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Summary

This paper describes a technique that can be used to analyze all the reactions that take place in a
reactor. This is based on mass balances and a graphical representation and interpretation of the basic
thermodynamic principles. Thermodynamic principles are used for each of the chemical species taking
part in the reactions being considered, to create lines that define attainable boundaries in a A HA Gplot.
The end result is an attainable area that satisfies all conditions for an Attainable Region. The
simultaneous Methanol Synthesis with the Water Gas Shift (WGS) reaction is used to illustrate this

approach.
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Introduction

The synthesis of methanol from syngas, an exothermic
reversible reaction is subject to thermodynamic
limitations. Thus thermodynamic equilibrium confines the
process to low conversion. 2

Previous work has shown that a thermodynamic analysis
can be a powerful tool for setting and evaluating of
process targets (the best that can be achieved). This is
done via th e mas s, ener gy an
analysis of the process. This can be very useful in
quantifying inefficiencies and optimising the process. **

Method

Many reactions may be combined in a single unit. We
illustrate this using the simultaneous methanol synthesis
(from syngas) and water gas shift reactions.
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| f considerad to be the extent of a reaction, the extent
of the reactions ( €& )can be determined by the amount
of reactants and products present. For each species i we
can write a mass balance over reactions j
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We can now eliminate & and &, and evaluate N; for each
species i n t erAnsearaoefatioldhip isa n d
obtained for each of the chemical species (CO, CO,, H,,
H,O and CH;OH) to obt ai n t he AH and
combined process. Therefore the limits of each species
(Ni=0 i=1..1) can be represented ina MG space
shown in the Figure 1. This diagram represents the

d per@®imbnbe’ fs a féed of €O (Enole €0z ylmol), H,
(3mols), H,0 (0.5mol) and CH3;OH (0 mol) using
literature values of A Kla n d ; &s@ectively, at ambient
conditions.
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Figure 1: g-h plot for methanol synthesis and WGS
reactions at 25°C and 1 bar.
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Discussion

From Figure 1, it can be seen that the pentagonal region
marked by the vertices a, b, ¢, d and e is the area where
there are feasible reactions because it satisfies the required
conditions all the species are positive and it can therefore
be referred to as the Attainable Region.

At a; Neson =0, Nizo= 0, we have that e,=0and €,= %
At b; Nco =0, No= 0, we have that ;=% and €, = %
Atc; Nco =0, Ny =0, we havethate; = 1 Ys¢,a A
Atd; Nco. =0, Ny, =0, we have that e,=1and g, = -1

At e; Ncoz = 0, Nchson = 0, we have that e,=0 and g, =
-1.

We can deduce from this that between points e and a, we
have only WGS reaction taking place while between
points a and b there is the occurrence of some methanol
production, and at point ¢, maximum production of
methanol is expected. However, since a large negative
Gibbs free energy will point to relative stability of
intermediates, as discussed in the case of Solvay clusters®,
we assume that the overall reaction at point b will be more
thermodynamically stable, and as such will be the likely
reaction that will be obtained in the reactor at the above
mentioned process conditions.

Increasing the pressure to about 20 bars, Figure 2 is
obtained.
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Figure 2: g-h plot for methanol synthesis and WGS
reactions at 25°C and 20 bars.

From Figure 2, it can be seen that the minimum Gibbs
free energy is now at point ¢, which gives maximum
methanol production.

Increasing the temperature to about 250°C at 1bar, Figure
3 is obtained. From Figure 3, it can be seen that the
minimum Gibbs free energy is at point a which results in
only WGS reaction taking place in the reactor at these
process conditions. However, increasing the pressure to 50
bars, Figure 4 is obtained. From Figure 4, it can be seen
that the minimum Gibbs Free Energy has shifted from
point a where there is only WGS reaction to point b,
where methanol is produced (i.e., point b has shifted from
a positive Gibbs free energy to a negative Gibbs free
energy making the production of methanol feasible).

Conclusion

Irrespective of the number of reactions and species the
graphical approach in this paper is always two
dimensional allowing for easy and rapid interpretation of
the results. One is able to find the Attainable Region and
interpret its boundary in terms of the likely limiting
extents of reaction. One can also readily see the result of
changing the process feed and operating conditions.
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Figure 3: g-h plot for methanol synthesis and WGS
reactions at 250°C and 1 bar.
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Figure 4: g-h plot for methanol synthesis and WGS
reactions at 250°C and 50 bars.
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