarbon hydro-
overall operating costs. genation/dehydrogenation in the above sysféa).

During the last 2 decades, Fischer—Tropsch (F-T) Catalyst preparation methods are a major concern
synthesis, being the technology for conversion of in catalyst development since both catalyst compo-
natural gas to liquid and as an attractive alternative nent composition and nanostructure strongly influence
for bringing static gas resources to market, has beenthe outcome. The microreactor is compatible with
re-visited by several entities including Exxon-Mobil, a number of catalyst preparation techniques, includ-
Shell, Sasol, Syntroleum, Rentech, etc. and commer- ing physical vapor deposition (co-sputtering and se-
cialized by Shell, Sasol, etc. Among these companies quential sputtering), sol-gel techniques, nanoparticle
and other research groups, extensive interest has beerself-assembly, and impregnation methods. An ultimate
focused on finding a better catalyst to increase pro- goal is to integrate catalyst synthesis methods relevant
ductivity, to control hydrocarbon product distribution for F-T technology, including precipitation-based
and to lengthen the catalyst lif,6]. The idea of methods, and to have precise control of catalyst com-
using a parallel-analysis system as a fast, economic position and structure in the microreactor.
and easy-to-scale-up solution for F-T catalyst devel-
opment, fits these requirements appropriately.

A microreactor system based on modern silicon 2. Microreactor fabrication and experimental
micromachining techniques, state of the art precision Setup
engineering and automation can provide a complete
solution for fast F—T catalyst developmem]. Mi- The microreactors we have used are b¢dem sili-
croreactors are well suited as novel laboratory reactors con chips with anodically bonded Pyrex covers, as
because of the many advantages they possess, namelghown inFig. 1 Silicon is chosen as the reactor mate-
high transport rates, low reactant consumption, low rial because of its ease in processing, based on well-
infrastructure requirements, personnel safety, and known fabrication from micro-electro-mechanical
environmental compatibility. Their microscale dimen- system (MEMS) technology. For this application,
sions result in ultra-low transport resistances such silicon is a versatile material, possessing mechani-
that the transfer of heat and the diffusion of mass are cal robustness, chemical inertness, and high thermal
extremely quick giving these devices an agility of op- conductivity. Inlets and outlets at the ends of chip
eration so that they equilibrate nearly instantaneously connect to the catalyst-coated channel reaction area.
both thermally and compositionally. They consume This reaction area has channels of eithgm® width
reactant species only very slowly, with the effect that (800 in number) or 100.m width (40 in number)
extremely expensive or rare chemical systems can beand 50-10Qum depth, with surface-to-volume ra-
economically explored. The small footprint of the mi- tio dramatically higher than conventional laboratory
croreactor and its peripherals need less infrastructurereactors.
for operation, including floor space, energy supply, = The microreactor experimental setup is built to
and support personnel. This compactness also allowsseamlessly connect microreactors with inlet and out-
an experimental approach whereby an array of mi- let flows. Reactant flow rates, reaction pressure and
croreactors are connected to share flow and analysistemperature are automatically controlled through
equipment, allowing a number of catalyst analysis LabVIEW™ in the setup. A mass spectrometer is
experiments to be performed in parallel, increasing employed to gather reactant and product information,
experiment throughput and reducing development hence to study reaction details like conversion, selec-
time. These technical advantages are achieved withtivity, rate law, etc. Control of process parameters and
added benefit that the small reactant volumes are acquisition of reaction data are automafé
highly safe, being nearly exempt from explosion even  Various catalysts can be deposited in the mi-
when operating in what would normally be consid- crochannels by different methods based on thin-film
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Fig. 1. Microreactor fabricated by our group and used in the study.

technology[9], traditional catalyst preparatiofiO], treatment during the anodic bonding process used to
and other new means. Thin-film methods include vac- attach the Pyrex cover to the reactor. During this step,
uum sputtering[11], vacuum evaporatiofil2], and the reactor was heated to 480 in air for 45 min.
chemical vapor depositiofiL3]. Traditional catalyst

preparation methods include sol—gel depositjib#]

and impregnatiofil5]. Other techniques based on sur- 3. Results

face modification methods such as electrodeposition

[16], anodization[17], electroetching[18] or even We have explored two model reaction systems
nanoscale construction techniques like deposition of using this setup. The hydrogenation and dehydro-
nanoparticle$19], have been adopted recently. genation reactions of cyclohexene over platinum

The catalysts (Pt, Fe, Co) used in the experiments catalyst have been characterized for conversion, se-
described here were deposited with vacuum sputter- lectivity, space-time yield, and reaction probability in
ing of high-purity (>99.99%) metallic Pt, Fe or Co several different reactors having both 5 and L0®
directly onto the bare silicon surface. A shadow mask microchannels[7,8]. Exploration of synthesis gas
was incorporated during deposition to block unwanted (Syngas) conversion in the microscale has begun and
Pt/Fe/Co flux from the periphery of the top surface initial data have been obtained for CQ/Hnetha-
of the silicon reactor chip where the anodic bonding nation using an iron catalyst. As stated before, the
interface was to subsequently be formed. Each cata- catalyst preparation procedures for both reactions are
lyst film had a nominal thickness of 20 nm, and had a nominally identical.
smooth and unremarkable appearance in SEM images.

The films were not porous and no surface area en- 3.1. Cyclohexene hydrogenation and

hancement occurred through deposition. Therefore the dehydrogenation

total catalyst surface area could be closely estimated

by a simple geometrical calculation of the microchan- ~ Cyclohexene hydrogenation/dehydrogenatiggs
nel area in the reaction zone. Subsequent to catalyst(1) and (2) is representative of important hydro-
deposition, the reactors were subjected to a thermal treating and reforming reactions ubiquitous in the
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Fig. 2. Cyclohexene conversion vs. temperature: ftdyy = 0.3

scem, flowCgH1p) = 0.1sccm; 1atm pressure.

petroleum refining industrf20]. The characterization

results for several pm/100pm (width) x 100pum

(depth) chips are summarized iRigs. 2 and 3
The catalysts in these devices were prepared iden- -
tically through vacuum sputtering of Pt. The flat,
20 nm-thick films had a total surface area of 2.Zcm
(100pm-width reactors) or 31 cf(5pum-width re-
actors). This sputtering process is known to result
in films of reproducible thickness, density and mi-
crostructure[9]. The reactors were then pretreated

with pure H flow (1.0 sccm) at 20C for 90 min.

p
CeHio+ Hz—; CeH12

CeH10-> CsHg + 2Ho

Fig. 2 shows the study of catalyst activity at different
temperatures. The initial conversion transient indi-
cates the catalyst is immediately active for conversion
of the cyclohexene reactant at room temperature. Af-
ter a temperature of about 120 is reached, catalyst
activity is strongly correlated to temperature in that
a significant decline occurs because of the deactiva-
tion of Pt catalyst above 12@ [21]. The effect of
residence time on reaction conversion is shows in
Fig. 3(a). The conversion was found to be a strong
function of residence time in 1Q0m-width chips
where it changed from about 15% at a minimum
to about 80% maximum. But in jopm-width chips
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Fig. 3. (a). Conversion vs. residence time: (&) = 200°C,

P = 1atm for chip E (10@m width), H (100um width) and G

(5pm width). (b) Shift in product selectivity at increasing tem-
peratures. Benzene selectivity increases at higher temperatures, as
dehydrogenation becomes the favored reaction.

to the fact that fum-width chips have an increased
surface area, which accommodates the increase in
flow rate and hence the decrease in residence time
does not bring about a large change in conversion.
In Fig. 3b), selectivities of both 10@m-width and

5 wm-width chips show strong dependence on temper-
ature. This shift in selectivity at higher temperatures
is due to the changing catalytic surface conditions

the change in conversion was small, which is due [22,23]
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3.2. Methanation

Methanation reaction has been chosen as a prelim-
inary syngas conversion study leading to F-T synthe-
sis, despite the difference between the mechanisms of
methanation and F-T synthesis. Both iron and cobalt
coated microreactors were used to carry out the reac-
tion, as shown irEq. (3}

CO+ 3H, 25°CH, + Ho0 )

Among the various transition metals (Fe, Co, Ni, Ru,
etc.) that have been explored for syngas conversion,
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Fe and Co based catalysts are most used in induStr)’Fig. 4. Methane conversion vs. time abBO = 3 : 1, with

[6,24,25] Iron based catalyst is favored mostly be-

cause of its low cost, while cobalt based catalyst has
the advantages of mild operating condition require-
ments, no water shift reaction, and slower deactivation
rate[24,25].

The initial experiments involved studying catalyst
behavior over a period of time and the effect of tem-
perature and WCO flow ratio on conversion. Catalyst
activation period ranged from 10 to 15 h under condi-
tions of Hp = 0.3 sccm, CO= 0.1sccm,T = 200°C
and P = 1 atm. This observation illustrates the utility
of our approach for characterizing activation behav-
ior [25]. Then HB/CO flow ratio was maintained at

temperature ranging from 175 to 300; 1 atm pressure.

Another experiment was carried out with a Fe
coated 10Qum-width reactor (Fe-120801) at 25G
while Ho/CO flow ratio was varied from 1:1 (Hand
CO flows both 0.1sccm) to 10:1 (1.0sccm: 0.1 sccm)
and results are shown Fig. 5. Although the stoichio-
metric H/CO feed ratio for this reaction is 3:1, we
observed an increase in conversion with highgiGO
ratio. This observation is in agreement with literature
reports concerning the difference in chemisorption
ability of H, and CO onto the catalyst surface. It is

3:1 (0.3 sccm: 0.1 sccm) and temperature was stepped

with the result that methane conversion improved
with increasing temperature. From the experiments on
two iron based and two cobalt based 108-width
reactors, we found that iron has a higher catalyst ac-
tivity than cobalt, which correlates to the literature
[25]. For iron-coated reactors, the conversion ranged
from 28 to 70%, while only 5 to 18% for cobalt cat-
alyst, at temperatures between 200 and Z5(qthe
lowest and highest reaction temperature were 175
and 300°C, respectively), as shown Ifig. 4. No de-
tectable water-gas shift reaction was detected, nor was
catalyst deactivation observed during the experiments
for both Fe and Co based reactors, ranging from 9 to
25h. The conversion of reactor Fe-120801 is thought
to be abnormally high especially in comparison to the
result of Davis et. al[26]. This anomalous behavior

is felt to be an experimental effect due, for example,
to a poor fluidic seal. We include this data as we have
yet to ascribe a reason for discounting it.
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with H2:CO ratio held constant during each 40 min cycle.
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Fig. 6. SEM photos of carbonaceous layer on the wall of microchannel due to Boudouard reaction.

widely believed that it is the low hydrogen adatom oration of the metallic catalyst surface was visible
concentration that limits the methane formation rate with the naked eye during the course of the experi-
[27-30] ment. According to scanning electron microscope and

An interesting phenomenon we observed for reac- X-ray photoelectronic spectroscopy study, we believe
tor Fe-120801 is a significant overlayer deposition on a carbonaceous layer was formed according to the
the reaction zone of the microreactor after reaction Boudouard reaction with disproportionation of CO
at 250°C over 72h, as shown irfFig. 6. Discol- [25].
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Table 1
Comparison of our old microreactor system and the new parallel microreactor system

Single reactor system Reactor array system
No. of reactor(s) 1 16

CO consumption per hour per reactor Min: 7.5mg (6 sccm); max: 75mg (60 sccm) Min: 7.5mg (6 sccm); max: 750 mg (600 sccm)
H, consumption per hour per reactor Min: 0.54mg (6 sccm); max: 5.4mg (60sccm)  Min: 0.54 mg (6 sccm); max: 54 mg (60 sccm)

Maximum operating temperature <300°C >500°C

Maximum operating pressure <100 psig 500 psig

Online analysis system MS MS & GC

Lab floor space 1/ 2P

4. Current work on microreactor array system limited at present only by the ability of peripheral

equipments to establish these conditiof&l,32]

Based on our experience on single microreactor sys- Moreover, design concepts pertaining to F-T reaction
tem development, a parallel microreactor system is be- environments, for example, multiphase reaction capa-
ing developedKig. 7). This system promises to further  bility, dealing with solid (wax) accumulation, recycle,
hasten the catalyst development process with auto-etc. will be developed, with the goal of more closely
matic control and data acquisition. Moreover, precise approximating industrial F-T synthesis. Future work
process control (reactant concentration, temperatureis to be done to compare our results to the F-T re-
and pressure control), flexible experiment operation actions studied in bench scale and industrial scale
(adding or reducing reactant lines, variation of catalyst processes.
composition) and low operation/maintenance costs are
also distinct advantages of this systérable 1shows
the comparison of_ our old microreactor system and ¢ ~onclusions
the new parallel microreactor system.

Commercially available multi-position (16 posi- The microreactor and characterization setup de-

tions and 2 positions) valves are used to connect this scribed here show great promise for a new breed of

array of microreactors with gas chromatograph/mass laboratory reactors requiring less infrastructure and

spectrometer as shared gas angly_zers. Gas ﬂ.OW Contro'producing quality data with fast turnaround. Because
llers, pressure gauges/proportioning solenoid valves,

resistive heaters/thermocouples are applied in the of the size advantage, a parallel catalyst analysis
P PP system is made possible for rapid F-T catalyst devel-
system for flow, pressure and temperature control, re-

. opment, with the goal of a scale-up at the industrial
spegtlvel_y. Controlled by th_e LabVIEW program, level. Future work concentrates on the exploration of
multlposmqn va]yes can switch from one reactor line detailed F-T reaction mechanisms, control of catalyst
to anpther in milliseconds, such that a dozen catalyst candidate composition and structure, and industrial
cand|date_s can be scanned gnd ar)alyzed by the 93¢ 71 process approximation in the microscale. Other
analyzer in parallel. Synchronized with flow, tempera- model reactions will also be studied in an attempt to
ture and pressure data (also sgved by Fhe I._abVTIE\_N gain broad experience with the device in a variety of
program), complete reaction information is acquired chemical reaction applications
and further analyses pertaining to conversion, selectiv- '
ity, rate law deduction, etc. can be done expediently.

The system is designed to handle high-temperature
(room temperature to 50@) and high-pressure (vac- Acknowledgements
uum to 500 psig) reactions, which satisfy the needs
for characterizing industrial F—T synthesis conditions  The authors gratefully acknowledge the support
[25]. Our devices have been reliably tested at tem- of the Louisiana Board of Regents (LEQSF (2000-
peratures of 450C and pressures of 100 psig, being 03)-RD-A-20) and NSF-EPSCoR (EPS-0092001).
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