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Highly reliable 64-channel sequential and parallel tubular reactor for high-throughput screening of
heterogeneous catalysts is constructed with stainless steel. In order to have a uniform flow rate at
each channel, 64 capillaries are placed between the outlet of multiport valve and the inlet of each
reactor. Flow rate can be controlled within +1.5%. Flow distribution can be easily adjusted for
sequential and parallel mode of operation. The reactor diameter is too big to have a uniform
temperature distribution. Hence, the reactor body is separated into three radial zones and controlled
independently with nine thermocouples. Temperature accuracy is +0.5 °C at 300 °C and 1 °C at
500 °C in sequential mode, while it is £2.5 °C in the range of 250—500 °C in parallel mode. The
temperature, flow rate, reaction sequence, and product analysis are controlled\bgw ™
software and monitored simultaneously with displaying a live graph. The accuracy in the conversion
is £2% at the level of 73% conversion when all reactors are loaded with same amount of catalyst.
A quaternary catalyst library of 56 samples composed of Pt, Cu, Fe, and Co supported on AISBA-15
(SBA-15 substituted with Alare evaluated in the selective catalytic reduction of NO at various
temperatures with our system. The most active compositions are rapidly screened at various
temperatures© 2005 American Institute of PhysickDOI: 10.1063/1.1927076

I. INTRODUCTION reasonable relative ranking of the library. On the other hand,
secondary screening reactor set up allows the testing of a
High-throughput screenin@iTS) is drawing more atten-  relatively small library less than 100. The accuracy of sec-
tion in fast lead discovery for novel functional materials thanondary screening should be close to that of conventional one-
ever. This concept was used initially by Hanak to search foby-one screening. The various types of reactor systems for
a new semiconductor about 30 years adtow, combinato-  high-throughput screening of catalyst libraries have been re-
rial methods originally developed to find new drugs are alsqorted by various research groups?
applied in finding advanced functional materials and cata-  Senkanet al’® reported an 80 array channel microreac-
lysts. Schultz and co-workers demonstrated the applicatiofor system coupled to mass spectroscols). Chert* has
of high-throughput experimentatiofiTE) in the search of applied modified electrospray ionization tandem mass spec-
solid material libraries for superconductivity ~and troscopy for the screening of homogeneous catalysts in po-
magnetoresistané. Those investigations initiated the appli- lymerization reaction. Symyx*® has developed custom-
cation of HTE in material sciencéand later also in hetero- designed MS equipment to monitor product composition by
geneous catalysf‘s. quadrupole mass spectroscopy. Weinberg and co-wdrkérs
Reliable multichannel reactors must be used for evaluaconstructed a 48-channel gas phase flow reactor for second-
tion of large catalyst libraries in parallel or sequential modeary screening of oxidative ethane dehydrogenation catalyst
There are two kinds of HTS: primary and secondary screenyith monitored by gas chromatograpk@C).>” Schith and
ing. Primary screening system allows the sequential and pato-workers® developed a parallel 49-channel reactor system
allel testing of catalyst libraries of more than 100. The accutonnected with GC for the screening of methane oxidation
racy of this screening can be high enough to have &atalysts.
A reliable multichannel reactor should satisfy three con-

Author to whom correspondence should be addressed; electronic maiflitions: acpur_ate_amoum Of_ catalyst loading, narrow tem-
siwoo@Kkaist.ac.kr perature distribution, and uniform reactant flow rate at each
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FIG. 2. Removable reactor covéa) and view of reactor toggb). Graphite

foil attached at removable reactor cover is showrianand the edges for
complete sealing between graphite foil and removable reactor cover is
shown in(b).

In order to demonstrate the performance of our reactor
system, we will present the result of selective catalytic re-
duction(SCR of NO with C;Hg over quaternary metal cata-
lysts supported on mesoporous AISBA-15. A detailed proce-
dure for catalyst preparation and operation of our reactor
() system will be also discussed.

FIG. 1. A schematic drawing of the 64-channel rea¢®rand photograph

of reactor Il. OVERALL DESCRIPTION OF 64-CHANNEL

REACTOR SYSTEM

channel. Senkagt al*® prepared a catalyst pellet to control A schematic drawing of the reactor and photograph of
the amount of catalyst loading and for easy mounting. Thighe reactor system are shown in Figéa)land Xb), respec-
mounting with a pellet suffers from the channeling of reac-tively. This multiple reactor configuration is composed of
tant gases, in which a significant amount of reactant gasegertically aligned 64 channels that allow the 64 different gas
pass through without contact with the catalyst. This will give phase reactions to occur in the sequential or parallel mode.
a serious error in determining the true catalytic activity. It isThe reactor body with a diameter of 170 mm, and a height
highly recommended to use a cartridge for exact weighing obf 60 mm is made of stainless steel. For easy mounting
catalyst powder, as reported by Schiith and co-workers. and exact weighing of catalyst, catalysts powder is placed
Our design adopted this method. Lauterbach andn 5 mm inner diametefi.d.) X8 mm outer diametefo.d)
co-workers® controlled the temperature of each channel withx 20 mm long the stainless steel cartridge, which are in-
high accuracy, but this type of reactor may have a large sizeerted into the bores and sealed against them with a graphite
in the case of channels more than 50. Our strategy is that thgasket. A metal frit containing g#m pores in the bottom of
large body of a reactor adopts three-zone heating with theach cartridges supports the catalyst. The top part of car-
temperature control with the thermocouples nearest to theidge is machined to have a screw, which will make it easy
channel. For the uniform flow rate, each channel was conto take out from each channel. A thermocouple for measuring
nected to a capillary tube to induce a large pressure drop. Ithe reaction temperature is placed at nine positions in whole
the sequential mode of operation, all the channels except theactor body. Sealing between the top of the reactor body and
channel that is used as a reactor were flowed with inert gathe removable reactor cover is secured by using Sl-
not to deactivate the catalyst. The sequential mode of oper&sRAFLEX® graphite foil (SGL technology, thickness of
tion can be changed to parallel mode by reversing the initia2 mm), as shown in Fig. @. The top of the reactor was
inlet position of the mixture and inert gas tube that is con-machined so that it has sharp edges to secure the seal be-
nected to a multiport valve. tween the graphite foil and each reactor channel, as shown in
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rate is one of the most important experimental parameters
affecting the conversion. In order to maintain the same flow
rate at each reactor channel, a capillary with 1.6 mm o.d.,
0.12 mm i.d., and 500 mm long is attached to all the reactor
channels via fittingg1/16 in., Valco Instrument Cpfrom
the removable reactor top to a 16-port two-position valve
(SC type, Valco Instrument Cp.In this case, the capillary
served two functions. One is that the capillary induced a
pressure drop, thus providing an additional flow resistance to
have a uniform flow rate at each channel. The other is that
they allow the removable reactor top to be moved a long
distance from the multiposition valve, which prevents the
multiposition valve from being heated over the maximum
allowable temperature200 °C even though the temperature
of the reactor body is above 450 °C. The actual flow rate of
each channel controlled at 10 cc mirof He is shown in
Table I. The deviation of the flow rate at each reaction chan-
nel is within 0.3 ccmin®. The flow rate varies from
0 to 40 cc mint within an error of 1.5%.

The operation of the multichannel reactor can be easily
(b) adjusted to sequential mode or parallel mode by selecting
three-way valves. The parallel mode allows permanent on-
stream of reactant gases to all the channels; in this way time-
on-stream activity measurement can be performed. On the
ther hand, only one channel is flowed with reactant and the
thers are flowed with inert gas at the operation of the se-
uential mode. An initial deactivation rate measurement can

sajdnodowiayy yo uonisog

FIG. 3. (a) View of insulated reactor placed in the center of oven énd
heating element and the position of thermocouples.

Fig. 2(b). As shown in Fig. 3, heating elements are connecte
to bottom of the reactor body and thermocouples are inserte
at thermocouplg p°s“‘°r!s- The heads of '_thermocouples Vel performed in this mode. Compared with our multiple re-
screw type, which .permltted easy mounting. Thg assemble ctor, the inlet system of multiple reactor reported by Baerns
reactor body was fixed on the tripod and placed in the centecrmd co-worker¥ and Schiith and co-workéfsvas designed
of the oven, Whlch Is for a.d.dltlonal insulation for the h'gh' to distribute the flow rate through one common inlet. This
temperature rea_ctlon. Ad(_j|t|onally,_V\_/e _Wrapped the OUtS'defnlet system guarantees the homogeneous flow rate of each
of the reactor with glass fiber to minimize heat loss. reactor channel with the capillary behind the reactor, but can-
not allow to flow inert gas to the inactive reactor channel.
The selection of sequential and parallel mode depends on the
In order to compare the catalytic activity exactly in eachtype of analytical instrument. Since we focused on exact
reactor channel, basically the same reaction condition musvaluation of product gas from DeNQeaction as a case
be maintained until the reaction is finished. The reactant flowstudy, we have chosen to employ GC and mass spectroscopy.

A. Control of flow rate and operation mode

TABLE I. Flow rate distribution of each reaction chanigbw rate: He 10 cc mirt at each reaction channel

Channel Flow rate Channel Flow rate Channel Flow rate Channel Flow rate

number (cc/min) number (cc/min) number (cc/min) number (cc/min)
1 9.9 17 9.7 33 9.7 49 9.8
2 9.9 18 9.8 34 9.8 50 9.9
3 9.8 19 9.9 35 9.9 51 9.9
4 9.7 20 9.8 36 9.8 52 9.7
5 9.9 21 9.8 37 9.8 53 9.7
6 9.7 22 9.9 38 9.9 54 9.9
7 9.8 23 9.7 39 9.7 55 9.8
8 9.8 24 9.8 40 9.8 56 9.8
9 9.8 25 9.8 41 9.7 57 9.8
10 9.7 26 9.9 42 9.8 58 9.9
11 9.7 27 9.9 43 9.9 59 9.9
12 9.9 28 9.7 44 9.8 60 9.7
13 9.9 29 9.7 45 9.8 61 9.7
14 9.8 30 9.9 46 9.9 62 9.9
15 9.7 31 9.8 47 9.7 63 9.8
16 9.7 32 9.8 48 9.8 64 9.8
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g FIG. 6. Schematic diagram of an experimental apparatus for measuring an
|man| vswaoy Bevessa yumeawr  [sseeme | B saew activity of catalyst library.

FIG. 4. Main screen of our HTS system inBviEw software.[V1-1 to
V1-16 correspond to channels 1-16 and V2-1-V2-16 correspond to channd, the thermocoup|es are p|aced in the middle ci(E@-M#,

17-32, thermocouplérC) is assigned to TC-O1, 02, O3, and O4 placed in 4 i« inHi~ati _ ;
the most outer part of reactor, TC-M1, M2, M3, and M4 placed in the# IS Indlcatmg. the numerouter(TC O#j Clr(.:le of reactor,
middle of reactor, and TC-center in the center of reaftor. and center circle _Of reaCtd.rTC'Ceme)' A circle of V]:-l
indicates the starting reaction channel, where reaction and
These instruments can be operated with only the sequenti alysis are first in the sequential mode operation. V1-1 to
; . 1-16 correspond to channels 1-16 and V2-1-V2-16 corre-
mode. Therefore, the catalytic properties of each channel re-
spond to channels 17-32. In order to control the temperature

actor are sequentially evaluated. : .
a y more accurately, temperature control is achieved by TC-O1

BT ¢ ol when the reaction progresses from channel 1 to channel 6.
- [emperature contro From channels 7 to 16, temperature control is achieved by

The large size of the reactor makes it hard to maintain aC-02, TC-ML1 is responsible for controlling the temperature
homogeneous temperature profile over the whole range aff channels 17-19, TC-M2 is for channels 20-25, TC-M3 is
the reactor. We divided the reactor into three heating zonefor 26—27, and TC-center is for 28—32. As a result, the tem-
inserted with highly heat conductive materials to avoid inho-perature deviation at 250—500 °C is observed within +1 °C,
mogeneity of the temperature profile. Temperature is meaacross the entire reactor channel. Temperature control at par-
sured via nine thermocouples placed on reactor body, whichllel mode was easily performed by selection of the tempera-
gave a feedback to the power supply to control the temperaure control mode in operation software. The raw tempera-
ture with nine independent proportional, integral, and derivature data of nine thermocouples were first compared, and the
tive controllers. These nine thermocouples allowed more acsoftware then selected a thermocouple shown to have the
curate temperature control in parallel and sequential modesighest temperature deviation. Hereafter, the thermocouple
than other similar types of multichannel reactt€® be-  of interest was adjusted to the desired temperature. In this
cause the reaction temperature of the reported reactor is coway, the temperature deviation was +2.5 °C at 250—500 °C
trolled individually by only 3-4 thermocouples placed in at parallel mode. The temperature of all the thermocouples
each concentric ring of the reactor channel. As shown in Figwas recorded and several temperature data points per second

were monitored for all nine thermocouple simultaneously

BT oty while displaying a live graph.
Catalyst Screening System g Y i‘\)
Yasa {reis Coowr ) TCMI ) TCMR T T T ) TCO1 e TG0 B TE03 1 Te0u | C. Operation of the reactor system by  LABVIEW ™
software
[ TR T T ETNTTEY . .
e schets 2 ; Our reactor system runs automatically by commercial
T8 LABVIEW software. Current temperature and flow rate can be
Fot : o his monitored, controlled, and stored. All information about
P i ‘ catalyst testing is saved to a MS-EXCEL™ file until the
— ‘ o reaction is finished. The time schedule option is adopted to
gw 31;-,,»;;_-;;;“‘“;, s ;mm operate the reactor efficiently. The time schedule option con-
[BESEDE R Wy trols the sequence of the experiment and sends a signal to
micro-GC for starting the analysis, as shown in Fig. 5. This
time schedule requires information on reaction temperature,
valve change interval, and GC analysis interval. The opera-

‘Il Lt Aii 1 H 1 H
R - Pt tion proced_ure of typical HTS experiment is done as follows.
Channel 1 is a default channel when the software is opened.

FIG. 5. Time schedule control panel for high-throughput screening. Reactant gas flows in channel 1 and inert gas flows in the
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TABLE Il. Composition of 56-member library.

Loading (atomic fraction Loading (atomic fraction

Catalyst Catalyst

number Pt Cu Fe Co number Pt Cu Fe Co
1 0.0 0.0 1.0 0.0 31 0.0 0.6 0.2 0.2
2 0.2 0.0 0.8 0.0 32 0.8 0.0 0.0 0.2
3 0.0 0.2 0.8 0.0 33 0.6 0.2 0.0 0.2
4 0.4 0.0 0.6 0.0 34 0.4 0.4 0.0 0.2
5 0.2 0.2 0.6 0.0 35 0.2 0.6 0.0 0.2
6 0.0 0.4 0.6 0.0 36 0.0 0.8 0.0 0.2
7 0.6 0.0 0.4 0.0 37 0.0 0.0 0.6 0.4
8 0.4 0.2 0.4 0.0 38 0.2 0.0 0.4 0.4
9 0.2 0.4 0.4 0.0 39 0.0 0.2 0.4 0.4
10 0.0 0.6 0.4 0.0 40 0.4 0.0 0.2 0.4
11 0.8 0.0 0.2 0.0 41 0.2 0.2 0.2 0.4
12 0.6 0.2 0.2 0.0 42 0.0 0.4 0.2 0.4
13 0.4 0.4 0.2 0.0 43 0.6 0.0 0.0 0.4
14 0.2 0.6 0.2 0.0 44 0.4 0.2 0.0 0.4
15 0.0 0.8 0.2 0.0 45 0.2 0.4 0.0 0.4
16 1.0 0.0 0.0 0.0 46 0.0 0.6 0.0 0.4
17 0.8 0.2 0.0 0.0 47 0.0 0.0 0.4 0.6
18 0.6 0.4 0.0 0.0 48 0.2 0.0 0.2 0.6
19 0.4 0.6 0.0 0.0 49 0.0 0.2 0.2 0.6
20 0.2 0.8 0.0 0.0 50 0.4 0.0 0.0 0.6
21 0.0 1.0 0.0 0.0 51 0.2 0.2 0.0 0.6
22 0.0 0.0 0.8 0.2 52 0.0 0.4 0.0 0.6
23 0.2 0.0 0.6 0.2 53 0.0 0.0 0.2 0.8
24 0.0 0.2 0.6 0.2 54 0.2 0.0 0.0 0.8
25 0.4 0.0 0.4 0.2 55 0.0 0.2 0.0 0.8
26 0.2 0.2 0.4 0.2 56 0.0 0.0 0.0 1.0
27 0.0 0.4 0.4 0.2
28 0.6 0.0 0.2 0.2
29 0.4 0.2 0.2 0.2
30 0.2 0.4 0.2 0.2

other channels until reaction temperature is reached to the The synthesis of SBA-15 was carried out in the same
desired reaction temperature. After the temperature of chammanner as reported in literatu?®10.0 g of Pluronic P123
nel is maintained within £2 °C from the reaction tempera-was dissolved in 1.6 M HCI solution, heated at 35 °C during
ture for 1 min, GC starts to analyze the reaction producstirring, and then 22.0 g of tetraethyl orthosilicate was added
from channel 1. This sequence is repeated for all the channé mixture. This mixture was kept at 35 °C for 24 h and
reactors. After the catalysts are tested at the desired tempera-
ture, the other reaction temperature is chosen and the whole 449
procedure is repeated as mentioned above. Our software is
interfaced with the GC data system by remote control cable;
thus, it is possible to trigger the beginning of the GC analy- 80
sis. The software of the GC data system makes a new file 70
after analysis. Consequently, each run number can be as-& gl
signed to the position of the channel tested. The GC raw data & __|

90

) - |
are saved to an ASCI! file containing the peak areas of all the g of
products from two different columns. A schematic diagram § 40
of the entire reaction system can be seen in Fig. 6. 8 30

P4
20
Il. CASE STUDY OF DeNO, REACTION 10
A. Preparation of catalysts ol

2 4 6 8 101214 16 18 20 22 24 26 28 30 32
The performance of our reactor systems was verified in Channel number(#)
the selective catalytic reduction of NO with;l@g over a fG 7 N _ L Wt % Pt AISBALS A o chanel
: ; L. conversion over 1 wt. % Pt -15 at each reaction channe
56-member of catalyst library. A quaternary catalyst I|brary(reaction condition; 2000 ppm of NO. 2700 ppm offG, 3.2% of G, and

containing Pt, Cu, Co, and Fe supported on MesopOroUSe palance, total flow rate 10 cc min weight of catalyst 10 mg, reaction
AISBA-15 was prepared as follows. temperature 300 °C
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subsequent dryness at room temperature in a vacuum oven.
After drying, the sample powder was calcined at 500 °C for
3 h under a ramping speed of 1 °C minFor calcination
temperature was maintained at 400 °C for 3 h to prevent the
hexagonal structure from destruction in the process of calci-
nation. The addition of aluminum ions to SBA-15 was car-
ried out by postsynthesis modification metHdd.
Al(NOg3);-9H,0 was used as the precursors of aluminum.
This metal precursor was dissolved into distilled water and a
predetermined amount of SBA-15 was added to the resulting
solution. This slurry was heated at 60 °C under stirring for
removal of the water. After removing, the sample powder
was dried at 110 °C and calcined in air at 500 °C for 3 h,
resulting in AISBA-15.

Four standard stock solutions of 0.05 M chloroplatinic
acid, 0.2 M copper nitrate, 0.2 M iron nitrate, and 0.2 M
cobalt nitrate were prepared by dissolving in distilled water.
Each stock solution was dispensed into 64 wells containing
10 mg of AISBA-15 powder using a computer-controlled
dispensing systertMicroSys™ SQ, Cartesiari** Relative
concentrations of each component in the solution were ad-
justed so that the target metal loadings in the final catalyst
powders were in the range 0—3 wt. % for all metals. After
dispensing, the prepared catalyst library was dried at 110 °C
for 12 h and calcined at 550 °C for 4 h under air condition.
The composition of the 56-member catalyst library contain-
ing different metal loadings is shown in Table II.

B. Optimized quaternary composition of catalysts at
various temperatures

The total gas flow rate was 10 cc minand 10 mg of
catalyst was placed in the reactor. The composition of the
reactant gas mixture consisted of 2000 ppm of NO,
2700 ppm of GHg, 3.2 vol. % of Q and He balance, and
their DeNQ, activity was measured in the temperature range
of 250—400 °C using a micro-GC. Prior to screening of cata-
lyst library, GHg-SCR using the same catalyst of 1 wt. %
Pt/AISBA-15 was tested for validation from channel 1 to 32.
As shown in Fig. 7, NO conversion of each reaction channel
is similar under the same reaction condition and deviation of
NO conversion at 300 °C is +2%.

Among the various catalyst#1-56 explored in various
temperatures, Pt-containing catalysts showed relatively high
activity compared to the other catalyssig. 8). However,
the optimum catalytic composition was changed significantly
depending on the reaction temperature; ¢Pé&, » (#11) and
PlygCop, (#32 at 250 °C, PigFeyLCop, (#28), PheCapo
(#32), and P§¢Coy4 (#43) at 300 °C, PjFe Loy, (#25),

Pt gFeyCoy o (#28), and P§eCoy4 (#43 at 350 °C, and
Pty sFen 6 (#4), Pt o (#16), and Cq ( (#56) at 400 °C showed

FIG. 8. NO conversion of catalyst sample library between the sample numthe highest activity. It is quite interesting to observe that

bers 1 and 56 at various temperatur@s:250 °C,(b) 300 °C,(c) 350 °C,

and(d) 400 °

C.

Pty sCoy, #32 and P§Coy4 (#43 showed a higher NO
conversion than pure Pt cataly$tl6) at 300 °C. This result
indicates that the composite catalysts of PégC 04

heated to 100 °C for 12 h. After reaction, the resulting gelcan be a potential candidate for SCR of NO at 300 °C, like-
was dried at 110 °C and added the EtOH+HCI solutionwise P} 4 d € _0L0 2 04 at 350 °C. When the reaction
(EtOH:HCI=600 ml:2 g for removing the surfactant with temperature was raised to 400 °C, the catalytic activity of
vigorous stirring. Then, synthesized SBA-15 was separatethe Pt-containing catalysts decreased rapidly compared to
by filtration, followed by repeated washing with EtOH and 300 °C. In contrast, the activity of pure Pt catal{#16) and
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