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Design of a Compact and Versatile Bench Scale Tubular Reactor
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Abstract

A compact and versatile laboratory tubular reactor has been designed and fabricated keeping in view of re-
ducing capital cost and minimising energy consumption for gas/vapor-phase heterogeneous catalytic reac-
tions. The reactor is consisted of two coaxial corning glass tubes with a helical coil of glass tube in between
the coaxial tubes serving as vaporiser and pre-heater, the catalyst bed is in the inner tube. A schematic dia-
gram of the reactor with detailed dimensions and working principles are described. The attractive feature
of the reactor is that the vaporiser, pre-heater and fixed bed reactor are merged in a single compact unit.
Thus, the unit minimises separate vaporiser and pre-heater, also avoids separate furnaces used for them
and eliminate auxiliary instrumentation such as temperature controller etc. To demonstrate the system
operation and illustrate the key features, catalyst screening data and the efficient collection of complete
and accurate intrinsic kinetic data are provided for oxidation of CO over copper chromite catalyst. CO oxi-
dation is an important reaction for auto-exhaust pollution control. The suitability of the versatile nature of
the reactor has been ascertained for catalytic reactions where either volatile or vaporizable feeds can be
introduced to the reaction zone, e.g. oxidation of iso-octane, reduction of nitric oxide, dehydrogenation of
methanol, ethanol and iso-propanol, hydrogenation of nitrobenzene to aniline, etc. © 2009 CREC UNDIP.
All rights reserved.
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industrial unit. Without reliable kinetics, the reac-
tor design is rather speculative and it is not really
possible to evaluate the deviations and the dynam-

1. Introduction
Catalytic reactors are at the heart of the major-
ity of chemical processes. Inside the catalytic reac-

tor multiple chemical and physical processes take
place at different length and time scales and often
in different phases. The proper design of a catalytic
reactor requires the knowledge of the rate of reac-
tion and the selectivity as a function of the operat-
ing conditions. Preferably a rate expression based
on the intrinsic reaction kinetics is used to trans-
late laboratory data to pilot scale and further to an

ics that occur in the reactor. This constitutes a
critical step in assessing the operational safety and
environmental impact of the production unit
(Berger et al., 2001). Catalytic fixed bed reactors
are the main reactor type used for large-scale het-
erogeneously catalysed gas-phase reactions. They
are also often the reactor of choice in the labora-
tory for kinetic studies.
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New ideas for bench scale reactors are needed
to improve the efficient collection of complete and
accurate intrinsic kinetic data. Better characteri-
zation of both laboratory scale and full-scale reac-
tors are required. Development of new chemical
reactors is dependent on advances in fundamen-
tal research and enabling technologies needed to
apply this to reactor design. The following fea-
tures have been identified as desired functional-
ities for the novel reactors (David and Sharon,
2001) of the future: (a) their capital cost has to be
reduced, while heat and mass transfer character-
istics have to be improved, (b) energy require-
ments have to be reduced, while safety standards
should remain high (c) they should be multifunc-
tional, in terms of chemical reactions and separa-
tion, capable of producing ultra pure products, (d)
they should be versatile for carrying out various
types of reactions and controllable, and (e) they
should handle transient operation. System inte-
gration will lead to ultra low cost reactors.

The present work is an attempt to design a
compact and versatile laboratory tubular reactor
keeping in view of reducing capital cost, minimis-
ing energy consumption and the efficient collec-
tion of complete and accurate intrinsic kinetic
data. The design is simple and easily constructed
from glass by standard scientific glass blowing
techniques. To demonstrate the system operation
and illustrate the key features, catalyst screening
data and the efficient collection of complete and
accurate intrinsic kinetic data are provided in
this paper for oxidation of CO over copper chro-
mite catalyst. The suitability of the versatile na-
ture of the reactor has been ascertained for cata-
lytic reactions where either volatile or vaporizable
feeds can be introduced to the reaction zone, e.g.
oxidation of iso-octane, reduction of nitric oxide,
dehydrogenation of methanol, ethanol and iso-
propanol, hydrogenation of nitrobenzene to ani-
line, etc.

2. Materials and Methods
2.1. Bench Scale Reactor Design and Fabri-
cation

The reactor was fabricated in the laboratory
consisting of two coaxial corning glass tubes by
standard scientific glass blowing techniques; de-
tailed dimensions are shown in Figure 1. A helical
coil of glass tube in between the coaxial tubes,
serves as a vaporizer for liquid reactants and pre-
heater of the vaporized reactants and any other
gaseous reactant mixture. The descending part of
the coil acts as a vaporizer for liquid flowing

downward as a thin film. The vapour of the liquid
and gaseous reactants get mixed well while flow-
ing upward through ascending part of the coil and
heated up to the reaction temperature before en-
tering the catalyst bed kept in the mid of the in-
ner tube as shown in the figure. There is a hole in
the lower part of the outer tube to take care of
breakage due to the expansion or contraction of
air in between coaxial tubes as the unit is sub-
jected to the variation of temperature from ambi-
ent to the reaction temperature.
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Figure 1. Schematic diagram of the reactor
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In general bench scale tubular reactor consists
of three units: (a) vaporiser (b) pre-heater and (c)
fixed bed reactor, heated separately. Three sepa-
rate heaters and their temperature controllers
are needed to maintain the require temperatures.
The attractive feature of the presently designed
reactor is that the vaporizer, pre-heater, and the
fixed bed reactor are merged together in a single
unit. The compact unit not only minimizes sepa-
rate vaporizer and pre-heater but also saves elec-
trical energy by avoiding separate furnaces used
for them. This reactor also eliminates auxiliary
instrumentation such as temperature controller
etc. Obviously fixed cost of single compact reactor,
single heater and single temperature controller
would be less than three separate units, their
heaters and controllers. Also, it is natural that
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operating cost of energy consumption in a single
heater would be minimum than three separate
heaters. There is no such compact reactor has
been reported in the open literature. This is our
new contribution on the bench scale reactor.

The suitability of the versatile nature of
the present reactor has been ascertained for cata-
Iytic reactions for gases as well as for vaporised
liquids, and for gas and vaporised liquid reactants
such as oxidation of carbon monoxide, oxidation of
1so-octane, reduction of nitric oxide (auto-exhaust
pollution control), and dehydrogenation of ethanol
and iso-propanol, and hydrogenation of nitroben-
zene to aniline, etc (important commercial reac-
tions).

2.2. Oxidation of CO Over Copper Chromite
Catalyst

The catalytic oxidation of carbon monoxide
with the object of reducing air pollution is actu-
ally an important consideration when one thinks
in terms of automobile emission control (Severino
and Laine 1983). Copper chromite catalyst seems
to be the most suitable for substituting noble met-
als employed as auto-emission control catalyst
(Laine et al., 1990). The catalyst converts CO to
harmless product COg, found in the atmosphere
which is useful to the plants.

CO + % Ogz(air) = CO2 (1)

Three copper chromite catalysts were pre-
pared by calcining a complex precursor
(ammoniac copper oxalate chromate) around 623
K in nitrogen (Cat-A), in air (Cat-B) and by pre-
reducing Cat-B with CO (Cat-C). Preparation de-
tails are given elsewhere (Prasad, 2005). In situ
pre-reduction of the catalyst (Cat-C) was carried
out with CO/ nitrogen mixture at 493 K for three
hours. Composition of all the catalysts was identi-
cal having Cu/Cr atomic ratio 1/1. The only differ-
ences are the decomposition environments of the
precursor and pre-reduction of the catalyst. The
reactor was placed vertically in a split open mi-
croprocessor controlled furnace. The temperature
control of the catalyst bed of = 0.5 K was
achieved. Following reaction conditions were
maintained in the oxidation of CO: 100 mg cata-
lyst, particle size 100-150 mesh diluted to 10 ml
with alumina particles of the same size, Tempera-
ture 323-573 K, CO/air ratio 1/40, W/Fco 0 - 27
g.h.mol-1 and pressure 1 atmosphere. Digital bi-
nary gas mixture (NUCON make) was used to
feed CO/air mixture in required proportion to the
reactor. Reactants and products were analysed for
CO and COgz with the help of an online gas chro-
matograph using porapack-Q column, methaniser

and FID detector.

3. Results and Discussion

3.1 Catalyst Screening

The conversion of CO was calculated on the
basis of values of CO concentration in the reactor
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Figure 2. Effect of temperature on CO conver-
sion, CO/air ratio = 1/40, W/Fco = 27g.h.mol-1.
o Cat-A A Cat-B o Cat-C

input and output samples. The experimental re-
sults are shown in Figure 2.

All the catalysts show similar ignition behaviour.
Three distinct zones can be visualized in Figure 2.
In the first region-X below light-off temperature,
rate is controlled by the kinetics of the chemical
reaction. Catalyst performance in this region is
dictated by the specific activity of the catalyst and
by the dispersion of the metal. As the rate in-
creases, heat builds up due to exothermic oxida-
tion to the point where the catalyst lights off
(region-Y). Eventually, the transfer of heat is lim-
ited and the system regains steady state (region-
7Z) at very high conversion. In this region mass
transfer of gases to the catalysts is the rate deter-
mining step. Figure 2 shows that the conversion
of CO for cat-C is higher than that for cat-B and it
is highest for cat-A at all temperatures.

The durability of the catalysts was tested by
carrying out the reaction for 50 hours at 500 K.
The results are plotted in Figure 3. In the begin-
ning, exothermic effect of the reaction increased
the bed temperature above the pre-adjusted value
of 500 K. After the temperature was stabilized, a
progressive deactivation of the catalysts was ob-
served. It is clear from Figure 3 that the activities
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Figure 3. Effect of catalyst ageing on CO oxida-
tion: Temp. 500 K; CO/air ratio 1/40; W/Fco=
27g.h.mol1. o Cat-A A Cat-B o Cat-C

of all the catalysts dropped down by about 6-7%
during 50 hours of operation. The conversion of
CO by Cat-A was maintained about 94% even af-
ter 50 hours of continuous use.

3.2. Kinetics of CO oxidation

The kinetics of the oxidation of CO over the
best screened cat-A were studied in the reactor
using a lean mixture of CO in air (1/40), particle
size 100-150 mesh and

W/Fco values 0 - 27 gcat.h.mol-1. The mass of
the catalyst taken was 0.1 g diluted to 10 ml with
alumina of the same size. Meaningful kinetic data
can be obtained from a packed bed reactor only if
the flow pattern within the reactor resembles
plug flow. In present study reactor satisfied the
criteria of plug flow behaviour. The reactor was
operated essentially as a differential reactor with
low conversion of CO below 10%. The external
and internal mass transfer effects were absent
within the experimental region of kinetics meas-
urements, these were checked experimentally.
The precautions taken to avoid a temperature rise
of the catalyst bed were sufficient to assure iso-
thermal behaviour. The kinetics treatment fol-
lows the empirical rate law equations as favoured
by Levenspiel (1999). The experimental data at
four different temperatures are presented in Fig-
ure 4. The rate of reaction at any conversion was
obtained by taking slope of CO conversion (Xco)
versus W/Fco plot. Once the rate of reaction is
known as a function of conversion or concentra-
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Figure 4. Plot of conversion of CO vs. W/Fco
Temp: (0) 400 K, (o) 390 K, (A) 380K, (A)
370 K
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Figure 5. Plot of In(robs) vs. In(Cco)
Temp: (o) 400 K, (o) 390 K, (A) 380K, (A)
370 K

tion of reactant, an empirical power law type
equation can be fitted:

Tobs =k (Co2)"(Cco)" 2)

In the present study a lean mixture of reac-
tant, 2.5% CO in air was used, therefore oxygen
was in large excess and the rate expression re-
duces to the pseudo nth order:

Tobs = k(CCO)n (3)
Ceo = (Cco)inie(1- Xco) 4)
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The rate constant k is a function of tempera-
ture and can be expressed by Arrhenius equation:

k = Aexp(-E/RT) (5)

Linear plots were obtained when In (rohs) vs.
In(Cco) were plotted (Figure 5). Slopes and inter-
cepts of the lines gave order of reaction and In (k)
respectively. Order of reaction was found to be
0.7. The reaction rate constants follow Arrhenius
law. The activation energy and frequency factor
(A) were calculated measuring the slope and in-
tercept respectively of the plot In (k) vs. 1/T as
shown in Figure 6.
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Figure 6. Arrhenius plot

On the basis of the experimental findings the
rate of CO oxidation in the temperature range of
370- 400 K on the copper chromite catalyst can be
expressed as:

Rate = 2.02x10" exp(-12290/RT)(Cco)"’ (6)

The above empirical rate expression can be ade-
quately used for the design of CO converter.
Similarly, the suitability of the versatile na-
ture of the present reactor has been ascertained
for catalytic reactions for oxidation of iso-octane,
reduction of nitric oxide (auto-exhaust pollution
control), and dehydrogenation of ethanol and iso-
propanol, and hydrogenation of nitrobenzene to
aniline, etc (important commercial reactions).

5. Conclusion

A low cost, compact and versatile laboratory
tubular reactor for vapour phase heterogeneous
catalytic reactions has been designed and
fabricated. The vaporiser, pre-heater and fixed
bed reactor are merged in a single unit. Thus, not
only the fixed cost of the reactor system is
decreased but also the operating cost of energy
consumption is minimised. The suitability of the
reactor has been demonstrated for screening of
the catalysts, performance measurements and the
efficient collection of complete and accurate
kinetic data for oxidation of CO over copper
chromite catalyst. Experience in using the device
on a variety of industrial catalysis programs has
shown that it is a versatile and ideal device that
can handle any gas-phase reaction where either
volatile or vaporizable feeds can be introduced to
the reaction zone.
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