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ABSTRACT: Core−shell catalyst pellets are an opportunity for
fixed-bed reactor operation, where heat management is a challenge.
Core−shell catalyst pellets consist of a catalytically active core
surrounded by an inert, porous shell. The shell enables controllable
heat release rates at high temperatures by limiting mass transport
to the active material in the pellet core and, thus, effectively
prevents thermal runaways. In addition, the inert shell influences
the selectivity of the reaction system. This paper investigates the
applicability of core−shell catalyst pellets in a general chemical
system involving one or two equilibrium reactions, by deriving
catalyst effectiveness factors, the selectivity, and a mean apparent
activation energy for predicting parametrically sensitive conditions
with the “practical design criterion”. Experimental results are
presented, which confirm the mathematical predictions and demonstrate the effectiveness of core−shell pellets for CO2 methanation.
The results highlight the role of the catalyst pellet design in ensuring safe and efficient reactor operation. The results are readily
applicable to other chemical processes and provide valuable insights into the opportunities of catalyst pellet design for efficient
reactor operation.

■ INTRODUCTION
Chemical process routes for renewable fuel synthesis are
currently investigated due to the opportunity of storing electrical
energy in chemical compounds. In these processes, excess
renewable energy is used to produce hydrogen via electro-
chemical water splitting. This so-called green hydrogen is then
converted to e-fuels or ammonia. In particular, the synthesis of e-
fuels also offers the opportunity to reduce carbon dioxide
emissions by using them as a reactant. However, the intermittent
supply of excess renewable energy makes these processes
technologically challenging, due to unsteady process conditions,
or expensive, due to the need for large intermediate buffer
units.1−3

Wall-cooled multitubular fixed-bed reactors, consisting of
parallel tubes surrounded by a coolant, have emerged as the key
technology for e-fuel and ammonia synthesis. These reactors
offer simple construction, scalability, and a high space-time
yield. As the reactor is often the central unit of a production
plant, it plays a crucial role in determining the overall economics
of the process. Therefore, reactor design has been the subject of
continuous research for decades, using both experimental and
model-based approaches, and has gained new interest in the light
of flexible reactor operation. In particular, the design of fixed-bed
reactors for carrying out highly exothermic, heterogeneously
catalyzed gas-phase reactions requires a thorough understanding
of the underlying physicochemical processes, as these reactors

are often prone to thermal instability, which is a challenge,
especially during load-flexible operation.4−6

Heat management is, therefore, the central aspect of fixed-bed
reactor design, and considerable effort is devoted to predicting
the temperature profile in catalytic fixed-beds, as it is critical for
economic and safety reasons, but at the same time quite
complex. In the simplest case, the reactant consumption in the
reactor is neglected, and the temperature profile can be derived
by solving the steady-state energy balance equation in the axial
direction of the fixed-bed:

u c T
z

q qd
dp rel rem=

(1)

The heat release rate qrel and removal rate qrem may be
expressed for a single reaction as

q H T T( ) ( )rel r int= (2)
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q U
D

T T4
( )rem cool=

(3)

where ζ is the catalyst pellet dilution factor and η is the catalyst
effectiveness factor. The intrinsic reaction rate σint typically
follows an Arrhenius-type temperature dependence with the
activation energy EA:

T
E
R

d ln
d

int
1

A=
(4)

As shown by Semenov,7 such systems exhibit a subcritical
state with finite temperature rise and a supercritical state with
unlimited temperature rise, known as thermal runaway. The
reason for thermal runaways is rooted in the nonlinear Arrhenius
dependence of the heat release rate on temperature, whereas the
heat removal rate depends linearly on the difference between the
fixed-bed temperature and the coolant temperature. The
transition point between the two states depends on the reactor
design and the operating parameters.
In real systems, either all reactants are consumed or chemical

equilibrium is reached, so the temperature rise always remains
finite and a maximum temperature is observed at the so-called
hot-spot. Downstream of the hot-spot, the temperature
approaches that of the coolant. However, sensitivity toward
reactor parameters may still occur and a small change can lead to
large changes in the hot-spot temperature. Consequently,
sensitive reactor conditions have to be avoided or handled
very carefully, which is especially true during load-flexible
reactor operation, as the hot-spot temperature increase is often
related to a decrease in selectivity, catalyst deactivation, or even
material damage.8,9 Much research has been conducted to
predict such sensitive conditions.10−15 A simple but insightful
approach is to estimate the conditions for safe reactor operation
by ensuring that the heat removal rate increases faster than the
heat release rate with the temperature at the reactor hot-spot
position zhs, known as the “slope condition”.

q

T

q

T

d

d

d

d
z z z z

rel rem

hs hs

<
= = (5)

In the context of this work, the “slope condition” can be
expressed more conveniently by dividing both sides by the heat
release rate andmultiplying both sides with−T2. By equating the
right-hand side of eq 1 with zero, it is evident that the heat
release rate is equal to the heat removal rate at the hot-spot,

u c T
z

q qd
d

0
z z z z z z

p rel rel
hs hs hs

= =
= = = (6)

and thus the slope conditions can be rewritten as

T
q

q

T
T

q

q

T

d

d
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d
z z z z

2
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rem

hs hs

>
= = (7)

q

T
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d
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z z z z
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1
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1

hs hs

>
= = (8)

By inserting eqs 2 and 3 into this modified “slope condition”, a
simple design criterion is obtained for predicting parametrically
sensitive reactor conditions, which is known as “practical design
criterion”:12,15

E E R
T

RT
T T

d ln( )
dA,app A 1

hs
2

hs cool
= + <

(9)

If the inequality is satisfied, then there are no parametrically
sensitive conditions according to the criterion. It is obvious that
the term on the right-hand side is always greater than zero, as
exothermic reactions by their nature produce hot-spot temper-
atures that exceed the coolant temperature. Consequently, the
inequality remains satisfied if the left-hand side of the criterion,
which by definition is the apparent activation energy of the
chemical reaction, is zero, indicating a heat release rate
independent of temperature.
In its current form, the “practical design criterion” also

incorporates the influence of catalyst pellet design, as captured
by the catalyst effectiveness factor. This factor describes the
influence of transport processes within the catalyst pellets on the
effective reaction rate. For isothermal pellets with uniform, “egg-
shell”, “egg-white”, and “egg-yolk” distribution of the active
material, the following approximate equation holds for arbitrary
reaction kinetics:16
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eff

int
1

2 1

= =
+

++
(10)

Figure 1. Arrhenius diagrams�Left: Apparent activation energies and schematic reactant concentration profiles in different catalyst pellet operating
regimes. Right: Comparison of the effective reaction rates of different catalyst pellet designs. Catalyst deactivation temperatures are indicated by the
red background.
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is

am
= =

(12)

In this equation, n is the catalyst pellet shape factor, δ is the
dimensionless inert shell radius, Γ is the fraction of active
material in the pellet core, Bi is the generalized Biot number, and
Φ is the generalized Thiele modulus. By choosing an appropriate
Thiele modulus, this equation asymptotically describes the
kinetic regime (Regime I), as well as the regimes of internal mass
transport limitation (Regime II), and external mass transfer
limitation by the gas boundary layer or mass transport limitation
by the inert shell (Regime III), which are shown in Figure 1. As
the intrinsic reaction rate often exhibits the most pronounced
temperature dependence, all other temperature dependencies
can be approximately neglected. This allows to derive simple
correlations of the apparent activation energies in the three
regimes:

E E R
T

d ln( )
d ln( )

d ln( )
dA,app A 1=

(13)
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d ln( )

dA,app
eff
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(15)

and int (16)

In Regime III, the reaction rate is so fast that mass transfer or
transport to the catalytically active material becomes the rate-
determining step. As this process is assumed to be temperature-
independent in this derivation, the apparent activation energy is
zero. Consequently, the “practical design criterion” is indeed
always satisfied in this case, independent of the other reactor or
catalyst pellet parameters, and parametrically sensitive con-
ditions are avoided. A more detailed study of this limiting
scenario yields EA,app = m RT (where m is approximately 1.5 for
molecular diffusion andm = 0.5 for Knudsen diffusion17), which
remains significantly smaller than the activation energy observed
of most heterogeneously catalyzed reactions.
If the primary resistance of mass transfer occurs in the gas

boundary layer surrounding the pellets, then this effect is highly
dependent on reactor operating conditions and becomes
prominent only at very high reactor temperatures, where catalyst
deactivation might be an issue. However, it is possible to shift
Regime III to temperatures where catalyst deactivation does not
occur.18−20 This can be achieved by applying an inert shell onto
the catalyst pellets, as the mass transport resistance of the shell is
in series with the mass transfer resistance of the gas boundary
layer, as shown in Figure 1.
Taking the example of the CO2 methanation system given in

Figure 2, it has been demonstrated that this approach offers

significant advantages over conventional fixed-bed dilution of
uniform catalyst pellets with inert pellets.16 This is because fixed-
bed dilution is temperature-independent, resulting in a
substantial reduction in the reaction rate not only at high
temperatures but also at low temperatures, which are present
toward the reactor outlet. However, this is where no dilution of
the catalyst pellets is required, leading to low space-time yields.
Using multiple sections of differing fixed-bed dilution to
compensate for this results in complex reactor behavior, with
multiple hot-spots. Furthermore, fixed-bed pellet dilution does
not alter the apparent activation energy, as the “practical design
criterion” does not depend on the catalyst pellet dilution ratio.
Thus, while fixed-bed dilution may decrease the hot-spot
temperature, parametric sensitivity might still occur.
The feasibility of preparing core−shell catalyst pellets by

fluidized-bed coating of commercially available spherical Ni/
Al2O3 pellets has been demonstrated and the conducted
catalytic activity experiments confirm the computationally
predicted results.21 Furthermore, it is shown that the effective
methanation rate of the pellets exhibits vanishing apparent
activation energy at elevated temperatures. It is also observed
that the coated pellets exhibited a significantly higher methane
selectivity. This increase in selectivity is attributed to the
interaction between the mass transport processes occurring in
the inert shell and the chemical equilibrium within the center of
the catalyst pellets whenmass transport to the catalytically active
material is the rate-determining step.
The aim of this study is to investigate these relationships,

namely, the avoidance of thermal runaway and the shift in
selectivity, in more general situations using manageable
mathematical expressions. The focus is on a reaction system
consisting of two parallel equilibrium reactions, which are
frequently encountered, e.g., when CO2 is used as a reactant. For
this purpose, the effective reaction rates of the system are
computed first, taking into account the influence of the mass
transport resistance of the inert shell. The selectivity and
apparent activation energy of the system are then derived as a
function of the resulting parameters. The conclusions drawn
from these analyses are then discussed qualitatively on
experimental results obtained for cylindrical Ru/Al2O3 “egg-
white” catalyst pellets used in CO2 methanation.

■ EFFECTIVE REACTION RATES OF SIMULTANEOUS
EQUILIBRIUM REACTIONS

The effect of an inert shell on the effective reaction rates of the
catalyst pellets is captured by the catalyst effectiveness factors.
As reviewed in the book of Aris,17 deriving the catalyst
effectiveness factors for real reaction systems can be mathemati-
cally sophisticated and often requires numerical solution
approaches, even for systems involving only a single reaction.
The complexity increases when multiple reactions with arbitrary
kinetics are involved as these reactions influence each other in

Figure 2. Carbon dioxide methanation (CO2M) with reverse water gas
shift reaction (RWGS) as side reaction and carbon monoxide
methanation (COM) as a linear combination thereof. Adapted from
Zimmermann et al.21 published under Creative Commons License CC-
BY 4.0. Copyright 2022, Elsevier.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c04587
Ind. Eng. Chem. Res. 2024, 63, 7556−7564

7558

https://pubs.acs.org/doi/10.1021/acs.iecr.3c04587?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c04587?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c04587?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c04587?fig=fig2&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c04587?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


various ways. For example, successive reactions may resemble
parallel reactions, as demonstrated by Wei22,23 by solving a
system of first-order reactions.
However, it is possible to derive simplified equations, which

are asymptotically accurate for the limiting cases of very high and
very low reaction rates, as shown above for a single reaction. In
the following sections, such equations are derived for a system
with two linearly independent equilibrium reactions in an “egg-
white” pellet as shown in Figure 3. The respective equations for

“egg-yolk”, “egg-shell”, and uniform catalyst pellets are obtained
by simplification of the result. It is furthermore not relevant
whether the equilibrium reactions are parallel or consecutive as
both cases can be converted into each other. The derivation of
the catalyst effectiveness factors starts from theGaussian integral
theorem:

N A Vd ( ) d
A

i
V j

i j j
1

2

,
is am

=
= (17)

which states that the flow of each component Ni across the
external surface of the pellet Ais is equal to its consumption (or
production) in the pellet volume at steady-state conditions. The
integrals can be simplified by assuming a constant flux,
independent of angle, over the entire external surface of the
catalyst pellet and no gradients within the catalytically active
material in the inert core:

N A V ( )i r R
j

i j jis am
1

2

,is
| ==

= (18)

As shown in Figure 1, this assumption holds for Regimes I and
III. Cases where gradients within the active material appear are
mathematically more sophisticated and are beyond the scope of
this work. As Ni r R is

| = Ais = Ni r Ram
| = Aam, this equation can be

rewritten

N
V
A

R
n

( )
1

( )i r R
j

i j j
j

i j j
am

am 1

2

,
am

1

2

,am
| = =

+=
= = (19)

with n = 0 for sealed slabs, n = 1 for sealed cylinders and n = 2 for
spheres. Dealing with gradients within the inert shell is
straightforward as long as the individual component fluxes do
not interact with each other. Assuming the mass flow through
the inert shell follows Fick’s first law of diffusion, Morbidelli and
Varma24 have shown that themass transfer resistance of the inert
shell and the boundary layer add up as series resistance:

N
c c

i r R
i i
R

R
R

D

,bulk ,am
n
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n

n

i

am am

is

am

,is
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(20)
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ln( / ) for 1

for 2

is am
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am
1

is
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=

=

=

= (21)

As further steps toward the catalyst effectiveness factors are
the stoichiometric relations, which describe the relationship
between the i concentrations to j artificial potentials, called
reaction extents ξj. They are based on the mass conservation of
chemical reactions and their application as well as their
limitations have been discussed by several authors.25−27 The
relations read

N
r

d

di
j

i j
j

,

reac

=
(22)

Inserting Fick’s first law of diffusion

N D
c
r

d
di i

i
,am=

(23)

and integrating toward the gas bulk gives

D c c( )i i i
j

i j j,am ,bulk ,am , ,am

reac

=
(24)

with ξj,bulk = 0 by definition. In this step, it was implicitly assumed
that Di,am/Di,is and Di,am/βi are the same for each component.
The necessity of this assumption is elaborated in detail by
Gavalas.27 Substituting eqs 20 and 24 into eq 19, multiplying
both sides by the inverse stoichiometric matrix, and non-
dimensionalizing the equation yields

f f
Bi

( , ) Da ( , )j
j

j j j

2

1 2 1 2= =
(25)

f
R

n
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am
1
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,is
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(27)

where Daj is a Damköhler number of the second kind, which
relates the reaction rate in the absence of transport phenomena
at bulk conditions to the maximum mass transport rates at
equilibrium conditions in the active material. The respective
equilibrium reaction extent ξj,eq is obtained by solving the
equilibrium conditions

K pj
i

i
i j

comp

,=
(28)

together with stoichiometric relations eq 24. If the dimension-
less reaction rate f j(ψ1, ψ2) are simple expressions, this equation
system is solvable for the dimensionless reaction extents ψj, from
which it is possible to calculate the catalyst effectiveness factors.
However, in general f j(ψ1, ψ2) can be nonlinear functions, and
thus no straightforward solution is possible. It is therefore

Figure 3. Schematic representation of the modeled catalyst pellets.
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suitable to express the reaction rates as a Taylor-Polynomial
under bulk conditions, which is truncated after the linear term:

f
f f

11
1

1
0, 0 1

1

2
0, 0 21 2 1 2

= + | + |= = = =
(29)

f
f f

12
2

1
0, 0 1

2

2
0, 0 21 2 1 2

= + | + |= = = =
(30)

The derivatives can be approximated without computing the
gradients by setting the reaction rates equal to zero at the
chemical equilibrium. Hereby, a distinction must be made
between only one reaction in chemical equilibrium and both
reactions in chemical equilibrium. The respective equilibrium
reaction extents (ξ2,ξd1 = 0,eq, ξ1,ξd2 = 0,eq) are obtained by solving the
equilibrium conditions eq 28 together with the stoichiometric
relations eq 24 as well:

f f
(1 )1

1
1

1

2
1

(31)

f f
(1 )2

1
2

2

2
2

(32)

with and1
1,eq

1, 0,eq
2

2,eq

2, 0,eq2 1

= =
= = (33)

Inserting the linearized reaction rates into eq 27, and solving
the equation system for the dimensionless reactions extents
yields

Da
1 Da ( 1)

1 Da Da Da Da ( 1)1 1
2 1 2

1 1 2 2 1 2 1 2
= + +

+ + + +
(34)

Da
1 Da ( 1)

1 Da Da Da Da ( 1)2 2
1 1 2

1 1 2 2 1 2 1 2
= + +

+ + + +
(35)

On this basis, the catalyst effectiveness factor can now be
calculated for both reactions:

f d
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(37)

By swapping the coefficients (1 ↔ 2), the catalyst
effectiveness factor of the second reaction is obtained. The
derived catalyst effectiveness factors can now be used to describe
the catalyst pellet behavior in different situations. Due to the
numerous involved parameters, the focus in the following is on
cases, where either both reaction rates are slow (Daj ≪ 1) or fast
(Daj ≫ 1) compared to the mass transport to the active material.

Of particular interest for a multicomponent multireaction
system are the selectivity of the catalyst pellets and the apparent
activation energy, which are discussed below.
Influence on the Selectivity. If the reactants exhibit

different effective diffusion coefficients, then the mass transport
rates through the inert shell also differ. For example, in the
limiting case of Knudsen diffusion, the ratio of diffusion
coefficients is D D M M/ /i ik k= . For this reason, not only
the concentrations but also the ratios of the concentrations in
the catalyst pellets can differ significantly from those in the gas
bulk under the influence of mass transfer or transport resistance,
which in turn affects the ratio of the reaction rates. With the
catalyst effectiveness factors given above, the differential
selectivity of the catalyst pellets is calculated as

S1
1 1,int

1 1,int 2 2,int
=

+ (38)
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m

oooooooo
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for Da 1 Da 1 (a)

for Da 1 Da 1 (b)

1,int

1,int 2,int
1 2

1,eq

1,eq 2,eq
1 2

+

+ (39)

S S1 (in any case)2 1= (40)

As expected, the selectivity of a chemical reaction system is
not affected by mass transfer or transport when both reaction
rates are comparatively slow, and the inert material in the core
and in the shell merely serves as dilution of the active material.
However, the situation is more complex when both reactions are
fast. The selectivity then corresponds to the ratio of the reaction
extents in chemical equilibrium under the influence of mass
transport or transfer to the active material. In general, these must
be calculated numerically because of the nonlinearity of the
equilibrium conditions. However, the instructive special case of
linear equilibrium conditions allows for an explicit solution,
which is given in the Supporting Information of Zimmermann et
al.21 and is repeated here for convenience:
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D K p p

D K p p

D K p p

D K p p
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=
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The equation yields the selectivity of the catalyst pellets,
exemplarily depicted in Figure 4, if the mass transport to the
active material is rate determining. The equation simplifies
significantly if no products are present in the gas bulk:

S
1

D K
D K

D K
D K

1

B 1

C 2

B 1

C 2

=
+ (43)

Evidently, the selectivity is shifted toward the reaction with
the product, which has the higher diffusion coefficient in the
inert shell, compared to what is expected from the gas bulk
equilibrium. If this is not the target product, it is possible to
influence the selectivity by changing the gas bulk composition
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according to Le Chatelier’s principle, e.g., by providing the
products of the undesired reaction. Furthermore, it is notable
that the selectivity does not depend on the distribution of the
active material, but solely on the ratio of the diffusion
coefficients.
Mean Apparent Activation Energy. For each of the two

reactions, an individual apparent activation energy can be
calculated straightforwardly from the definition in eq 15.
However, to apply the “practical design criterion” defining an
average activation energy is suitable. It is derived by inserting the
total heat release rate of both reactions into eq 8:

q H
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j j jrel
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= (44)
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For the natural logarithm to be defined, it is implicitly assumed
that the total heat release rate is positive. Otherwise, the system
is overall endothermic, and no runaway is observed. If both
reaction rates are relatively small (Regime I), the apparent
activation energy of the reactant consumption rate is the
weighted average of the individual reaction rates. Thus, slow
reactions, or reactions with small reaction enthalpy, do not
contribute as much as reactions with high reaction rates or
reactions with high reaction enthalpies. Endothermic reactions
even decrease the risk of thermal runaway. Furthermore, it is
observed that neither the inert core nor the inert shell influences
the apparent activation energy if no transport of transfer
limitations are present. In the opposite case, where mass
transport or transfer to the active material is rate determining for
both reactions (Regime III), the apparent activation energy is
zero even in the presence of two equilibrium reactions.
Evidently, eq 9 is thus satisfied and no parametrically sensitive
conditions and consequentially no thermal runaways are
expected even in the presence of multiple reactions.

■ EXPERIMENTAL RESULTS ON “EGG-WHITE”
PELLETS

In the following, the conclusions derived above are discussed on
experimental results of Ru/Al2O3 “egg-white” catalyst pellets. As
seen in eq 37, an inert core does not contribute to the effective
reaction rate if mass transport to the active material is rate
determining. Thus, “egg-white” pellets exhibit the opportunity
of saving potentially costly active material. With CO2
methanation as example, it has been shown that employing
‘egg-white’ pellets can save up to 45.2% of the active material
mass in a fixed-bed reactor.28

Cylindrical 0.5 wt % Ru/Al2O3 “egg-shell” catalyst pellets
(Sigma-Aldrich) have been coated with an inert shell. If not
mentioned otherwise, the preparation and testing is identical to
that described by Zimmermann et al.21 for spherical catalyst
pellets. However, since the flat surfaces of the cylinders lead to
strong adhesion between the individual pellets, the suspension
has been slightly modified. Overall, the mass fractions in the
suspension are 5% pseudoboehmite powder, 10% α-alumina
powder, 1.35% polyvinyl alcohol, and 83.65% distilled water.
Samples taken after 0 min (calcined catalyst pellets without

Figure 4. Simple reaction system catalyzed by an “egg-white” pellet,
where the mass transport to the active material is the rate-determining
step. Adapted from Zimmermann et al.21 published under Creative
Commons License CC-BY 4.0. Copyright 2022, Elsevier.

Figure 5. Carbon dioxide conversion (a), methane selectivity (b), and carbon dioxide consumption rate (c) for coated and uncoated Ru/Al2O3
cylinders at p = 1.5 bar, xCOd2

= 0.1, xHd2
= 0.4, and xHe = 0.5. Data points with XCOd2

> 20% are marked as gray as no differential reaction conditions can be
assumed in this case. The sample taken at 0min has not been introduced into the fluidized-bed but is otherwise treated in the same way as the fluidized-
bed coated samples. In addition, the selectivity at the limit of external mass transport limitation of both reactions is given according to eq 39b.
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coating), 20, 60, and 100 min of process time are examined in
detail.
The fluidized-bed coating procedure used results in very low

overspray and uniform growth of the pellets from a Sauter
diameter of 3.6−4.0 mm after 100 min of coating time, in
accordance to the results by Zimmermann et al.21 Thus, catalytic
activity tests have been carried out in a laboratory scale reactor,
and the results are shown in Figure 5. Under the specified
conditions, detectable conversions of carbon dioxide are
observed from about 525 K.
It is evident that the inert shell has a significant influence on

the catalytic activity of the catalyst pellets. While the conversion
of the uncoated catalyst pellets shows an increasing trend over
the investigated temperature range, it reaches an almost constant
plateau at about 700 K for the coated samples. Furthermore, the
obtained conversion decreases with increasing coating thickness
and, as expected from eq 40 as well as previous results,21 the
methane selectivity increases. A comparison between catalyst
pellets without an inert shell and those with the thickest shell at
773 K reveals an increase inmethane selectivity of approximately
10% at 700 K. Furthermore, the selectivity of the sample taken
after 60min is the same as that of the sample taken after 100min,
indicating the selectivity to be independent of the shell thickness
in the limiting case. Compared to the theoretical selectivity,
when both reaction rates are at the chemical equilibrium in the
catalyst pellet cores, the experimentally observed selectivities
follow the expected behavior but are slightly lower. A possible
explanation for this is the exothermicity of the methanation
reaction, which may result in an increase of the pellet core
temperature compared to the bulk temperature, which, in turn,
shifts the chemical equilibrium.
The high selectivity toward methane allows a direct

correlation between carbon dioxide conversion and methana-
tion reaction rate, facilitating the derivation of the apparent
activation energy in the Arrhenius diagram shown in Figure 5c. It
is observed that at low temperatures the apparent activation
energy is the same for all samples and exhibits a value of about
81 kJ/mol. However, for the coated samples the activation
energy starts to decrease and reaches a plateau with increasing
temperature. The magnitude of the plateau decreases with
increasing coating thickness, indicating that mass transport
through the inert shell is the rate-determining step in agreement
with the theoretical expectation.

■ CONCLUSIONS
Understanding and controlling mass transport phenomena at
the catalyst pellet scale provides opportunities for improving
fixed-bed reactor operation. For example, it is known that core−
shell catalyst pellets, consisting of an active core surrounded by
an inert porous shell, can effectively prevent runaway conditions
in wall-cooled fixed-bed reactors with a single reaction.
This study extends the results to a general reaction system

with two simultaneous equilibrium reactions. At first, the
effectiveness factors for both reactions are derived based on the
Gaussian integral theorem. The effectiveness factors allow for
the calculation of the selectivity and a mean apparent activation
energy for the reaction system, which can be used in the
“practical design criterion”. These performance parameters are
studied in the limiting cases of simultaneously low and high
Damköhler numbers. It is found that an inert shell on the catalyst
pellets effectively prevents parametrically sensitive reactor
conditions also in the presence of two equilibrium reactions.

The results derived on a mathematical basis are supported by
experimental results obtained on cylindrical Ru/Al2O3 “egg-
white” pellets, validating the expected behavior. Furthermore,
both mathematical and experimental investigations show that
the inert shell induces a shift in selectivity as the chemical
equilibrium is attained in the core of the pellet when mass
transport to the active material is the rate-determining step.
However, due to the nonlinearities inherent to the equilibrium
conditions, numerical solution methods are generally required
to determine the preferred reaction. As a general guideline, it is
expected that the reaction associated with the product exhibiting
faster diffusion through the inert shell is favored, compared to
what is expected from the selectivity of the gas bulk equilibrium.
The mathematical and experimental approaches presented in
this study can be extended straightforwardly to other processes
to investigate the design of safe and cost-effective reactors with
core−shell catalyst pellets.
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■ NOMENCLATURE

Latin
A, external surface area/m2

c, concentration/mol m−3

cp, heat capacity/J mol−1 K−1

d, tube diameter/m
D, effective diffusion coefficient/m2 s−1

E, energy/J mol−1

f, dimensionless reaction rate/−
ΔrH, reaction enthalpy/J mol−1

K, equilibrium constant/−
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M, molar mass/kg mol−1

n, pellet shape factor/−
, number of···/−

N, flux/mol m−2 s−1

p, pressure/Pa
q, heat release rate/mol m−3 s−1

r, pellet radius/m
R, ideal gas constant/J mol−1 K−1

S, selectivity/−
T, temperature/K
u, gas velocity/m s−1

V, total volume enclosed by area A/m3

x, mole fraction/−
X, conversion/−
z, axial fixed-bed coordinate/m

Greek
β, mass transfer coeffcient/−
Γ, dimensionless active material volume fraction/−
δ, dimensionless shell thickness/−
ζ, catalyst pellet dilution factor/−
ρ, density/−
ϱ, dimensionless pellet radius/−
η, catalyst effectivness factor/−
ν, stoichiometric coefficient/−
ξ, reaction extent/mol m−1 s−1

σ, reaction rate/mol m−3 s−1

Φ, Thiele modulus/−
ψ, dimensionless reaction extent/−
ω, dimensionless equilibrium reaction extent/−

Dimensionless numbers
Bi, Generalized Biot Number/−
Da, Damköhler Number of the second kind/−

Indices
i,k, component index
j,l, reaction index
A, activation
am, active material
app, apparent
bulk, gas bulk
cool, coolant
comp, component
eff, effective
eq, equilibrium
hs, hot-spot
ic, inert core
int, intrinsic
is, inert shell
reac, reaction
rel, release
rem, removal
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