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Microkinetic Modeling of Acetylene Hydrogenation Under

Periodic Reactor Operation

Caroline Urmes,®®

Carine Julcour,” and Yves Schuurman*®

Dynamic reactor operations will gain interest with the increase
of intermittent electricity from renewable sources. Periodic
operation of catalytic reactors can also be used for kinetic
studies with better parameter estimation than steady-state
operation. This methodology is exemplified for the case of
acetylene hydrogenation over Pd/a-Al,O; using small amplitude
flow oscillations. It allows the evaluation of several elementary
kinetic parameters from one set of dynamic data for a reaction

Introduction

More flexible reactor operation may be needed if excess
renewable electricity is to be converted into chemical energy
carriers or used for heating chemical processes.™ Dynamic
reactor operations will become more important to deal with the
intermittent nature of electricity from renewable sources. For
example, during peak hours, water electrolysis might be used
to produce hydrogen that can be further stored in liquid
organic hydrogen carriers. Or an endothermic process might be
run in an electrically heated reactor. The use of renewable
energy requires the reactor to run at various operating points,
but still at steady-state. Transient operation only occurs when
switching from one stationary point to the other. Dynamic
reactor operation has been studied for the last decades,?
mostly with the aim to enhance the performance with respect
to the steady-state operation. Reaction kinetics are required for
upscaling and reactor design, but steady-state kinetics are
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mechanism based on a single catalytic site. The optimized
transient model is able to reproduce the time-evolution of the
reactant and product molar fractions at the outlet of a fixed
bed operated with modulations of different amplitudes and
frequencies. It further shows that the acetylene conversion is
controlled by two steps, the hydrogen adsorption step and the
hydrogenation of the surface vinyl intermediate into adsorbed
ethylene.

inadequate for designing dynamic processes, as the individual
steps such as adsorption, desorption and surface reactions all
have different characteristic time constants.”” Different exper-
imental approaches to study transient kinetics have been
developed. Transient experiments such as TAP, step-response
and SSITKA give more detailed insights into reaction mecha-
nisms than steady-state experimentation.®'? SSITKA experi-
ments offer the advantage of containing dynamic information
while the catalyst remains at steady-state.”’ Another possibility
is to operate the reactor by concentration modulation around
the steady-state. These types of experiments can be used for
model discrimination and kinetic studies.”'? Additional infor-
mation can be obtained by varying the frequency and perform-
ing a frequency analysis.

We here report on a simple method to perform these
experiments and apply it to the investigation of the selective
hydrogenation of acetylene over an alumina supported palla-
dium catalyst. This provides for a more complex case than the
adsorption experiments reported previously."”

Selective hydrogenation of acetylene is an important
process in petrochemical industry to reduce the amount of
acetylene present in the C2 fraction of the steam cracker. The
acetylene content is reduced from 0.8-1.6% to less than 5 or
1ppm for chemical grade and polymer grade ethylene,
respectively. Selective acetylene hydrogenation is operated in
two different process configurations: front-end and tail-end."™
The tail-end configuration represents 70% of all units world-
wide. The process is placed after CH, and H, separation and
hydrogen is added in a slightly higher amount than acetylene,
while the majority of the stream contains ethylene.">'¥
Alumina-supported palladium or bimetallic palladium-silver
catalysts are used for this process, assuring very high activity
and selectivity for acetylene hydrogenation. The formation of
C4 byproducts is quite common under tail-end conditions as is
the formation of coke causing catalyst deactivation.

Several studies report on the kinetics of this reaction
and the kinetics have been reviewed by Borodzinski and
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Bond.?™ The details of the reaction mechanism are still being
debated. The most sophisticated models contain distinct sites,
catalyzing specific reactions depending on the size of the site.
Small sites favour adsorption and selective hydrogenation of
acetylene to ethylene, whereas large sites are restricted to the
adsorption of ethylene. Pachulski etal.”” evaluated a large
number of different rate equations for acetylene hydrogenation
over Pd—Ag/Al,O;. They found that the best rate equation was
based on two different sites. Our recent kinetic study under
steady-state conditions over Pd/Al,O;, however, showed the
most adequate rate equation to be based on a single site.*”
The data were compared to those of Borodzinski and
Cybulski,"® and contrary to their study, an effect of the ethylene
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Figure 1. Ethylene molar fraction at the exit of a fixed bed reactor by
modulated flow at 0.1 Hz. Square symbols: analysis by mass spectrometry,
triangular symbols: analysis by FTIR spectroscopy.

Figure 2. Ethylene molar fraction at the exit of a fixed bed reactor by
modulated flow at 0.6 Hz. Square symbols: analysis by mass spectrometry,
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triangular symbols: analysis by FTIR spectroscopy.
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partial pressure on the acetylene hydrogenation rate was
observed, indicating that a single site is sufficient. Cider and
Schédn have studied the hydrogenation of acetylene in
presence of carbon monoxide by transient pulse method.!""”
They revisited the two-site model and concluded that there
exists only one type of active sites for the reaction but two
types of sites for acetylene adsorption during the cross-
desorption of carbon monoxide.

Results and Discussion

Initial flow modulation experiments were performed using an
online mass spectrometer connected to the reactor outlet by a
1.5 m capillary. Figure 1 compares the ethylene outlet flow,
measured by the mass spectrometer and the FTIR spectrometer
using the small volume gas cell at a low modulation frequency
of 0.1 Hz. A good agreement was obtained by both analyses. At
a higher frequency of 0.6 Hz, as shown in Figure 2, the mass
spectrometer signal was strongly attenuated, while the attenu-
ation of the FTIR signal was in line with the expected loss due
to the increasing frequency.'” The mass spectrometer inlet
capillary and inlet system act as a filter for the modulated
signal. Therefore, no mass spectrometer analysis was used in
this study. As a consequence, no hydrogen outlet flow could be
measured, as hydrogen is not detected by the FTIR analysis.

Figure 3 shows the experimental protocol that was used for
kinetic flow modulation experiments. After the steady-state was
reached 20 oscillations were introduced, followed by a period
at steady-state. This sequence was repeated 3 times. Figure 3
shows a good reproducibility of both the steady-state and the
oscillations.

Figure 4 shows the outlet flows of tetrafluoromethane,
acetylene and ethylene at 25°C when no reaction takes place
for an amplitude of 8.3%. The signals are normalized with
respect to the mean molar flow. Therefore, the amplitudes of
acetylene and ethylene are different. The amplitude of the
ethylene signal is small, because of the large mean flow of
ethylene fed to the reactor. The outlet flows of acetylene and
ethylene are found in counter phase with the tetrafluoro-

L

Figure 3. Experimental procedure for flow modulated experiments. Outlet flow of tetrafluoromethane.
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Figure 4. Outlet flows of tetrafluoromethane (M), acetylene (- ) and ethylene
(—) at 25°C (no conversion). Frequency = 0.1 Hz, amplitude of 8.3 %.

methane tracer flow as set for the inlet flows. Figure 5 shows
the outlet flows of the mixture at 45 °C for the same amplitude.
The formation of ethane can be observed in counter phase with
the acetylene flow. This is due to the strong adsorption of
acetylene, resulting in a negative reaction order. When the
acetylene concentration is low, free sites are created where
hydrogen can adsorb and react to produce ethane. Nievergeld
showed this same phenomenon by simulations of a three-step
reaction mechanism in a plug-flow reactor."”

In a previous study we have developed Langmuir-Hinshel-
wood rate equations based on a sequence of elementary steps
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Figure 5. Outlet flows of tetrafluoromethane (M), acetylene (), ethylene (—)
and ethane (®)at 45°C. Frequency = 0.1 Hz, amplitude of 8.3 %.

for the steady-state hydrogenation of acetylene.'” The pro-

posed reaction mechanism consists of a series of sequential
hydrogen additions according to the Horiuti-Polanyi
mechanism?>*" and is given in Table 1. Dihydrogen adsorption
takes place dissociatively on two free neighboring palladium
surface atoms (step (1)). Acetylene adsorbs molecularly (step
(2)). Adsorbed hydrogen and adsorbed acetylene react in step
(4) to form a vinyl intermediate. This intermediate reacts further
in step (5) with a second hydrogen atom to form adsorbed
ethylene. Ethylene then either desorbs or reacts with adsorbed
hydrogen to form an ethyl intermediate (step (3) or step (6)).
This intermediate then forms ethane, which desorbs instanta-
neously, through the reaction with a second hydrogen atom
(step (7). Although a number of studies in the literature
indicate that two distinct sites are involved in the hydro-
genation of acetylene,"**?" our kinetic data showed that an
adequate description could be obtained by a reaction mecha-
nism based on a single site, assumed to correspond to a surface
palladium atom."?

A number of assumptions was needed to derive the
Langmuir-Hinshelwood rate equations, such as the rate-deter-
mining step and the most abundant reactive intermediates.
Here a microkinetic approach is used with no a priori
assumption on the rate-determining step. The parameters for
the elementary steps were estimated by regression analysis of
the flow modulated transient data. Only the data at 0.1 Hz and
amplitude of 83% at 45°C were used for the parameter
estimation. The three series of experiments (Figure 3) were
averaged to increase the signal to noise ratio. The data at 0.5 Hz
and amplitude of 25% at 45 °C were used for model validation.
Initial parameter estimates were taken from the steady-state
model." Preliminary regression analysis showed that not all 14
rate constants of the proposed reaction mechanism could be
estimated from a single data set simultaneously. Some steps are
in quasi-equilibrium and in that case only the value of the ratio
of the forward and reverse rate constants could be estimated
and not the individual values. Steps (4) and (6) were found to
be fast and strongly correlated with steps (5) and (7),
respectively, in agreement with the steady-state analysis. The
parameters that have been estimated by regression analysis are
given in bold in Table 1, while the other parameters were fixed
at the values given in this table. The parameter estimates are
given with their 95% confidence intervals, which are roughly
between 5-20%. A strong correlation coefficient was found for

Table 1. Proposed reaction mechanism and estimated parameters. The parameter values in bold have been estimated from the data set at 0.1 Hz and

amplitude of 8.3% at 45 °C. The parameter values are given with their 95% confidence intervals.

N° Elementary Step k¢ [45°C] k, [45°C] rd/r, DRCeopn* DRCeap6®
Kaasl45°C]

1 H,+ 2% 2H* (86+0.4)10°Pa's™ (3.5+0.7) 10* s 1.67 1.06 0.75

2 CoH, +*sCH* 19.6+4.3 Pa”’ 1.00 0.00 0.00

3 CH*SCH, +* (2.9+0.2) 107 Pa~’ 1.00 0.00 0.00

4 CoHy* + H* s CH * 4-* 10107 1.00 0.00 0.00

5 CGH*+H*sCH*+* (2.840.1) 10°s™' 1.010*s™ 2.05 0.70 0.02

6 CH* +H* s CH* 4% 1.0107 1.00 0.00 0.00

7 CHs* + H* s CHg+ 2% (2.1+£0.1) 10°s™ 1.010°Pa~" s 1.03 -0.05 0.01

*DRC, : degree of rate control® of species i. Details are given in the supporting information.




the hydrogen adsorption rate constant and the acetylene
adsorption equilibrium constant. Fitting the data with a differ-
ent value of the acetylene equilibrium adsorption constant
resulted in a slightly higher residual sum of squares and
different model responses for acetylene and ethane. Discrim-
ination between the 2 parameter sets was not possible due to
the too low signal to noise ratio. However, it is worth
mentioning that although only a single transient data set was
used for the regression analysis, much less correlation between
the parameters was observed than for the steady-state study
based on 69 experiments, resulting in a larger number of
estimated parameters (t-values > 2).

Figure 6 compares the model output with the experimental
data for the responses of ethane, ethylene, acetylene and
tetrafluoromethane. The model adequately describes the initial
steady-state molar flows, as well as the periodic oscillations, but
not the onset of the periodic operation. This is probably related
to the start of the mass flow controllers as the tetrafluoro-
methane tracer shows a similar behavior. Figure S1 shows the
data set at 0.5 Hz and an amplitude of 25% that were used as a
validation set. Due to the larger amplitude, the perturbations
lead to non-linearity and also very high acetylene conversion (~
90%) is reached, which leads to asymmetric oscillations. The
model describes the asymmetric oscillations quite well for the
ethane response, but slightly overestimates the acetylene
oscillations. The larger amplitude leads to a larger variation of
the surface coverages (Figure S2). Adsorption constants often
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depend on the surface coverage and probably the model can
be refined by taking this into account.

The micro-kinetic model was used to further explore the
features of the mechanism. Table 1 lists the ratio of the forward
and reverse rates, r/r, for each reaction step. Only three
reaction steps (steps (1), (5)&(7)) are not in quasi-equilibrium,
(e.g. the ratio, ry/r, is not equal to 1). The same three steps also
have non -zero values for the degree of rate control, DRCc,»,
(see supporting information for more details) indicating that
these steps have a direct effect on the overall rate*? The
acetylene conversion is controlled especially by the hydrogen
adsorption step (1) and the surface hydrogenation step of the
vinyl species (step (5)). A change in the first step will lead to a
change in the ethane production, but this is not the case for
step (5) as shown by the degree of rate control for ethane
(Table 1). Modifying the hydrogen adsorption kinetics can thus
have an influence on the product selectivity.

The net rates for each step are depicted in Figure 7. The
rate of steps (4), (5) and (6), (7) cannot be differentiated even
under periodic operation, whereas the rate of acetylene
adsorption coincides with the rates of steps (4), (5) under
steady-state operation, but is slightly shifted under dynamic
operation. The model can thus be simplified by lumping steps
(4), (5) and (6), (7) into a single step each. This will eliminate the
unknown parameters K, and K. The net rate of step (3) is
negative, because it has been written as an adsorption step in
Table 1, while the net process is ethylene desorption.

54 -

Time, s

Figure 6. Comparison of model predicted (solid lines) and experimental data (open symbols) for the flow modulated acetylene hydrogenation over Pd/a-Al,O;.

T=45°C, Frequency =0.1 Hz, Amplitude of 8.3 %.
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Figure 7. Calculated net rates for the steps in Table 1. Flow modulated
acetylene hydrogenation over Pd/a-Al,O;. T=45°C, Frequency=0.1 Hz, Ampli-
tude of 8.3%.

Figure 8 shows the surface coverages as calculated by the
model. Adsorbed acetylene is the most abundant surface
intermediate, followed by adsorbed ethylene. All other fractions
of surface intermediates are at least an order of magnitude
smaller. The fraction of free surface sites is very low, e.g. 0.
equals approximately 107*

Conclusions and Outlook

Dynamic reactor operations will be required to deal with the
intermittent nature of electricity from renewable sources. Most
catalyst performance testing and kinetic studies in the
laboratory are carried out under steady-state conditions.
Experimental rigs are nowadays equipped with digital mass
flow controllers. By using an inexpensive data acquisition card
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Figure 8. Calculated surface coverages for surface species in Table 1. Flow
modulated acetylene hydrogenation over Pd/a-Al,O;. T=45°C, Frequen-
cy=0.1 Hz, Amplitude of 8.3 %.

and a regular PC, the mass flow controllers can be set-up for
flow modulation experiments. These experiments allow to study
the catalysts dynamics and detailed kinetic studies. Dead
volumes should be minimized and a proper time-resolved
analysis is necessary. Here we used a fast FTIR spectrometer
with a small volume gas cell that leads to very fast analysis
times. Alternatively, a multiloop sample valve can be used
combined with a regular GC analysis for experiments on a
shorter timescale.""

A microkinetic model was developed for the selective
hydrogenation of acetylene over Pd/Al,O;, consisting of a series
of sequential hydrogen additions according to the Horiuti-
Polanyi mechanism. Parameter estimation was performed by
regression analysis of flow modulated acetylene hydrogenation
experiments. Several kinetically significant parameters could be
obtained by regression analysis of the data at 0.1 Hz and 8.3%
flow amplitude. The degree of rate control showed that the
acetylene conversion is controlled by mainly 2 steps, the
hydrogen adsorption step and the hydrogenation of the surface
vinyl intermediate into adsorbed ethylene. The reaction mecha-
nism contains only a single site where both the hydrogenation
of acetylene and ethylene occur.

Experiments with larger amplitudes revealed that the
reaction mechanism is more complex, probably due to the
larger variation of surface coverages. Adsorption constants are
often dependent on the surface coverage, which was not
included in the model and requires additional parameters.

Materials and Methods
Catalyst

A 0.05wt.% Pd/o-alumina was used as a catalyst. a-alumina
beads of 2-3 mm were impregnated by an aqueous palladium
nitrate solution. The beads were dried at 120°C under air and
calcined for 2 h at 425 °C. The catalyst was reduced at 150 °C for
2 h under a flow of 50 mL/min of 50% hydrogen in argon. The
catalyst was then stabilized under reactive flow conditions at
50°C for 4 h. After this period, the catalyst activity and
selectivity were stable during the runs.

The detailed synthesis protocol has been described pre-
viously, providing extensive high-resolution transmission elec-
tron microscopy and X-ray diffraction analysis.”*?*? The a-
alumina support has a BET surface area of 10 m%/g and a porous
volume of 0.54 mL/g. Electron transmission microscopy analysis
showed a mean palladium particle diameter of 2.4+0.7 nm,
corresponding to a dispersion of ca. 40%. The number of
surface palladium atoms was calculated as Ng=2x 10> mol/kg.

Experimental set-up

All experiments were carried out in a fixed bed reactor,
consisting of a steel tube with an inner diameter of 2.8 mm.
200 mg of crushed and sieved catalyst (100-200 um) were used.
By using appropriate criteria, the kinetic measurements at



steady-state conditions were shown to be free from heat and
mass transfer limitations.”” During the catalyst reduction the
reactor was placed in a resistively heated furnace, while for the
kinetic runs the reactor was immerged in a thermostatic water
bath. Switching from one heating device to another was done
under inert flow, without exposing the catalyst to air. No
thermocouple was present in the reactor, as due to the low
amplitude of the oscillations no significant temperature
variation was expected. The reactor pressure was measured by
a pressure transducer at the reactor inlet. Six mass flow
controllers (MFC) were used to mix the inlet gases. Two of them
were controlled by a 0-5V signal generated from a computer-
controlled data acquisition card by sending a sinusoidal wave
to the mass flow controllers to enforce periodic operation. The
set-point return was sent back to the card, so that the actual
flow was monitored directly by the computer. A schematic of
the set-up has been presented in."?

Typical operation consisted of setting initially the three
mass flow controllers to a fixed set-point to operate the reactor
under a steady flow. Then two mass flow controllers were
subjected to counter-phase sinusoidal modulation at a desired
amplitude and frequency for a fixed number of cycles, before
getting back to steady flow. The counter-phase operation
insured a constant flowrate at the reactor inlet and limited
pressure fluctuations. Periodic operation consisted of mixing a
steady flow of argon, ethylene and hydrogen with two sinus-
oidal modulated flows of tetrafluoromethane (tracer) and
ethylene/acetylene mixture (95/5% mol) oscillating in counter-
phase with a mean flow rate of 12 mL/min each. Table 2
summarizes the inlet flow for each gas, the amplitude and the
phase shift in case of modulation. Note that both a steady-state
flow and superimposed modulated flow of ethylene were used
to get a mean molar fraction corresponding to tail-end
conditions. Two sets of amplitudes (8.3&25 %) were used.

The frequency of the sinusoidal flow was varied from 0.1 to
0.5 Hz. The tracer tetrafluoromethane is used to account for the
hydrodynamics of the experimental set-up. It was assumed that
tetrafluoromethane does not adsorb on the catalyst. Experi-
ments were carried out at 25 (no conversion) and 45 °C.

Online analysis was done by online mass spectrometry and
by passing the outlet gas flow through a small volume (120 plL)
infrared gas cell connected to a high-speed Fourier-Trans-
formed InfraRed (FTIR) spectrometer. The data acquisition rate
of the infrared spectrometer was around 25 data points per
second (25 Hz), depending on the selected resolution. The latter
one was usually set to 8cm™' to favor high acquisition rates
necessary to correctly trace the transient data. Quantitative FTIR

Table 2. Inlet flow composition for modulated kinetic experiments.

Gas  Meaninlet flow Amplitude 83% Amplitude 25%  Phase shift
[mLmin™"] [mLmin™"] [mLmin™"]

CF, 12.0 +1.0 +3.0 0

Ar 14.1

H, 33

CH, 06 +0.05 +0.15 T

CH, 114 +0.95 +2.85 T

CH, 586

analysis of acetylene, ethylene and ethane was carried out. No
C4 products were observed. The carbon balance was closed
within 5 %.

Modeling and parameter estimation

The transient model was based on a one-dimensional pseudo-
homogeneous description of the fixed bed reactor, in agree-
ment with the absence of mass and heat transfer limitations. A
constant gas velocity was assumed and the reactor was
supposed to operate isothermally.

The continuity equations are then given for the gas phase
and adsorbed phase respectively as [Eq. (1) and (2)]:

ac, oG 8¢,
fogp = Uy TPmigm M
(1 - eb)Lr(kads,inas,iO’;é - kdes,io?)

06, . -
ot Z VikiPyas H 6" (2)

J

Where t is the time (s), z the reactor axial coordinate (m,), u,
the superficial gas velocity (m,’/m//s), D,, the axial dispersion
coefficient (my/m,/s), €, the bed void fraction (mg*/m/?), C the
gas phase concentration of each species (mol/m93). L, is the
number of active sites per catalyst volume (mol/m>.,,), k,q,; the
adsorption rate constant for the gas phase species i (Pa™'s™),
kqes; the desorption rate constant for the gas phase species i
(s™), P, the partial pressure of species i in the gas phase (Pa),
0, the fractional surface coverage by species i, 6. the fraction of
free sites, v; is the stoichiometric coefficient for species i in
reaction j and m;, n; the reaction orders in reaction j. n; indicates
the type of adsorption of species i (n;=1 : molecular / n,=2:
dissociative). m; is equal to 1 for adsorption and equal to 0 for
desorption or surface reactions.

The following initial and boundary conditions are applied
for all gas phase species | [Eq. (3)-(5)]:

t=0&0<z<L:CG=0&6=0 (3)

t>0&z=0:C=C +AC sin2aft+ @) (4)
dc,

t>0&z:L.E—O (5)

Where L is the reactor length (m), A the amplitude of the
oscillations, f the oscillation frequency (Hz), t the time (s) and g;
the phase shift with ¢;=m for the reactant and ¢;=0 for the
tracer tetrafluoromethane. Furthermore, the ideal gas law was
applied.

This set of partial differential equations was transformed
into a set of ordinary differential equations by the methods of
lines and integrated numerically using the ODEPACK library.””)
Equation (1) is the diffusion-convection equation with a reaction
term. It is commonly used for tracer studies in packed bed
reactors.”® Due to the short catalyst bed, the axial dispersion



cannot be neglected. The axial dispersion coefficient was
calculated by the correlation given in.”®

A non-linear weighted least-square multi-response regres-
sion analysis has been performed by a Levenberg-Marquardt
minimization algorithm to optimize elementary reaction rate
constants (or corresponding equilibrium constants).?**” The
molar outlet flow of acetylene and ethane have been used for
the objective function. After regression analysis the t-test, the
approximate 95% confidence intervals of the parameter
estimates and binary correlation coefficients were determined
(details are given in the Supporting Information).
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