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The nonlinear behavior of CO, methanation over a Ni-catalyst is compared to
methanol synthesis over a standard Cu/ZnO-catalyst in a continuous stirred tank
reactor (CSTR). Both reactions have received a lot of attention these days for
chemical energy storage. Both reactions are exothermic but behave in a different
way. CO, methanation is known to be strongly exothermic, giving rise to multiple
steady states. This behavior is induced by the self-acceleration of the methanation
reaction because the heat production of the chemical reaction increases with rising
temperature. It is shown that methanol synthesis behaves fundamentally different
under the operating conditions usually employed in practice. It is less exothermic
but, even more important, the overall heat production of the methanol reaction
system decreases with increasing temperature, giving rise to a unique and stable
steady state. This insight is obtained with an extension of the classical graphical
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methanation reaction seems to be entirely different and much
more stable under the conditions commonly employed in prac-

1 Introduction

It is a well-known fact that exothermicity of chemical reactions
may lead to instability in the form of self-sustained oscillations
and/or multiple steady states (see e.g. [1]). Fundamental under-
standing is essential for process safety and process operation.
To gain such a fundamental understanding, a continuous
stirred tank reactor (CSTR) with an exothermic reaction of first
order has been studied intensively in the past as a prototype
system (see, e.g., [2] and references therein). It was shown that
such a system is self-accelerating because the reaction rate
increases with temperature leading to higher heat release by the
chemical reaction, which in turn further accelerates the reac-
tion, which may lead ultimately to instability.

In practice, the reaction mechanisms are often much more
involved. Nevertheless, a similar thermokinetic self-accelera-
tion can be observed in many practical systems. Typical exam-
ples are polymerization reactions [3], some homogeneously
catalyzed liquid phase (e.g. [4,5]), and heterogeneously cata-
lyzed gas phase reactions, like H, oxidation [6] or CO, metha-
nation [7]. The latter has gained a lot of interest during the last
years, in the framework of novel power-to-X concepts. In these
concepts, green hydrogen is made by electrolysis using regener-
ative electrical energy. Afterward, hydrogen reacts with CO,
from exhaust gases to methane [8].

The underlying reaction steps are similar to methanol syn-
thesis, another exothermic heterogeneously catalyzed gas phase
reaction representing another important candidate for the
implementation of recent power-to-X concepts [8,9]. However,
the dynamic behavior of methanol synthesis compared to the
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tice. This is not only due to the fact that exothermicity is less
pronounced compared to CO, methanation but also has to do
with the temperature dependence of methanol formation, as
will be shown in this paper.

For this purpose, in the next section some chemical details of
both reaction systems are briefly reviewed and compared with
each other. Afterward, a pseudo-homogeneous model of a
CSTR is introduced for the theoretical analysis of the corre-
sponding reaction systems. The final section presents selected
results of a bifurcation and stability analysis of both systems
and explains the main differences as indicated above.

2 Reaction Mechanism and Kinetics
2.1 Methanation

Possible chemical reactions for the CO, methanation, also
called Sabatier reaction, using Ni catalysts comprise [10]:
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CO + 3H, = CH; + H,0, Ahg; = —206 kJ mol ™ (1)

CO, + 4H, = CHy + 2H,0, Ahg, = —165kJ mol ™
)

CO, + H, = CO + H,0, Ahg; =41 kJ mol ™' (3)

For simplicity, the reaction enthalpies Ahy j are considered to
be constant in the remainder. Kinetics of methane steam
reforming, i.e., the reverse Sabatier reaction, has been deter-
mined in [10] for a typical steam reforming catalyst with
15wt % Ni/MgAl,O, under similar conditions employed in
CO, methanation, i.e., pressures between 3 and 8 bar and tem-
peratures between 300°C and 400°C. More recently, it was
found that the kinetics also describes the Sabatier reaction
reasonably well if a similar catalyst is used [11]. However,
nowadays, more active catalysts with up to 50 wt % of Ni are
employed for methanation, shifting CO, conversion tempera-
ture plots by about 50-100 °C to lower temperatures. For such
more active catalysts a revised Langmuir Hinshelwood kinetics
has been proposed in [12], which will be used in the present
paper.

Further, it was argued, since CO formation via the reverse
water-gas shift reaction (3) is endothermic, in principle, the
amount of CO increases with rising temperature, but it was
shown that the amount of CO is negligibly small at tempera-
tures below 500° C [7, 12], so that reactions (1) and (3) can be
neglected for a pure H,/CO, feed. Another important aspect of
CO, methanation is catalyst deactivation [13], which is, how-
ever, beyond the scope of this work and therefore not consid-
ered in this paper. An important aspect of CO, methanation,
which is highly relevant for this paper and will be illustrated
below, is the fact that CO, conversion, and therefore also the
heat production of the chemical reaction, increases with rising
temperature in the relevant range of operating conditions [7].

2.2 Methanol Synthesis

The focus in this paper is on methanol synthesis from synthesis
gas using Cu/ZnO/Al,Oj5 catalysts, which are routinely applied
in industry. The reaction network comprises three main reac-
tions, i.e., hydrogenation of CO and CO, as well as the water-
gas shift reaction, according to:

CO + 2H, = CH;OH, Ahg, = —92 kJ mol~! ()

C02 + 3H2 - CH3OH =+ Hzo7 AhR’z = —50 k] 1’I10171
(5)

CO + Hzo - COZ + Hz, AhR’g, = —41 k] molfl (6)

Again, the reaction enthalpies Ahg; are considered constant.
Typical operating conditions are pressures in the range of
50-60 bar and temperatures in the range of 250 °C. Under the
standard conditions employed in industry, methanol formation
proceeds mainly via CO, hydrogenation. Nevertheless, to over-
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come the equilibrium limitation introduced by the formation
of water during CO, hydrogenation, feed conditions including
mainly CO are usually applied. This will bind’ the water via
the water-gas shift reaction, as CO is converted to CO, and
further proceeds to methanol. However, the water-gas shift
reaction is exothermic, and therefore the equilibrium shifts to
the CO side as the temperature increases according to the prin-
ciple of Le’Chatelier.

Hydrogenation of CO is much slower than hydrogenation of
CO,; and is often neglected. In this paper, all three reactions
will be considered. Reaction kinetics were taken from our pre-
vious work [14,15] with parameters from [16]. The kinetic
model represents a Langmuir-Hinshelwood kinetics, with three
different catalytically active centers, which are changing
depending on the reductive/oxidative potential of the reaction
gas. It was shown that this model provides very good agree-
ment with a comprehensive set of 140 steady-state experiments
and a series of dynamic experiments obtained by Vollbrecht in
a micro-Berty type of reactor [17].

As shown above, methanol synthesis is also exothermic, but
the reaction enthalpies are lower than for CO, methanation.
But even more important is that the heat production of metha-
nol synthesis is decreasing with increasing temperature in the
relevant range of operating conditions usually employed in
practice, leading to a completely different type of behavior, as
will be shown below. This different type of behavior is mainly
due to the temperature dependence of the reaction equilibrium
of the water-gas shift reaction.

3  Mathematical Models

In the remainder,the classical analysis for a CSTR is extended

with a simple first-order homogeneous exothermic reaction

[18, 19] (see also [20] for a nice summary) to the present heter-

ogeneously catalyzed multispecies multireaction systems de-

scribed by Langmuir-Hinshelwood kinetics. The analysis is

based on the following steady-state balance equation:
Component material balances:

0 = MinYiin — MYi + Mear Z]Iil vijri(y, T,P), i=1,...N
(7)

The total material balance is obtained from the component
balances by summation over all species according to:

. . N. N,
0=y =itk mee ), ° > V(0 T, P) (8)
and serves for the calculation of the molar flow rate at the out-
let, which is different from the molar flow rate at the inlet due
to the change of moles introduced by the chemical reactions
(1)-(6). The energy balance reads:

0 = finhyjn — ith; — Qc )
with the cooling rate Q. = kA(T — T.). The energy balance is
reformulated by subtracting Eq.(7) multiplied with h; and

summed over all components from Eq. (9) resulting in a classi-
cal heat balance. If it is further assumed that the cooling
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temperature T, and the feed temperature T;, are equivalent,
and the heat capacities c,,; are constant, this heat balance reads:

. N;
0= (nincp,in + kA)(T - TC) — Mcat ijl AhR,]r](ya T, P)

heat removal Q,,,

heat production Q,

(10

In these equations, the reaction rates depend on the compo-
sition of the reaction gas y and the temperature T. In the classi-
cal analysis for a first-order homogeneous chemical reaction,
the material balance can be solved analytically for the concen-
tration of the reactant and substituted into the heat balance,
which then represents a single nonlinear equation for the tem-
perature of the CSTR.

Steady-state solutions can be determined graphically by
intersection of the sigmoidal heat production curve and the
straight heat removal line (see, e.g., [20] for a detailed explana-
tion). Multiple intersections represent multiple steady states.
Static stability of these steady states can be determined from
the slopes of the two curves at the intersection point. Static
stability implies that after a small displacement from the steady
state the system returns towards the steady state again. The
more rigorous dynamic stability implies that the system will
also settle down to the previous steady state again and may not
oscillate around this steady state [19]. Static stability is a neces-
sary but not sufficient condition for dynamic stability. Dynamic
stability follows from the eigenvalues of the corresponding
dynamic model equations [19].

The analysis can be extended to the considered heterogene-
ously catalyzed multicomponent multireaction systems. An
analytical calculation of the heat production is not possible
anymore, due to the highly nonlinear concentration and tem-
perature dependence of the reaction rates. Instead, a semi-
analytical approach is proposed, where the heat production is
evaluated for different temperatures by a numerical solution of
the material balances (7), (8) and substituting the solution into
Eq. (9).

A similar approach was proposed by

equilibrium yield. Since the temperature is below 800K the
reverse water-gas shift (RWGS) reaction was neglected as dis-
cussed above. This figure is equivalent to Fig.1 in [7] but for
consistency with the model equations introduced in the previous
section, and the methanol synthesis to be discussed in the next
paragraph employs a molar rather than a mass basis as in [7].

Fig. 2 displays the corresponding heat production curves Q,,
together with the heat removal curves Q,,,,. The heat removal
curves represent straight lines. The heat removal Q,y, is equal
to zero at temperature T = T¢. The slope of this straight line
lies between the vertical line (isothermal case) and the corre-
sponding dashed line (adiabatic case for kA =0). It depends on
the convective heat transport, given by the feed flow and the
heat transfer to the cooling system, defined by the heat transfer
coefficient and the transfer area kA. Steady-state solutions are
the points of intersection between heat production and heat
removal curves. From the geometry of the curves, it becomes
obvious that up to three intersections are possible. The upper
and the lower are statically stable according to the slope condi-
tion [18], whereas the intermediate is statically unstable, which
is consistent with the observations in [7]. Parameters for
methanation are summarized in Tab. 1.

Table 1. Parameters for methanation [7].

Parameter Value Units
YCH4,in» YN2,in» YCO,in 0 [%]

Ycoz,in 20 [%]

YH2,in 80 [%]

P 5 [bar]

Cpin 30.69 [k kg 'K™]
Meat 157 [g]

A 0.0187 (m’]

Bremer and Sundmacher [7] for the metha-

nation reaction based on conversion rather 100k
than heat production. The present ap-
proach based on heat production is more
suitable for multireaction systems like 80t
methanol synthesis but will be also applied f
to methanation to provide a direct compar- "
ison of the two reaction systems and eluci- § 60"
date the differences in behavior. b

IS

5 40|

o
4  Results g

20

4.1 Methanation
Results for methanation are presented in 0

--- Equilibrium

~ Kinetics: fin,in = 0.2677 oL
— Kinetics: iy in = 2.677%
— Kinetics: nyin = 26.77 h%‘i'a,

Figs. 1 and 2. Fig.1 shows the methane
yield of an isothermal CSTR as a function
of temperature for a pressure of 5bar and

1
350 400

| | | |
450 500 550 600 650 700 750 800
Temperature in K

different residence times, as well as the  Figure 1. Yield of methane for different feed flow rates.
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4.2 Methanol Synthesis

A completely different behavior is observed for methanol syn-

Temperature in K

Heat in KW

Heat in KW

Figure 2. Heat production (solid) and
heat removal (dashed) of CO, methana-

tion for different feed flow rates.

Table 2. Parameters for methanol synthesis in a micro-Berty

reactor [7].

thesis if the standard operating parameters are applied as sum- Parameter Value Units
marized in Tab. 2. Here, a bell shape type of curve is observed
for the methanol yield in Fig.3, with a sharp increase at very YcH30H,in 0.0 (%]
low temperatures, a maximum and a sharp decrease at temper- Yeozin 2.1 [%]
atures employed commonly in practice. Temperatures below .
450K are practically not relevant at this pressure because of Yeoin 185 (%]
possible condensation of the reaction products water and Vitzin 64.4 (%]
methanol [21,22]. .
The methanol yield in Fig.3 and the heat production curve IN2in 150 (%]
in Fig. 4 have been calculated under the assumption of a homo- P 50 [bar]
geneous gaseous fluid phase, being therefore also rather hypo- —
B . . Cpin 28.92 [k kg 'K™"]
thetical in this range. In practice, usually feed and cooling tem-
peratures in the range of 500 K are employed. In this range, the Mear 3.95 lg]
heat production is decreasing with temperature. This is in con- 2
. . ) A 0.0036 [m?]
trast to the methanation reaction, where the heat production
100 — —
SSeao - - - Equilibrium
RN Kinetics: fin,in = 16.26 {1l
S — Kinetics: iy in = 162.6 r’]“’g“:;'
80 S| Kinetics: iy = 1626
60 8

N
o

Yield of methanol in %

20
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Temperature in K

Figure 3. Yield of methanol for different

feed flow rates.
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Temperature in K

curve is increasing with temperature in the relevant range of
operating conditions. This is mainly due to the temperature
dependence of the water gas-shift reaction, which plays an
important role in this system. Consequently, for operating con-
ditions considered in this paper and commonly employed in
practice, only a single intersection between heat production
and heat removal curves is possible, corresponding to a unique
and stable steady state.

For very large feed flow rates and thus for shorter residence
times (as shown in Fig.4 bottom right) and therefore with a
lower yield of methanol (see Fig. 3), the behavior is slightly dif-
ferent. The heat production curve is increasing with tempera-
ture and the maximum is in the relevant range of operating
conditions. However, due to the high flow rate, the heat remov-
al through the convection term is also high, and thus the slope
of the straight line is very steep. So, even in this case, there is
only one point of intersection between the curves correspond-
ing to a unique and stable steady state.

5 Conclusion

In this paper, it has been shown that methanol synthesis from
synthesis gas in a CSTR with a standard Cu/ZnO/Al,O5 cata-
lyst will always have a unique and stable steady state under the
typical operating conditions applied in current industrial prac-
tice. These comprise pressures in the order of 50-60 bar, feed,
and cooling temperatures in the order of 500K, and a feed
composition with an over stoichiometric amount of H, and
mainly CO as a carbon source. The main reason for this is that
the heat production of the chemical reaction in contrast to the
similar CO, methanation over Ni catalysts decreases with
increasing temperature and is therefore not self-accelerating.

The situation may change if feeds with a higher amount of
CO, are considered, which is of great interest to reduce green-
house gas emissions. For this, however, different operating
conditions and/or different catalysts are required, leading to
diverse types of processes, which have now received a lot of
attention in the recent literature [23, 24].
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Temperature in K

thesis for different feed flow rates.

Nevertheless, the methodology developed in this paper
could, in principle, also be used for these type of processes. For
this, however, a new kinetic model is required accounting for
the specific operating conditions and catalysts.

For simplicity, the focus in this paper was on a CSTR. As
was shown in [7] for CO, methanation, the results can be
directly extended to a cascade of CSTRs, which can be viewed
as an approximation of a fixed-bed reactor, that is usually
applied in industry.
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Symbols used

A [m?] surface area

I J kg'lK'I] gas heat-capacity

h [kJ] enthalpy

m [kg] catalyst mass

k [Wm2K] heat transfer coefficient
n [mols™] molar flow rate

N. [-] number of components
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