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Abstract

Microreactors provide opportunities for improving process efficiency and control in chemical/biochemical kinetic studies. Advantages of
microreactors, as compared to normal scale reactors, include high surface to volume ratio, improved heat and mass transfer properties, small size,

negligible chemical waste, and increased safety.

In this study, we use a stochastic compartmental modeling approach to model a continuous-flow microreactor with chemical reaction. The
stochastic model developed is general, simple, and can be easily solved analytically. We apply the model to cyclohexene hydrogenation and
dehydrogenation reactions. Model parameters were estimated by fitting the model to experimental data on cyclohexene conversion. From these
estimates, it was possible to characterize the residence time distribution of the microreactor, to estimate the reaction kinetic parameters, and to

predict cyclohexene conversion.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Microreactors and microreaction technology play a sig-
nificant role in chemical and biochemical kinetic investiga-
tions. Miniaturization of a chemical process will increase
process safety, efficiency, and productivity. Microreactors have
the following advantages in comparison to normal scale
reactors: high surface to volume ratio, improved heat and mass
transfer properties, small size, negligible chemical waste, and
increased safety. The high surface-to-volume ratio of a
microreactor improves heat transfer, making it suitable for
the study of exothermic reactions [1,2].

Several chemical reactions have been explored utilizing
microreactors. One such reaction is cyclohexene hydrogena-
tion and dehydrogenation. The reaction of cyclohexene
(CgH;p) and hydrogen on a platinum catalyst, Pt (1 1 1), has
been investigated by a number of groups using a variety of
surface analytical techniques [3-7]. Studies of this reaction
scheme at the microscale were conducted by several authors
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[8—12]. This reaction system is a useful prototype model for
similar systems ubiquitous in the chemical process and
petroleum refining industries such as hydrotreating for
aromatics reduction, desulfurization, and denitrogenation
[13], reforming for aromatics reduction and dehydrocycliza-
tion [14,15], and fuel processing of liquid hydrocarbons for the
generation of hydrogen feed for fuel cells [16]. Previous results
on Pt (111) catalyst revealed that cyclohexene underwent
selective dehydrogenation to form benzene [6,17]. Thus,
cyclohexene can react selectively to give two products,
cyclohexane (CgH;,) or benzene (CgHg). The hydrogenation
reaction:

k
CeHjo + Hy—CsHi2 (1

gives cyclohexane and is favored at low temperatures. On the
other hand, the dehydrogenation reaction:

k')
CgH0—C¢Hg + 2H» )

produces benzene and is favored at high temperatures.

Of interest in this research is to model the microreaction
process. This involves modeling of flow and reaction in a
continuous-flow microreactor. A model that can simulate the
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behavior of a process is essential for predicting process
performance. Also, it plays an important role in process
optimization.

In this study, we developed a stochastic model of a
continuous-flow microreactor that comined both the residence
time with chemical reaction properties of the system. We applied
the model to experimental data on cyclohexene conversion in
order to estimate model parameters and characterize the
residence time distribution in the microreactor as well as to
predict the probability of conversion of cyclohexene to
cyclohexane or benzene.

2. Residence time distribution

A microreactor usually consists of a rectangular micro-
channel, with lateral and vertical dimensions in micrometers.
The residence time distribution (RTD) in a microreactor is a
measure of its efficiency with regard to conversion in a
microreaction process. A simple, yet realistic first approach to
modeling the residence time distribution is to divide the
reactor in the flow direction into n arbitrary compartments of
equal size where each compartment is perfectly mixed as in a
continuous stirred tank reactor (CSTR). Using cyclohexene
hydrogenation or dehydrogenation reaction, consider a
cyclohexene molecule, which enters the reactor in compart-
ment 1 and exits from compartment n. Because of the ideal
mixing in a compartment, the probability that a molecule in
compartment j — 1 exits to compartment j (j=2, 3,...,
n+1, where n+ 1 is the exit stream) during the infinite-
simal time interval (¢, ¢+ Af) can be assumed to equal LAz,
where A is the exit or transition intensity. As such, it can be
readily seen that the residence time distribution in any
compartment is exponential with probability density function
(pdf) xe ™. Considering that a molecule enters compartment
1 and exits compartment n, the time it takes the molecule to
exit the reactor is the sum of n independent exponential
random variables which is given by the Gamma distribution
[18]:

3)

The Gamma distribution Eq. (3) can be used to characterize
the residence time distribution of a chemical reactor by running
experiments where the input is either pulse or continuous feed.
In this research, continuous feed cyclohexene hydrogenation
experiments were run, and the partial pressure of cyclohexene
(pp) in the exit stream was measured. The ratio pp/pppase at
time 7 is an estimate of the probability that a cyclohexene
molecule, entering the reactor at time, t exits the reactor by
time T — 7, where pppase 1 the partial pressure of the reactant
(cyclohexene) in the exit stream at equilibrium. This
probability is given by:

T4 o—A(T—7) _ )yl
/ Ae (AMT - 1)) de @
0

I'(n)

Fitting the model to the experimental observations (pp/pppase)
over time, one can estimate A and » for a given continuous-flow
microreactor.

3. Chemical Kinetics

The hydrogenation (Eq. (1)) and dehydrogenation (Eq. (2))
reactions in which cyclohexene reacts to produce cyclohexane
or benzene are considered. When a reaction occurs, it is
assumed that in the infinitesimal time interval (z, ¢+ Ar) the
probability that a cyclohexene molecule in compartment j — 1
reacts is wAt (a reasonable assumption in that, with a
microreactor, one can safely ignore the mass transfer effect
when considering the catalytic reaction occurring on the walls
of the reactor). On the other hand, the probability that the
cyclohexene molecule exits to compartment j in an infinitesimal
time interval (¢, 7+ Ar) is AAz. It is known [19,20] that for a
bimolecular reaction A+ B — C, p© is equivalent to k;Ng,
where Ng is the number of B molecules and & is the reaction
rate constant. On the other hand, u = k, (reaction rate constant)
for a monomolecular reaction, A — C. However, for hydro-
genation and dehydrogenation reactions, such as the cyclohex-
ene reactions in Egs. (1) and (2), it has been observed in the
literature [21,22] that the reaction can be described by a
Langmuir-Hinshelwood model, implying that the reaction
order may vary from zero to first-order.

Under continuous feed, the probability (P) that a cyclohex-
ene molecule (CgH,o) entering the reactor at time t exits by
time T (T > 1) is given by:

P = Probability[C¢Hj exits at time7,
given thatC¢H;( did not react by timeT)

x Probability[C¢H o did not react by timeT) 5)
renhe TG
0 r(n)

In Eq. (5), e “"~7 is the probability (C¢H o did not react by
time 7).

The probability of exiting the reactor by time 7 can be
evaluated by integrating Eq. (5) to give:

A11T11—] k11Tn—2
rm)+u) rn—-1)0+up)?

AT A"
" e~ (T 4 (1-— ef(/\ﬂt)T) .
(A+p) (A 4w

n=273,
(6)
Forn=1:
A
P=—"—[1—e W] (7
A+
As T approaches infinity, Eq. (6) reduces to:
A’l‘l
T ®)
(A +p)
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Fig. 1. Microreactor scale.

4. Microreactor experiment

In this study, a microreactor made from a double-sided
polished, silicon orientation wafer (4 in. in diameter, and
500 wm thick) was used (Fig. 1). The microreactor is
1.6 cm x 3.1 cm in size, with 1.2 cm x 1.34 cm for the micro
channels. It is composed of an inlet-via (a hole through the
wafer) to allow gas to flow into the microreactor, inlet channel,
a manifold region to distribute gases throughout the micro
channels, reaction zone, outlet channel, and an outlet-via to
allow gas to exit the reactor. The reaction zone is made of 599,
5 pm wide and 100 wm in height, waved channels coated with a
catalyst on the bottom and side walls of the channels.

The reactant gas flows through the inlet-via into the
microreactor and into the inlet channels. After entering the
inlet channel, the chemical species mix in the manifold area and
then flow into the reaction zone, which is composed of 599
microchannels. Once the reaction is complete, the effluent of the
microreactor moves out of the reactor through the outlet channel
and outlet-via. Then, the effluent is sent to a mass spectrometer
for chemical information analysis. The microreactor effluents
were continuously sampled and monitored for composition
using a Stanford Research Systems mass spectrometer (QMS
200) having its own PC for acquisition and control.
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Fig. 2. Plot of the observed conversion rate (pp/ppease) for the cyclohexene
dehydrogenation reaction, and predicted value by fitting the experimental data
to the model in Eq. (4). The operating condition was 186.67 °C with flow rates
of 0.28 and 0.82 sccm (standard cubic cm per minute) for H, and Ar,
respectively.
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Fig. 3. Plot of the observed pp/pppase. for the cyclohexene hydrogenation
reaction, and predicted value by fitting the experimental data to the model
in Eq. (4). The operating condition was 102 °C with a flow rate of 0.55 sccm for
each of H, and Ar.

For the cyclohexene hydrogenation experiments, hydrogen
flow was initiated at room temperature for at least 1h as a
method of pre-treatment of the Pt catalyst. The cyclohexene fed
to the microreactor was controlled using argon carrier gas
bubbled through a column of liquid cyclohexene. Pure
hydrogen was the other reactant gas. Platinum (Pt) was used
as the catalyst, and sputtering deposition was the method used
for a uniform Pt coating inside the microchannels of the
microreactor.

5. Model fitting to data and estimates of the reaction
parameters

For characterizing the microreactor with regard to its
residence time distribution, we fitted the above model (Eq. (6),
using least squares) to cyclohexene pp/pppase data over time in
the exit stream by specifying differentn values (n =1, 2,3, .. .).
Note that the probability (P) of exiting the microreactor in
Eq. (6) is estimated as pp/pppase- The sum of squares error (sum
of squares of deviations between observed and expected)
increased with an increase in n. The best fit was for n = 1 which
gave the smallest sum of squares error (SSE). For the sake of
space, we present only two figures showing the fit of the model
to the data when n = 1. These figures are representative of the fit
of the model to other experimental data. It is seen from Figs. 2
and 3 that the model gave good fit to the data for n = 1. Since the

Table 1
Estimates of the reaction rate p for cyclohexene hydrogenation and dehydro-
genation reactions at different temperatures, n =1

Temperature (°C) 4 (/min)
Cyclohexene hydrogenation
102.5 0.2096
56.4 0.0793
Cyclohexene dehydrogenation
186.7 0.0966
353.3 0.1104
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best fit was for n = 1, this implies that the microreactor flow is
well mixed and can be classified as a CSTR microreactor with
an exponential residence time distribution.

Table 1 presents estimates of the reaction rate u from fitting
the model for n=1 to the cyclohexene hydrogenation and
dehydrogenation data at different temperatures.

It is seen from these estimates that the sensitivity of the
hydrogenation reaction to temperature was higher than that
observed for dehydrogenation. Equilibrium calculations con-
firmed that the reactions were kinetically limited.

Relating the above reaction rates at different temperatures to
the Arrhenius equation, one has:

_Eu/RT]
)

m =koe [y = koe Ea/RT2, )

From Eq. (9), one can estimate the activation energy of the
reaction. This is given as:

_ In(uy/11,)
B = TURT) + (1/RT) o

Substituting the values from Table 1 into Eq. (9) and taking R as
8.314 J/mol K, the activation energy is calculated to be
21,694.52 J/mol for the hydrogenation reaction and 429.5 J/
mol for the dehydrogenation reaction.

6. Conclusions

It is well known that gas flow in a microreactor is stochastic
when considered at the molecular level. Hence, in this study, a
stochastic compartmental model, coupling residence time and
reaction kinetic, was developed to simulate the dynamics of a
reaction process in a continuous-flow microreactor. The model
was applied to data on the conversion of cyclohexene to
cylcohexane (hydrogenation reaction) or to benzene (dehydro-
genation reaction). The model gave best fit to the cyclohexene
conversion data when the microreactor was considered as one
compartment or a CSTR. This model may be thought of as a
discretized diffusion process. It is simple, general, and can be
easily solved analytically. Also, this modeling approach can be
readily extended to include adsorption and desorption of
reactants and products on the catalyst surface allowing one to
assess their relative importance.
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