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Introduction

    Synthesis of a reaction cluster is required when the yield of a desired product from a single chemical reaction is too low for practical application. A reaction cluster, which is also called a closed pathway, is a set of reactions whose sum is exactly the same as the desired overall reaction. On the other hand, an open pathway is allowed to have byproducts. For a desired overall reaction, there may be a large number of industrially operable clusters. The objective of this study is to identify them so that we can select one to design an environmentally benign and safe chemical process. Prior work had focused on graphical, algebraic, and integer programming (Holiastos and Manousiouthakis, 1998) approaches. The method proposed in this paper uses a search algorithm.

    In the prior work, the standard Gibbs free energy of reaction was used as criterion so that all reactions in each cluster had large equilibrium constants at operable temperatures. However, if a product species forms a separate phase in the reaction, a small equilibrium constant may also be acceptable. For example, if a product species has a boiling point temperature much lower than those of the other species, and thus forms a gas phase, then it can easily be separated by distillation during the reaction. In this case, even if the equilibrium constant is very small, the removal of the product species drives the reaction forward, and thus the reaction may be feasible for the production of the desired species. Therefore, both thermodynamic and separability criteria must be incorporated to improve the possibility of synthesizing more efficiently operable reaction clusters.

    There are various separation methods such as distillation, crystallization, decanting, and membrane separation. The separability analysis can be performed during the search for a candidate reaction cluster using physical properties such as the boiling point, melting point, density, and the molecular size respectively for the above listed potential separation methods. However, separation of a product species does not drive the reaction forward if the separated product species is a pure liquid or solid, which does not affect the equilibrium. Therefore, this work is focused on separation by distillation only.

Feasibility Criteria

    The yield of a product species from a chemical reaction is limited by the equilibrium constant K(T), which can be calculated by the following equation.

(G((T) = (RT ln K(T)                           (1)

The reaction is considered thermodynamically feasible, if K(T) is larger than a certain value such as 1. However, if a product species forms a separate phase from the other species in the reaction, this thermodynamic criterion ceases to be useful. In this case, we must consider simultaneous chemical and phase equilibrium (Sandler, 1989). For a system in which a reaction a A(l) + b B(s) ( cC(l) + d D(g) occurs, the following conditions hold.

fig = fil = fis = fi,  i = A, B, C, D                       (2)

K(T) = (fC/fC()c (fD/fD()d / [(fA/fA()a (fB/fB()b]                   (3)

where fij is the fugacity of species i in phase j, and fj( is the reference fugacity at the standard state. By definition, fi / fi( = fi in atm for gases, ai for liquids, concentration of i in mol/L for aqueous solutes, and 1 for pure liquids and solids. Furthermore, if we assume ideal mixtures, we can use fi = yi P and ai = xi. In this work, the separability is considered only for gaseous product formation, and the rigorous reaction/separation simulation is replaced by simple analysis.

    Consider a feasible range of operating temperatures, which is initially given as [TL, TU]. Generally, a reaction must occur at temperatures below the decomposition temperatures of the reactants and products. Therefore, the upper temperature must be reset as follows.

TU* = min(TU, TdA, TdB, TdC, TdD)                       (4)

However, a decomposition reaction, which contains a single reactant, can take place either above (thermal) or below (catalytic) the decomposition temperature of the reactant. In this case, the upper temperature is reset as follows.

TU* = min(TU, TdC, TdD)                           (5)

    Barring highly nonideal mixtures, it is reasonable to assume that the bubble and dew points of a mixture are within the individual boiling points of the species forming the mixture. If the operating temperature is above the melting points and below (above) the boiling points of all species in the reaction, we can reasonably assume that each species is present in the liquid (gas) phase, and only the reaction equilibrium need be considered. On the other hand, if at least one of the products is in the gas phase while none of the reactants are in the gas phase, the separability of the product species must also be considered. Therefore, the thermodynamic feasibility can be satisfied if either of the following holds.

TL ( T (TU* and K(T) ( ez0 for reaction only                  (6)

max(TL, min(TbC, TbD)) ( T ( min(TU*, TbA, TbB) and K(T) ( ez1 for reaction/separation  (7)

where z0 and z1 are the minimum allowable values for the logarithm of the equilibrium constant for the reaction and reaction/separation cases respectively, and thus z0 > z1.

Lexicographic Search Algorithm

    The user supplies a database of NS species composed of NA types of atoms, and specifies the maximum number of reactions in a cluster NR, the maximum number of species in a half reaction (, and the maximum integer stoichiometric coefficient (. A half reaction, in this work, is defined as the left or right hand side of a reaction, and the number of half reactions for ( = 2 can be calculated as follows.

NH = NS ( + NS (NS ( 1) ( 2 / 2                        (8)

The proposed algorithm for NR = 3 is as follows.

1. Generate half reactions and assign them atomic lexicons.

2. Generate whole reactions by matching half reactions that have the same lexicons.

3. Screen these reactions by the feasibility criteria, generating a set of feasible reactions W.

4. Find a set of reactions L ( W whose left half reactions contain any of the reactant species of the target overall reaction.

5. Find a set of reactions R ( W whose right half reactions contain any of the product species of the target overall reaction.

6. Define reaction d = target overall reaction ( a reaction l ( L ( a reaction r ( R.

7. If d = 0, then l and r form a two reaction cluster.

8. If d ( W, then l, r, and d form a three reaction cluster.

9. Repeat steps 6-8 for all l and r combinations.

Case Study

    The proposed algorithm was applied to the decomposition of water to its constitutive elements.

2 H2O(g) ( 2 H2(g) + O2(g)

Successful execution of this reaction will provide us with sustainable clean energy. However, direct thermolysis needs over 2000 (C for a 4% conversion. Therefore, clusters are sought whose reactions are feasible at lower temperatures.
    The database employed for this case study has NS = 170 species composed of NA = 36 elements as listed in Table 1, and the free energy calculation uses the JANAF (Joint Army-Navy-Air Force) database. The other parameters were set to ( = 2, ( = 4, NR = 3, TL = 300 K, and TU = 1350 K.

Table 1. Species in the database

Al
Al2O3
Al2SiO5
Al4C3
B
B2H6
B2O3
B5H9

Ba
Ba(OH)2
BaO
Be
Be(OH)2
Be2C
Be2SiO4
BeAl2O4

BeO
Br2
C
C2Cl2O
C2Cl4
C2H2
C2H2Cl2
C2H2O

C2H3Cl3
C2H4
C2H5Cl
C2H5OH
C2H6
C3H6O
C3H8
C3O2

CCl4
CH2O
CH3CHO
CH3Cl
CH3COOH
CH3OH
CH4
CO

CO2
Ca
Ca(OH)2
CaO
Cl2
Co
Co3O4
CoO

Cr
Cr2O3
Cs
Cs2O
CsOH
Cu
Cu2O
CuO

F2
Fe
Fe(CO)5
Fe2O3
Fe3O4
H2
H2O
H2O2

H2S
H2SO4
HBr
HCl
HF
HI
I2
K

K2B4O7
K2CO3
K2O
K2O2
K2SiO3
KBH4
KBO2
KH

KO2
KOH
Li
Li2C2
Li2O
Li2SiO3
LiAlH4
LiAlO2

LiBH4
LiBO2
LiH
LiOH
Mg
Mg2Si
Mg2SiO4
Mg3(PO4)2

MgB4
MgCO3
MgO
MgSiO3
MgWO4
Mo
MoO2
N2

N2O
NO
NO2
Na
Na2B4O7
Na2CO3
Na2O
Na2Si2O5

Na2SiO3
Na2WO4
NaAlO2
NaBH4
NaBO2
NaH
NaOH
Nb

Nb2O5
NbO
NbO2
Ni
Ni(CO)4
O2
O3
P4

P4O10
P4O6
Pb(BO2)2
Pb
Pb3O4
PbO
PbSiO3
S

SO
SO2
SO3
Si
Si2H6
Si3H8
SiC
SiC4H12

SiH4
SiO2
Sr
SrO
Ta
Ta2O5
TaC
TaO2

Ti
Ti2O3
TiB2
TiC
TiO
TiO2
V
V2O3

V2O4
V2O5
W
WO2
WO3
Zn
ZnSO4
Zr

ZrB2
ZrC







Results and Discussion

    The proposed algorithm yielded 230,520 half reactions and 29,012 potential whole reactions without any consideration of feasibility criteria. The reaction criterion with z0 = 0 (K ( 1) yielded 16,048 feasible whole reactions, and generated the two clusters 1 and 2 in Table 2. The separability criterion with z1 = (4.6 (K ( 0.01) at P = 1 atm added 103 more feasible whole reactions, but no additional feasible clusters were found.

    The synthesized clusters are considered feasible at attainable temperatures. However, there may be problems in these results, so further analysis is necessary. A common problem is that side reactions may play an important role, although this work disregarded such reactions. Fortunately, most of potential side reactions are already in the set of feasible reactions, and thus can easily be identified, which is suggested as future work.

    The thermodynamic feasibility pursued in this work is only a necessary condition for practical operability, for which kinetics is also important. Kinetic analysis requires identification of reaction mechanisms, and there are algorithms for synthesis of reaction mechanisms such as proposed by Mavrovouniotis and Stephanopoulos (1992).

Table 2. Feasible clusters for water decomposition

No.
Reactions
T1 (K)
ln K(T1)
T2 (K)
ln K(T2)

1
2 C + 2 C3H8 ( 4 C2H2 + 4 H2
300
(354
1350
0.150


4 C2H2 + 2 H2O ( 2 C + 2 C3H6O
300
108
1350
(34.2


2 C3H6O + 2 H2 ( 2 C3H8 + O2
300
56.1
1350
3.18

2
2 C2H5OH + 2 H2O ( 4 CH2O + 4 H2
300
(148
1350
13.8


4 CH2O + 3 H2 ( 2 C2H5OH + H2O2
300
0.493
1350
(45.6


H2O2 ( H2 + O2
300
(42.2
1350
0.967

Conclusion

    An algorithm has been proposed in this paper, which lexicographically searches the database, and identifies all thermodynamically feasible reaction clusters that satisfy given specifications. The conventional definition of thermodynamic feasibility requires the reaction equilibrium constant to be larger than a certain value. However, in this work, the feasibility criterion is flexibly applied to each reaction in the cluster according to the separabilities of the products, because a reaction with a small equilibrium constant can still be operable if a product can easily be separated during the reaction. As shown by the example of water decomposition, the proposed algorithm can be effectively used to generate candidate reaction clusters for a desired overall reaction. These candidates can be further investigated for potential side reactions, kinetics, and other concerns to find the optimal reaction path in terms of economic, safety, and environmental issues.
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