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Thulane Paepae, Tumisang Seodigeng

Abstract—This paper demonstrates the use of a method of
synthesizing process flowsheets using a graphical tool called the GH-
plot and in particular, to look at how it can be used to compare the
reactions of a combined simultaneous process with regard to their
thermodynamics. The technique uses fundamental thermodynamic
principles to allow the mass, energy and work balances locate the
attainable region for chemical processes in a reactor. This provides
guidance on what design decisions would be best suited to
developing new processes that are more effective and make lower
demands on raw material and energy usage.
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1. INTRODUCTION

NERGY is a fundamental element of the modern

economy hence its management must be sustainable and
less dependent on increasingly scarce fossil fuels. The use of
energy entails substantial financial, environmental and
security costs that cannot be quantified in economic terms
alone. But still, customers should be able to count on a
reliable supply of energy at viable prices. To achieve this, all
forms of safe and reliable energy options are essential. In view
of the changing climate and the decreasing availability of
fossil fuels, a realistic transition to sustainable energy is
required in the longer term. These calls for an international
economic approach that ensures businesses and the public are
not saddled with unnecessarily high costs. A viable method
for reducing the cost of energy while retaining its benefits is
to produce it more efficiently [1].

Industrial processes pose a serious threat to the world’s
natural resources for they consume them in high proportions
as sources of energy for driving chemical processes that
provide raw materials for many industrial chemicals. The
chemical and petrochemical industries consume about 61% of
global industrial energy and emit about 36% of carbon dioxide
to the environment [2]. A significant portion of the energy
demand is entirely for feedstock, which cannot be reduced
through energy efficiency measures. The responsibility
therefore for cutting back on the amount of energy needed for
chemical processes rests on improving the efficiency of the
processes used.

Thermodynamics has been shown to be a useful tool in
studying chemical processes [3]. Its methods can be used to
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compare different processes [4] and also be used to
understand and improve them [5]. Leonard et al. [6] presented
a thermodynamic method that can be used to analyze reactions
occurring in a reactor. The technique helps the design
engineer know which among all the reactions happening in a
reactor is/are likely to dominate in that process. It also helps
the designer know the conversions and yields achievable in
that particular process. This technique further makes it
possible to evaluate and compare process efficiencies against
their theoretical targets and allows one to identify where
inefficiencies could be coming from within the process. The
method can be applied to industrial processes aiming to: (1)
obtain optimal results, (2) identify probable means of saving
energy, and (3) devise procedures for supplying or recovering
energy from the processes so as to enhance process
reversibility and efficiency. The authors [6] applied this
technique to the synthesis of methanol where they identified
and defined the thermodynamic Attainable Region (AR).

AR provides the theoretical basis for design engineers to
graphically visualise all possible concentration combinations
in the solution space, which can be achieved in any chemical
reaction system without restricting choices/options in an
attempt to making the problem smaller. This is different from
the way that reactor synthesis is often done. For instance, in
the absence of theoretical tools like the AR, heuristics or
“rules of thumb” are often used to limit the problem space.
This approach is more of a trial and error and the trouble is
that decisions are not based on science but rather on the way
things have always been done [6], [7]. Not that past
experience is not important or should be overlooked, but new
combinations will certainly not be realised by relying only on
experience and rules of thumb, and there is a potential of
accidentally ruling out optimal approaches by limiting
combinations of operations.

The advantage of using thermodynamic relations to analyse
chemical reactions is that they do not require precise kinetic
data. The relative magnitudes of the reaction rates and the
range of temperatures over which these relations apply can be
estimated [8], which makes thermodynamic analysis a
powerful tool for process improvements and development,
both for chemists as well as process and chemical reactor
designers [9]. However, its greatest flaw lies in the fact that
though it is exceptionally general in its applicability for
solving many significant problems, it is unable to answer
explicitly questions arising from the problems. For example, it
can tell that a process will occur, but not how fast it will occur
and as such it cannot be used alone in the determination of
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transport process or for the design of a reactor/process.
Furthermore, thermodynamics does not provide the deep
insight into chemical and physical phenomena that is afforded
by microscopic models and theories [10].

Given a reactive system with known reactants and products,
the number of possible reactions that could be employed to
form desired products might be infinite, but only a few of
them are realizable physically [11]. Once the stoichiometric
coefficients of all the chemical species in an overall reaction
are established, it is easy to determine the Gibbs free energy
change and conversion ratio of raw materials to products at a
specified temperature by means of mass balance calculations
[12]. For an overall reaction to be thermodynamically feasible,
the Gibbs free change (AG) must be less than zero, while that
with the value of AG that is always greater than zero in the
specified temperature range is regarded as infeasible [13]-
[15].

II. DIMETHYL ETHER SYNTHESIS

Dimethyl ether (DME), also known as wood ether, methyl
ether, or methyl oxide is a colorless liquid or compressed gas
which has traditionally been used as a propellant in aerosols
industry. Its common use is also in organic synthesis where it
works as a reaction solvent for systems requiring volatile
polar solvents. It is produced in a minimum of two steps.
Firstly, hydrocarbons predominantly from natural gas are
converted into synthesis gas (also known as syngas), a
combination of carbon monoxide (CO) and hydrogen (H>).
Secondly, the synthesis gas is then transformed into DME in
two different techniques. The first technique is a conventional
two-step process which consists of methanol synthesis and
dehydration; the second is a one-step process which directly
produces DME from syngas [16]-[18].

A.Reaction Chemistry
The direct synthesis of DME from synthesis gas can be

presumed to consist of the following reactions [19]:
Methanol synthesis from CO:
CO +2H; «» CH30H AH 293 = -90.41 kJ mol! (1)
Methanol synthesis from CO:
CO;y +3H, «» CH;0H + H,O  AH 205 = -49.24 kJ mol!  (2)
Water gas shift (WGS):
CO +H,0 < COz + Hy AH 293 = -41.17 kI mol'  (3)
Methanol dehydration:
2CH;0H <> CH30CH;3 + HoO  AH 295 = -49.24 kJ mol!  (4)
Reactions (1)-(3) are catalysed by a methanol synthesis

catalyst (either Cu or ZnO or Al,O3) and reaction (4) by an
acidic catalyst (e.g. Y-AlO3). Compared to the syngas-to-

methanol process, these reactions form a synergistic system
yielding higher syngas conversion hence greater productivity
[20]. The synergy works as follows: methanol, which would
otherwise be near its equilibrium value, is consumed by
reaction (4), and water formed by reactions (2) and (4) is
consumed by reaction (3), while reaction (3) generates
Hydrogen which improves reaction (1). All these reactions are
reversible and exothermic. Since (2) is merely the summation
of (1), (3), this paper only considered the independent
reactions (1), (3), and (4) for analysis.

III. METHODOLOGY

A. Introduction

Thermodynamics is a remarkable intellectual structure, for
it deals with the scientific relationships amongst observations
and is independent of the hypothetical models of the
infinitesimal nature of matter; because of this independence
and immediacy, it is remarkably useful. From diverse
experiments (and so now from tabulated data), one can predict
properties such as the direction of spontaneous chemical and
physical change and the composition of reaction mixtures at
equilibrium, and the response of these properties to changes in
operating conditions. Hence, thermodynamic analysis if
properly utilized can predict what happens in a chemical
reactor. Taking into account the dependence of equilibrium
conversions of chemical reactions on temperature, pressure
and initial compositions, one can develop a methodology to
analyse and consequently understand the performance of
chemical systems [21], [22].

B. Thermodynamic Analysis of the Process

There are essentially three principles that can be used to
synthesise flowsheets: these are an overall mass balance (the
composition of each species in the reactor must remain
positive), a constraint called the energy balance (determines
heat requirements of a chemical process) and another called
work/entropy balance which is associated with the AG of a
process (the trend will always be in the direction for which
AG <0) [6], [21], [23].

The objective in this case was to find a region where any
reaction in the reactor becomes thermodynamically viable,
even under altered process parameters. It is assumed that the
chemical species involved in these independent reactions are
completely pure and in a gas phase as shown in Fig. 1. The
system was considered to be ideal hence the equations of state
were used to estimate the thermodynamic properties.

Pure Feed stream Reactor 'Pure Product stream

s e

Fig. 1 Representation of this typical process showing feed and
product streams
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The principal idea is that the feed materials have chemical
potential which based on how efficient the chemical plant is,
must be conserved during the transformation of reactants into
products, whether they are chemicals or direct work outputs
such as electricity.

1. Temperature Dependence of Heat Capacity

The interpretation of heat as energy in transit is preceded by
the idea that a body has a capacity for heat. The smaller the
temperature change in a body instigated by the transfer of a
given amount of heat, the greater its capacity [22]. The
constant-pressure heat capacity is defined as:

[ ®
CP(@T j

This heat capacity relates in a simple way to a constant-
pressure, closed-system process, for which (5) is equally well
written as:

dT=C,dT (6)

This upon integrating leads to:
T,
AH = [C,dT ™
T,

Evaluating the integral in (7) requires knowledge of how
heat capacity is affected by a change in temperature and that
relationship may be simplified to:

s =(Cp),r-T,) ®

2. Temperature Dependence of AH?

We then treated the calculation of standard heats of reaction
at different temperatures from knowledge of the value at the
reference temperature of 298.15 K. The heat of reaction can
be calculated as:

M=H,-H, 9

where: subscripts p and r represent products and reactants
respectively. Differentiating (9) with respect to temperature at

constant pressure:
AAH)) (éHp) (OH: (10)
ot ) et ) et )

(oH/eT).=C,

Therefore:

oaH) (11)
( 8T jP_CP,p CP,r_ACP

Referring to (7) and recalling (6), the standard heat of
reaction can be expressed as:

AH{=C,pT 12

Multiplying by the stoichiometric numbers and summing
the overall products and reactants gives:

dYVviH; =2 VviCoedT (13)

The term on the left side of (13) is defined as the standard
heat of reaction. The standard heat capacity change of reaction
is defined similarly as:

AC(;:ZiViCP,i“ (14)

As a result of this, the enthalpy change of a reaction (AH) as
a function of temperature at constant pressure can
subsequently be determined by:

AH'=aH!+(acy),f-T) 15)

where, AH® represents the change in enthalpy at a particular
temperature; AH¢" indicates the change in enthalpy at standard
conditions (1 Bar and 25 °C); (AC,")n shows the mean heat
capacity as a function of temperature.

3. Temperature Dependence of AG’

Before measuring the changes of AG as a result of changes
in temperature during the course of a reaction, we must first
find the relation concerning Gibbs free energy (G) and
pressure. Looking first at the definition of G:

G=(U+PV)-TS=H-TS (16)

Such that:
G=U+PV-TS (17)

Differentiating (17) gives:
dG =dU + PdV +VdP —-TdS —SdT (18)

This can be simplified to:

T

5(AG) (Gibbs-Helmholtz)  (19)
ND A
T T

2
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Interpreting and rearranging (19) gives:

AGT, AG'T,_ 4o (1 1 (20)
T. T, A [Tz le
This can also be expressed as:
AGT, AG'T, o[ 11 (21
T. T, AH [Tz Tl]

At standard temperature and pressure, (21) makes it
possible to calculate AG of a reaction at any temperature T».

4. Pressure Dependence of AG®

Referring again to (18), at constant temperature:
dG =VdP (22)

Partially differentiating at constant temperature gives:

(aej (23)
—— | =v
oP ).

For n moles of a perfect gas:
PV =nRT 24)

Equation (22) then reduces to:
dG = nrT 9P (25)
P
Integrating from P; to Pu:

PRdp [P ] (26)
AG=(@,~G,=NRT [ — =nRTIn| -2
;l. P P

1

The free energy of a gas is usually related to the standard
free energy G° which is defined as the free energy of one
mole of a gas one atmospheric pressure. For standard states
therefore:

0 0 P (27)
G= RT xIn| —
G [P]

0

where G is the free energy at some pressure (P); G is the free
energy at a particular absolute temperature; R is the universal
gas constant; T° is that particular absolute temperature; and
Py’ is the standard ambient pressure.

5. Multi Reaction Stoichiometry

The general chemical reaction may be written as:

VAV, At oV AtV At (28)

where: V; is a stoichiometric coefficient and A; stands for a
chemical formula/species. The species on the left are reactants
and the ones on the right are products. The generalized
stoichiometric coefficients for the above reaction may be
written as:

dN,_dN,_dN,_dN, (29)
V. Vi Vi V.

With all terms being equal; a single quantity representing
an amount of reaction can be used to collectively identify
these terms. Thus a definition of de is given by:

0N, _dN,_dN._dN,_,, (30)
VZ VI V} V4

This can also be written as:
d N, =y de GD

when multiple independent reactions proceed simultaneously,
subscript j serves as the reaction index. A separate extent of
reaction ¢ then applies to each reaction. The stoichiometric
numbers are also subscripted to distinguish each species per
reaction. Thus, Vvi; designates the stoichiometric number of
species 1 in reaction j. The fact that a number of moles of a
species N; may change because of several reactions, the
general equation analogous to (31) includes a sum:

AN,-Y, v, d¢g, 1=1,2..N) (32)

Integrating from N; = Ni° and & = 0 to arbitrary Ni and g;
gives:

N=N+Zv,dg, (=L2..N) (33)

where N; is the molar flowrate at some point in the reactor, N;°
is the molar flowrate of the specie input to the reactor, and Vvi;
is the stoichiometric coefficients of species i in the reaction.

C.Process Mass Balance

Assuming that the system is allowed to reach equilibrium,
the number of moles N; of component i in the product stream
can be obtained using the relationship between the number of
moles N;° of component i in the feed stream and the extent of
reaction (&) as shown by (33).

Since the requirement is a positive molar flow rate of the
reactants, then:

N|:N?+ZjVi,jngZO (34)

The inequality of all species thus determines the achievable
area in the space of constraints described by the vector N,
within which the system can operate thermodynamically
without violating the laws governing mass balance [6].
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D.Process Work and Energy Balance

Despite the fact that mass balance is such a useful tool, its
aspects of the process cannot be isolated because energy and
work aspects also must be considered. The energy aspects can
be taken into account using an energy balance shown by (35)
and the work aspect of it can be taken into account by using
the Gibbs free energy balance shown by (36):

AHj:(ZvjAHi,j)p*(ZVjAH i,J)r )

2G,-(2vjAGi ) -(EviaG ) o

IV. RESULTS, ANALYSIS AND DISCUSSION

This section outlines the application of thermodynamic
reaction equilibrium theory to the analysis of DME synthesis
process. The feasibility of this process is then discussed in
terms of the AR build via thermodynamic principles and
graphical representations. Equations given in Section III were
used to calculate the thermodynamic properties given in Table
L. These properties were calculated at standard conditions with
the aim of comparing them with literature before building the
thermodynamic AR and the results were found to be very
close to those given in [24], [25].

TABLE I
THERMODYNAMIC PROPERTIES AT STANDARD CONDITIONS
Component G AH AG

[J/molK]  [J/mol] [J/mol]

H, 28,7731 0 0
CcOo 29,0298 -110530 -137150
CO, 37,0199 -393510 -394370
CH;0H 44,2153 -200940 -162320
H,O 33,5164 -241814 -228590
CH;0CH;3 65,6806 -184100 -112800

1. Stoichiometric Subspace for a Single Reaction

Equation (34) provided a theoretical basis on which to build
the graphical analysis. The reaction coordinate (&) is

independent of any reaction species and as such, allows for
the relation between species with changing mole numbers.
This can be presented as an extent plot which will eventually
be interpreted in terms of a GH plot. Methanol dehydration
reaction presented below will be used as an example.

2CH;0H < CH3;0CH; + H,O

We then performed the mass balance assuming the
stoichiometric feed and the resulting equations are:
e  For methanol (CH3OH): e <1
e For DME (CH30CHz): € >0
e For water (H20): €e>0

Fig. 2 (an extent plot) is a result of the above mass balance
for the three chemical species involved, where points A and B
are anywhere along the extent line between the feed and
products with an overall feed conversion of 40% and 80%
respectively. The reaction has not yet completed at these two
points hence methanol would still be expected in the reactor
and would be completely converted to DME at an extent
equaling 1.

2. Stoichiometric Subspace in Terms of the GH Space

The objective was to establish the performance of this
system in terms of the heat and work requirements. It then
became necessary to express the extent of the reactions as a
function of these thermodynamic variables and this is how the
resulting equations look:

AH = eAH¢ (37
AG = eAGy (38)

where; AHr and AGy are the enthalpy and Gibbs free energy
change of formation of a compound from its elements
respectively. Critically analyzing these equations makes it
clear that plotting AH against AG for each chemical species by
varying € would result in a linear relationship as shown in Fig.
3. This plot is still for methanol dehydration reaction alone.

splot

Feed Point {Ngg, ox)
=2

Produst (Neg, oce, = 1)
and Ny, =1)

o 04
-~

iy »
0.8 10 1,2 20

E(z =08}

Fig. 2 An extent plot for a single reaction
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Fig. 3 GH plot for one reaction at standard conditions

3. GH Space Involving Three Reactions

We now can contemplate a more intricate case in which: (I)
multiple reactions take place in a single unit (reactor) and (II)
specie(s) appears in one or two chemical reactions. The
reaction coordinates of these reactions can be used to compute
values for AH and AG of the combined process while enthalpy
and Gibbs free energy of formation are extracted from the
published literature. According to Hess’s law;

25 °C@ 1bar 100 1

AH = &,AH; + &,AH, + €5AH;3 (39)
AG =€ 1AG) + &AG; + €:AG3 (40)

where, €, €, and &; are the reaction coordinates of reactions
1, 2, and 3; AH;, AH,, AH3, AG;, AG; and AGs; are the
enthalpy and Gibbs free energies of reactions (1), (2) and (3)
respectively; and AH and AG are the enthalpy and Gibbs free
energy of the combined process. In an attempt to ascertain the
performance of both reactants and product species during this
synthesis, we now consider the graphical technique to analyse
these concurrent reactions, where we chose —2 to +2 as the
reaction coordinates.

Eliminating €; and &, and &3 and N; for each species (CO,
CO,, H,, H,O, CH30H and CH30CH3) in terms of the overall
AH and AG allows for plotting a linear relationship that would
meet the reactor’s AR as shown in Fig. 4. This diagram
represents the performance for a feed of CO (2 mols), CO, (1
mol), H> (3 mols), H,O (0.5 mol), and CH30H (2 mols) at
ambient conditions. The shaded region is the area where there
are feasible reactions because the conditions required to
optimize the process in a steady state system are satisfied and
all the species are positive.

—NCD=0
—MNHZ2=0
— NH20=0
—NCO2=0
—— NCHIOH =0
=== NCD>0

8H [/ mol]

-100 4
4G [k /mol]

%0 150 210 ——eNH2F D
====NH20>0
-===NCD23 0
———-NCHICH>0
———NDME=0

NDME=>0

Fig. 4 AR for the reactor

Looking at the boundaries of Fig. 4, solving for reaction
extents and substituting the results into the general equations
(1)-(3) lead to the following overall reactions:

Between points a and b (the Npve = 0 line), methanol is
produced via the hydrogenation of Carbon monoxide in the
presence of water as:
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3CO + 3H; + H20 — 2CH;0H + CO» (41)

Between points b and ¢ (the Nco = 0 line), DME
production begins with the general equation as:

3CH3;0H + 3CO + 6H, + CO, — 3CH30CH;3 + 3H,O  (42)

Between points ¢ and d (the Ny = 0 line), DME is
produced directly from syngas and also produces carbon
dioxide as shown:

6CO + 6H, — 2CH;0CH; + 2CO, (43)

Between points d and e (the Nco, = 0 line), DME is
produced from synthesis gas in the presence of methanol with
the general equation:

4CH3;0H + 2CO + 4H; — 3CH30CH3 + 3H.O - (44)

V.CONCLUSION

The GH plot presented in this paper is always two
dimensional irrespective of the number of reactions or species
involved. This allows for easy interpretation of results which
helps identify the AR and interpret its boundary in terms of
the likely limiting extents of reaction.
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