Systems .Control
Transactions

Research Article - Peer Reviewed Conference Proceeding
ESCAPE 35 - European Symposium on Computer Aided Process Engineering

Jan F.M. Van Impe, Grégoire Léonard, Satyajeet S. Bhonsale,

Ghent, Belgium. 6-9 July 2025

PSE

PRESS

Monika E. Polanska, Filip Logist (Eds.)

A New Method to Assess Performance Loss due to Cata-
lyst Deactivation in Fixed- and Fluidized-bed Reactors

M. Andrea Pappagallo®®, Tilman J. Schildhauer?, Oliver Krécher®®, and Emanuele Moioli®¢*

@ Paul Scherrer Institut, Center for Energy and Environmental Sciences, Villigen, Switzerland
® Ecole Polytechnique Fédérale de Lausanne, Institute of Chemical Sciences and Engineering, Lausanne, Switzerland
¢ Politecnico di Milano, Dipartimento di Chimica, Materiali e Ingegneria Chimica ‘Giulio Natta’, Milano, Italy

* Corresponding Author: emanuele.moioli@polimi.it

ABSTRACT

A new methodology for the assessment of the performance loss in catalytic reactors due to deac-
tivation was developed and applied to fixed- and fluidized-bed CO methanation, with catalyst
subject to coking. The methodology is based on the solution of heat and mass balances, by de-
coupling the reactor and deactivation dynamics. This is possible by using consecutive 1D, steady-
state calculations for the characterization of the reactor performance. In this way, the progres-
sively lower values of catalyst activity along the time on stream are computed with the integration
of a dedicated dynamic model. This method has shown promising results in the characterization
of the loss of performance of the reactor over time. The model correctly describes a progressive
deactivation of the catalyst in fixed-bed reactors, while it shows that the decrease in activity is
sudden for the whole reactor volume in fluidized bed reactors and occurs after a critical time-on-
stream. Besides, it was observed that the fluidized bed reactor is in general more resistant to
deactivation by CO, with the time needed to reach 25% conversion being 1.5 to 2 orders of mag-
nitude higher than for a fixed bed in similar conditions — for example around 250 hours against 50
for a fixed bed at 300°C. This will allow optimizing the reactor with respect to deactivation, hinting
the modifications possible in the conditions or in the reactor geometry to maximise the time-on-

stream prior to loss in the product quality.

Keywords: Catalyst deactivation, Reactor modelling, Fixed-bed reactors, Fluidized-bed reactors

INTRODUCTION

The increasing amount of anthropogenic green-
house gases in the atmosphere is a major driver for the
development of new technologies that can abate such
gas emissions. A widely investigated option to address
this challenge is the production of fuels from unconven-
tional and renewable feedstocks, like CO2 from carbon
capture processes, biomass, and green waste. This op-
tion shows the advantage of emitting the same amount
of CO: that was naturally captured during the production
of such feedstocks [1-3], making the overall cycle car-
bon-neutral. However, these carbon-containing streams
are usually contaminated by various additional mole-
cules. In particular, the presence of CO and other organic
molecules, which are natural constituents of such feed-
stock, may lead to catalyst deactivation by decomposi-
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tion of such molecules and consequent coking of the sur-
face. This may strongly hinder the rate of the reactive
steps of the process over time [4]. The development of
methods that minimize the impact of coking in these re-
actions is therefore a key to ensure the efficiency of the
whole process and its long-term performance and com-
petitiveness. For this scope, it is crucial to model these
deactivation phenomena, both in terms of their intrinsic
kinetics and of their impact on the reactor performance.
These models should target the optimization of the oper-
ating conditions in the reactor to reduce the impact of
deactivation.

The main difficulty in modelling catalyst deactivation
in catalytic reactors is caused by the different character-
istic time scales of the phenomena involved: while the re-
action has characteristic times below the order of mag-
nitude of seconds, and the same is valid for the transport
phenomena in the reactor, the deactivation by coking has
209
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Figure 1: Model structure for the (a) pseudo-dynamic model in case of a fixed bed and (b) moving observer model

in case of fluidized bed.
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a visible impact on the reactor performance only after
hours to days [5]. In the case of a fluidized-bed reactor,
an additional modelling difficulty is originated by the cha-
otic movement of particles [6], which has a decisive im-
pact on the deactivation, as the position of the particle at
each given instant determines the amount of coke pre-
cursors in the gas around it. It is, however, too computa-
tionally cumbersome to model this motion for the entirety
of the particles in a fluidized bed of a commercially usable
scale [7]. This study develops a new methodology that
unifies in a single model the information on the effects of
catalyst deactivation at different scales, resulting in a
computationally affordable model. This model can pre-
dict the decrease in the activity of the catalyst over time,
the effect of particle motion in fluidized bed reactors on
catalyst deactivation and the evolution of the concentra-
tion profiles over time. Thanks to the prediction of these
various indicators, the model can be used to predict the
time the reactor can operate before the outlet concen-
tration is not in line anymore with the requirements of the
system in which it is installed. To contextualize the meth-
odology in a case of practical interest, the methanation
of syngas is considered as case study for this work.

METHODS

This work focuses on the development of a model
for the evaluation of the impact of catalyst deactivation
on chemical reactors. The time scales of the phenomena
determining the operation of the reactor and the deacti-
vation of the catalyst are significantly different and can
thus be decoupled. The resulting model characterizes the
conversion in the reactor in one spatial dimension, and
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the activity of the catalyst in time, plus one spatial dimen-
sion for the fixed-bed case.

The activity of the catalyst is defined in Equation (1),
where r represents the local rate of reaction and r, the
rate of the same reaction at the same local conditions of
pressure, temperature and composition of r, but calcu-
lated assuming the catalyst is unaffected by deactiva-
tion.

a=r/r )]

Figure 1 shows a schematic representation of the
workflow leading to the complete deactivation models for
the two reactor types (fixed- and fluidized-bed).

The deactivation model for the fixed-bed reactor
has been labelled as pseudo-dynamic model due to its
constitution as a series of consecutive steady-state cal-
culations to model the performance loss in time. Starting
from a time t=0 and an initial activity a=1, the pseudo-
dynamic model follows this procedure for each time step:

1. It calls the steady-state model of the reactor,
which solves the model equations for the cur-
rent steady state,

2. it determines the composition profiles and the
partial pressures of the two main components
involved in deactivation (CO and H:0),

3. it calculates the deactivation rate from the par-
tial pressures, obtaining the rate of loss of ac-
tivity as a function of the position in the reactor
da/dt = f(2),

4. itintegrates the loss of activity and moves to
the next step.
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The deactivation model for the fluidized bed is re-
ferred here as moving observer model because it follows
the average catalyst particle through its motions in the
bed through a Eulerian-Lagrangian approach. It shows si-
militudes with the pseudo-dynamic model, with the addi-
tion of a model for the position of the particle as a func-
tion of time. The activity is therefore no longer calculated
as a function of the position, but as a value relative to the
single catalyst particle. It is then assumed to be the same
throughout the whole reactor due to the very fast mixing
inside the system.

Case study

The methanation of CO is used as case study. The
fixed-bed model is based on a plate-cooled fixed-bed re-
actor with 1 m of length, 50 cm of width and 5 cm of spac-
ing between the plates [8]. The channels between the
plates are alternatively filled with the catalyst bed and
with the cooling medium (boiling water) at the same tem-
perature of the reactor inlet. The reactor is operated with
a stoichiometric inlet stream (3:1 H2/CO) at a pressure of
8 bar and inlet temperatures between 300 and 360°C.

The fluidized-bed model is instead based on a reac-
tor of 2.5 m of length, 22.4 cm diameter and cooled by an
inner coil where a cooling oil is circulated. This reactor is
also operated with a stoichiometric inlet stream (3:1
H2/CO), at a pressure of 8 bar and uniform reactor tem-
peratures between 300 and 360°C.

The kinetic model used is obtained from the work of
Kopyscinski et al. [9] for the methanation of CO and Kos-
chany et al. [10] for the methanation of CO: (Sabatier re-
action), and it consists of three reactions, outlined in Ta-
ble 1.

Table 1: Reactions in the kinetic model for CO methana-
tion [9,10].

Reaction

CO methanation
CO2 methanation
Water-gas shift

Equation

CO + 3Hz2 = CHs + 2H20
CO2 + 4H2 = CH4 + 3H20
CO +H20=CO02 + H2

The effect of the Boudouard reaction, i.e., the de-
composition of CO to coke (assumed as elemental car-
bon, C) and COq, leading to coking of the catalyst, has
not been taken into account in the reaction kinetics due
to its low extent in the residence time of the system (few
seconds). Future works might explore this aspect further.

Fixed-bed reactor digital twin

The fixed-bed digital twin was developed on a 1D
pseudohomogeneous assumption, i.e., the catalyst and
the gas were modelled as a single pseudophase and gra-
dients were neglected in any direction other than that of
the gas flow. Equations (2) and (3) are the component
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and energy balance for the reactor, respectively. The ac-
tivity term a(t) is calculated from the deactivation model,
as explained in the dedicated subsection.

Component dFs .
balance - =pc(1 = )Aa(®) LjZ vijry (2)
dar

__ pc(1-9)A NR
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Heat balance ow
U =T,) (3)
P

This digital twin was developed according to state-
of-the art models for the calculation of steady-state pro-
files in fixed beds [11]. The model consists of NC+1 ordi-
nary differential equations, where NC is the number of
species considered. The equations were solved in
MATLAB via built-in solvers which integrate them in the
axial reactor coordinate z.

Fluidized-bed reactor digital twin

For the fluidized bed, a two-phase model was cho-
sen, dividing the reactor in two pseudophases being the
bubble and the emulsion or dense phase [4]. The bubble
is assumed to contain no catalyst — therefore no reaction
happens in it —and to be in a plug-flow regime. The emul-
sion is instead considered to carry out the reaction since
it contains the catalyst, and to be perfectly stirred by the
continuous recirculation operated by the bubbles. For the
same reason, the reactor is considered isothermal. The
component balances for each phase are shown in Equa-
tions (4) and (5).

Component balance B B oD
dF} F _ K
- bubble phase 2 = “Kidp (Q_B - E) (4)
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This digital twin was also developed from state-of-
the-art models for fluidized-bed systems [12]. Due to the
presence of an integral term, the model could not be
solved by numerical integration and must instead be con-
verted to a nonlinear algebraic system by discretization
of the derivatives. Such system was then solved via built-

in solvers in MATLAB for algebraic equations.

Component balance
- dense phase

Particle motion model

A model for particle motion has been derived from
the experimental data obtained by Lefebvre et al. [13],
normalized on the dimensions of the reactor studied in
this work. The wave of the position of the particle in time
has been decomposed according to a Fourier transform
in the attempt to divide it into components accounting for
gross and local circulation phenomena. The advantage of
the Fourier transform over other tested approaches (i.e.,
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artificial neural networks) is that it conserves the perio-
dicity of the function. Wave components with a negligible
impact on the particle position have been filtered out to
make the function simple. The goal of the function is not
to reproduce accurately the data, but more to learn the
trend relative to the time an average particle spends at
each height in the reactor.

Deactivation model

The deactivation model was developed in this work
and is based on a reparameterization of a model by Sun
et al. [4]. The new parameters were obtained from the
catalyst deactivation data during CO methanation re-
ported by Zhang et al. [5], and the resulting model is
based on the following equations:

Deactivation rate da

o= Taa (6)

Kinetic equation
a ra = kaP&ofio  (7)

Temperature depend-

— 1,0 _Ea
ence (Arrhenius) ka = ka eXp( RT) (8)

Correction factor for

_ tzo—l 9
water fiz0 ©)

- (1-0)xp,0-1

The correction factor is used to account for the hin-
dering effect that a high concentration of water has on
the deactivation rate. Water is in fact known to be able to
prevent the formation of coke on catalyst particles, slow-
ing down their deactivation [4]. The correction factor in
Equation (9) is empirical. The effect of water on deacti-
vation will be studied in more detail in future works.

RESULTS

The results show the prediction of deactivation
profiles in the two reactor types by application of the
models described in the methods section.

Pseudo-dynamic model - fixed-bed

Figure 2 and Figure 3 illustrate the results of a sim-
ulation of the deactivation effects in the fixed-bed reac-
tor conducted with the pseudo-dynamic model. The evo-
lution of the activity and conversion profiles in time
shows that, in the initial moments of the simulation, the
activity decreases significantly only at the inlet of the re-
actor, to then generate a wave of decreasing activity that
propagates through the catalyst bed in the axial direc-
tion. This is in line with what is expected in fixed bed re-
actors, where the first layers of catalyst operate as ‘filter’
for the impurities [4]. The deactivation wave reaches the
end of the reactor after about 40 h of operation, when
the CO conversion at the outlet starts decreasing from an
initial value close to 100%. After 50 h, the catalyst has lost
most of its activity throughout all the reactor, which leads
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to a final conversion of 25% and a hotspot temperature
of around 420°C (130°C milder compared to the values
during effective operation). This decrease in the hotspot
temperature is due to the different distribution of the re-
action rate on a partially deactivated catalyst. This re-
duces the reaction rate at the reactor inlet, hence distrib-
uting the conversion over a larger area of the reactor than
at the operation start.
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Figure 2: Results of the pseudodynamic model for stoi-
chiometric inlet, Tin = 300°C, p = 3 bar - deactivation
wave.

The different deactivation velocity appears to be
mostly due to the difference in temperature throughout
the reactor shown in Figure 4: as the deactivation rate
strongly depends on the temperature through the Arrhe-
nius equation, the deactivation is much faster in the tem-
perature hotspot. The hotspot itself is moving as a result
of the wave of decreasing activity, since the less active
catalyst in the initial portions of the bed leads to signifi-
cantly slower reaction rates and therefore to a less prom-
inent heat release. The reaction rate strongly increases
once the reactants reach a portion of the bed where the
catalyst is still active, and this leads to the generation of
a new hotspot there. Both the decrease in activity and
the moving hotspot are coherent with experimental ob-
servations for similar systems [4].
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Figure 3: Results of the pseudodynamic model for stoi-
chiometric inlet, Tin = 300°C, p = 3 bar - conversion pro-
file.
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Figure 4: Results of the pseudodynamic model for stoi-
chiometric inlet, Tin = 300°C, p = 3 bar — moving hotspot.
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Figure 5: Results of the pseudodynamic model for stoi-
chiometric inlet, p = 3 bar — effect of inlet temperature.

Figure 5 shows the CO conversion at the reactor
outlet over time. As expected in fixed-bed reactors oper-
ating the COx hydrogenation, the conversion remains
high until the deactivation wave reaches the terminal part
of the reactor (see Figure 2). The figure also shows the
effect of an increasing inlet temperature on the time re-
quired for significant loss of performance of the reactor.
A higher inlet temperature leads to higher temperatures
throughout the whole reactor, which increase the rate of
deactivation as per Equation (8). This leads to a faster
propagation of the deactivation wave and consequently
to an earlier loss of performance.

Moving observer model - fluidized-bed

The results of the integration of the moving ob-
server model are shown here. Figure 6 reports the de-
crease in conversion over time. In the fluidized-bed reac-
tor, the conversion loss does not follow a wave form, but
it is uniform over the axial coordinate. This is an effect of
the assumption of perfect mixing for the dense phase.
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The deactivation is limited to a small portion of the reac-
tor, in the initial section, prior to the full consumption of
CO. However, the constant and quick motion of the par-
ticles throughout the bed ensures that the particles can
be assumed to deactivate all at the same rate. The effect
of the zones at low CO concentration is, in turn, prevalent
due to their significant size compared to the CO-rich
ones, which results in an overall slower deactivation. The
time on stream required for a significant loss of perfor-
mance is therefore longer and the CO conversion curve
over time takes a different shape than in the fixed-bed
reactor.
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Figure 6: Results of the moving observer model for stoi-
chiometricinlet, T = 300°C, p = 8 bar — conversion profile.

These conversion terms are shown in Figure 7. The
general behaviour is the same as for the fixed-bed case,
but the effect of the temperature is reversed: higher tem-
peratures lead here to slower deactivation and loss of
performance. Additionally, the drop in CO conversion oc-
curs more suddenly in the fluidized bed reactor, because
deactivation is distributed over the catalyst volume, so
that when the critical activity of the catalyst dropping the
CO conversion is reached, this is reflected by the entire
dense phase. This is challenging for the operation of a
fluidized-bed reactor, as the conversion drop is sudden
and more difficult to predict than in the fixed-bed reactor.
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Figure 7: Results of the moving observer model for stoi-
chiometric inlet, p = 8 bar — effect of reactor temperature
on conversion.

Figure 8 shows instead the evolution of the catalyst
activity over time. The slower deactivation at higher tem-
peratures is due to the faster consumption of CO, which
reduces the length of bed in which a significant amount
of CO is present and leaves the rest of the bed with low
amounts of CO and high amounts of water. This results in
a shorter contact time between the particle and a CO-
rich gas, therefore a slower deactivation.
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Figure 8: Results of the moving observer model for stoi-
chiometric inlet, p = 8 bar — effect of reactor temperature
on activity.

The higher temperature also leads to a stronger im-
pact of the position of the particle on the deactivation
rate, as shown by the profile at 360°C being less smooth
than that at 300°C. This is due to the sharper variations
in composition throughout the reactor at higher temper-
atures, which amplify the variation of the deactivation
rate with the particle position.

CONCLUSIONS
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This paper developed a new methodology to de-
scribe the reactor deactivation due to coking in fixed-
and fluidized-bed reactors. Deactivation can be modelled
in fixed-bed reactors by coupling a reliable steady-state
model for the calculation of the composition profiles in
given conditions, with a model for the deactivation of the
catalyst as a function of the local operating conditions
(temperature, gas phase composition). The same is pos-
sible for fluidized-bed reactors with the addition of a par-
ticle tracking model that can express the position of the
average catalyst particle as a function of time. Such mod-
els are effective in characterizing the loss of performance
along the time on stream as a function of key operating
conditions of the reactor like the inlet composition, the
inlet/operating temperature, pressure etc., and therefore
provide the possibility for optimization of such conditions
with respect to productivity and minimizing the effect of
deactivation. The impact of the operating conditions can
in fact be studied in detail with the help of this model,
which allows the selection of those sets of conditions
that minimize the long-term impact of deactivation on re-
actor performance.

In the specific case analyzed we observed the be-
havior of both reactor types at the four temperature val-
ues of 300, 320, 340, and 360°C. We considered the cat-
alyst deactivated when a conversion of CO of 25% was
reached at the outlet, at which point the simulation was
stopped. The most relevant result is the slower deactiva-
tion for the fluidized bed, by 1.5 to 2 orders of magnitude.

Future works will be focused on improving the
model. Aging experiments will be run on the catalyst, with
the goal to gather more deactivation data and improve
the model parameters and structure to better character-
ize the catalyst deactivation and its dependence on tem-
perature and composition. A deeper investigation will
also be conducted on particle behavior in the fluidized
bed, with the aim of refining the existing model, for ex-
ample by adding a term accounting for stochasticity.
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