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The Fischer-Tropsch synthesis (FTS) for the production of widely distributed hydrocarbons through the
catalytic hydrogenation of carbon monoxide (CO) has been intensively and extensively explored. This
is attributable to its immense theoretical as well as practical importance. Naturally, such exploration
would be greatly facilitated if the feasible or dominant catalytic pathways (mechanisms) of FTS can be
determined. The stoichiometrically feasible and independent catalytic pathways (IP;’s) of FTS have been
exhaustively identified via the rigorous graph-theoretic method based on P-graphs (process graphs). The
most extensive set of elementary reactions available, which numbers 26, has yielded 24 IP;’s in less than
1s on a PC. The plausibly dominant pathways have been selected from the stoichiometrically feasible
pathways through the analysis of their activation energies. Naturally, the dominant pathway or pathways
need ultimately be discriminated among these plausibly dominant pathways via various means, e.g., in
situ spectroscopic measurements of intermediates.
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1. Introduction

Fischer-Tropsch synthesis (FTS), known since the 1920s (Fischer
& Tropsch, 1926a,b), involves mainly the reductive polymeriza-
tion of CO and H, (syngas) to manufacture hydrocarbons with
trace amounts of oxygenates (Dry & Hoogendoorn, 1981). It has
become ubiquitous due to the soaring price of fossil fuels and the
potential to be derived from carbon-neutral biomass (Lin & Huber,
2009). It is, therefore, not surprising that continuous effort has
been dedicated to the study of FTS experimentally and/or theoreti-
cally (Khodakov, Chu, & Fongarland, 2007; Lox & Froment, 1993a,b;
Rados, Al-Dahhan, & Dudukovic, 2003). Nevertheless, the defini-
tive mechanism of FTS apparently remains unknown. At least, two
mechanisms have been proposed; one is known as the “carbide”
(Fischer & Tropsch, 1926¢), and the other, “CO insertion” (Pichler
& Schulz, 1970). The water-gas shift (WGS) reaction, however,
may proceed simultaneously with FTS, thereby complicating the
mechanism of this catalytic reaction (Davis, 2001; Van der Laan &
Beenackers, 1999).
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Recently, Storsater, Chen and Holmen (2006) have proposed a
novel mechanism for FTS on cobalt catalyst, which comprises ele-
mentary reactions in the aforementioned mechanisms as well as
those in the mechanism of the WGS reaction. They have analyzed
the CO conversion, product distribution, and rate of each elemen-
tary reaction on the basis of the microkinetic model derived from
their novel mechanism. The results have led to the identification of
the rate determining steps for the initiation and chain propagation.

Because of their inordinate complexity, the number of stoichio-
metrically feasible pathways involved in any mechanism of FTS
tends to be vast; however, only a limited number would be energet-
ically favorable. Naturally, the identification of such energetically
favorable pathways will immensely facilitate the determination of
the dominant pathway, which, in turn, will shed light on the validity
of the rate-determining steps reported in an earlier work (Storsaeter
et al., 2006).

The graph-theoretic methods based on conventional formal
graphs have been fairly extensively applied in describing algorith-
mically the chemical species and the catalytic reaction pathways
involving these chemical species (Biggs, Lloyd, & Wilson, 1976;
Broadbelt, Stark, & Klein, 1994; Djéga-Mariadassou & Boudart,
2003; Klinke & Broadbelt, 1997; Li et al., 2004; Matheu, Lada,
Green, Dean, & Grenda, 2001; Matheu, Green, & Grenda, 2003;
Matheu, Dean, Grenda, & Green, 2003). It is worth mentioning that
method based on informal graphs, which entails invoking heuris-
tics based on some assumptions and analogy, has also been applied
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(Callaghan et al., 2003; Fishtik & Datta, 2002; Vilekar, Fishtik, &
Datta, 2007). Invoking the heuristics, however, renders itimpossible
to totally automate its implementation: some manual intervention
is required (Fan et al., 2007).

The current study focuses on the application of the
graph-theoretic method based on P-graphs, which is mathe-
matically rigorous and automatically implementable on a PC (Fan,
Bert6k, Friedler, & Shafie, 2001, Fan, Bertok, & Friedler, 2002;
Imreh, Friedler, & Fan, 1996), in exploring the most comprehensive
mechanism, i.e., pathways, of FTS; these pathways are substan-
tially more complex than those identified earlier for other catalytic
reactions by the P-graph-based method (Fan et al., 2001, 2007,
2008; Lin et al., 2008). In addition, the dominant pathways among
those identified have been discovered via energetic analysis.

2. Methodology

The method is presented herein for exhaustively generating the
stoichiometrically feasible pathways. Moreover, the approach is
described for identifying energetically favorable pathways among
the resultant stoichiometrically feasible pathways.

2.1. Generation of stoichiometrically feasible pathways

The graph-theoretic method based on P-graphs to exhaustively
generate stoichiometrically feasible pathways stands on two cor-
nerstones (Appendix A). One is the two sets of axioms, including
the six axioms of stoichiometrically feasible pathways, each con-
sisting of plausible elementary reactions, for any given overall
reaction, and the seven axioms of combinatorially feasible net-
works of elementary reactions (Fan et al., 2002, 2005). The other
is the unambiguous representation of the networks of pathways by
P-graphs, which are directed bipartite graphs. P-graphs comprise
horizontal bars, which are the nodes representing elementary-
reaction steps, circles, which are the nodes representing active or
biochemical species, and directed arcs linking these two types of
nodes (Friedler, Tarjan, Huang, & Fan, 1992, 1993; Friedler, Varga, &
Fan, 1995).

Table 1

Elementary reactions for Fischer-Tropsch synthesis and their forward and reverse
activation energies with 5% deviations on Co/Al,0s; catalysts (adapted from
Storsater et al., 2006).

Elementary reactions AEforward (kJ/mol) AEreverse (kJ/mol)

S CO+*« CO* 0 90.8 +4.5
S2 Hj +2* < 2H* 11.3+0.6 89.1+4.5
S3 CO*+H* < C*+OH* 157.1+£7.9 237+12
S4 C*+H* < CH*+* 155.6+7.8 233+1.2
S5 CH*+H* < CH*+* 50.5+2.5 102.7+5.1
Se CH,*+H* <> CH3* +* 20.7+1.0 109.1+5.5
S7 CH3*+H* <> CHy +2* 30.8+1.5 63.9+3.2
Sg OH*+H* < H,0*+* 38.6+1.9 89.6+4.5
Sg H,0* <+ Hy,0+* 70.0+3.5 0

S10 CO*+H* < CHO* +* 118.9+5.9 0

S CHO*+H* < CH,0* +* 12.0+£0.6 84.4+4.2
S12 CH,0*+H* <> CH30*+* 43.8+2.2 36.8+1.8
$13 CH30*+* < CH3*+0* 65.0+3.3 48.1+2.4
S14 O*+H* < OH*+* 554+2.8 28.1+14
S15 CO*+0* < CO** 67.1+3.4 47.7+2.4
S16 CO, ™ < COy +2* 27.7+14 0

S17 CH3*+CHy* <> CH3CH,* +* 0 157.2+7.9
S18 CH3*+CH,0* <» CH3CH,0* +* 1.0+0.1 64.6+3.2
S19 CH3*+CO* <> CH3CO* +* 38.0+1.9 18.3+0.9
S20 CH3CO* +H* <> CH3CHO* +* 38.5+1.9 582+29
S21 CH3CHO* +H* <> CH3CH,O0* +* 18.9+0.9 26.1£13
S22 CH3CH,0* +* «» CH3CH, * + O* 63.7+3.2 459+23
$23 CH3CH,* +H* <> CH3CH3™* 29.1£15 65.9+3.3
S24 CH3CHy* +2* <> CH,CHy ** + H* 25.1+13 10.8+0.5
S25 CH3CH3™* <> C;Hg +2* 32.6+1.6 0

S26 CH,CH, ™ «<» CoHg +2* 41.8+21 0

The aforementioned axioms and P-graph representation give
rise to three highly effective algorithms necessary for synthesizing
a stoichiometrically feasible pathway comprising elementary reac-
tions. These three algorithms are RPIMSG for maximal-structure
generation, RPISSG for solution-structure (combinatorially feasi-
ble pathway) generation, and PBT for feasible pathway generation.
These algorithms can be deployed to exhaustively identify catalytic
and metabolic pathways for catalyzed chemical and biochemical
reactions, respectively (Fan et al., 2002, 2005; Lee et al., 2005; Seo
et al., 2001).

Table 1 lists the 26 elementary reactions of the microkinetic
model for FTS on cobalt catalysts as well as the forward and
reverse activation energy changes of these 26 elementary reactions
(Storsater et al., 2006). To present the rational probability distri-
bution of activation energy, a margin of 5% is assumed for each
elementary reaction. Fig. 1 illustrates the P-graph representation of
one of the independent pathways, IPg, which has been identified in
the current work.

Fig. 1. P-graph representation of independent pathway IPs.
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Fig. 2. Activation energy diagram of IPs. Note that the 5% deviations assumed are
indicated by the dashed-dotted lines.

2.2. Identification of energetically favorable feasible pathways

Energetically favorable feasible pathways are identified by
constructing the energetic diagrams of all the stoichiometrically
feasible pathways generated. The energetic diagram of each path-
way is constructed from the gross activation energies of the
elementary reactions constituting this pathway. The gross activa-
tion energy of any elementary reaction in the pathway is obtained
by multiplying this reaction’s activation energy with the corre-
sponding stoichiometric number. The left boundary of the diagram
is defined by the sum of the initiation (adsorption) reactions, i.e., CO
and H; adsorptions. Subsequently, the gross activation energies of
successively linked elementary reactions are incorporated into the
diagram such that the increase in the cumulative activation energy
at each step is as low as possible. The diagram is completed by
adding the sum of the gross activation energies of the termination
(desorption) reactions, i.e., C;Hg and C;H4 desorptions, at its right
boundary. Fig. 2 plots the activation energy diagram, which yields
the cumulative activation energies, of one of the stoichiometrically
feasible pathways, i.e., IPg, for illustration.

3. Results and discussion

The results obtained are summarized in Table 2 and exhib-
ited in Fig. 3. Table 2 lists the 24 stoichiometrically feasi-

i

5000

A in i1

=

=
=
=

=

3000 =
=

AT
AN\
AN

400+

300+

Culmulative Activation Energy (kJ/mole)

T T T T | T T T T T
12345678 9101112131415161718192021222324
1P,

Fig. 3. Cumulative activation energies of the 24 stoichiometrically feasible path-
ways. The bars indicate the 5% deviations assumed.

ble independent pathways generated via the graph-theoretic
method based on P-graphs from the elementary reactions.
Note that all feasible pathways give rise to a single over-
all reaction: 11CO +19H, <> CH4 + 7H,0 +2C0O, +2CyHg + 2C3Hy, as
expected. Fig. 3 plots the cumulative activation energies and cor-
responding 5% deviations of all the feasible pathways listed in
Table 2.

3.1. Stoichiometrically feasible pathways

Based on the 26 elementary reactions listed in Table 1, which
takes into account carbide, CO-insertion and water-gas shift (WGS)
mechanisms (Storsater et al., 2006), the current graph-theoretic
method based on P-graphs has generated 24 stoichiometrically fea-
sible independent pathways (IP;’s) given in Table 2 in less than 1s
on a PC (Pentium 4, CPU 3.06 GHz and 1G RAM). It is worth noting
that every IP; consists of all the three aforementioned mechanisms
except IPg, IP1g, IP1g, and IP,q. Specifically, IPg only comprises the
carbide and WGS mechanisms; and IP;g, IP19 and IP,q, only the
CO-insertion and WGS mechanisms.

Table 2

List of computational results of overall independent mechanisms for light hydrocarbons generation through Fischer-Tropsch synthesis.

Designation (IP;) Mechanisms

P4 1181 + 1955 + 753 + 754 + 7S5 + 57+ 7Sg + 759 + 5519 + 5511 + 5512 + 5513 + 2515 + 2516 + 7517 — 3519 — 3520 — 3521 — 3522 + 2523 + 2S94 + 2525 + 2596
1P, 1151 + 1955 + 753 + 754 + 7S5 + 355 +57 + 7Sg +7Sg + 2519 + 2511 + 2512 + 2513 + 2515 + 2516 + 4517 + 2523 + 2594 + 2525 + 2526

1P3 1151 + 195, + 753 + 754 + 755 + 356 + 57 + 7Sg +7Sg + 2512 + 2513 + 2515 + 2516 + 4517 — 2S18 + 2519 + 2590 + 2521 + 2523 + 2524 + 2525 + 2526
P4 1151 +19sy + 753 + 754 + 755 +57 +7Sg + 759 + 5515 + 5513 + 2815 + 2516 + 7517 — 5S18 + 2519 + 2520 + 2521 — 3522 + 2523 + 2524 + 2525 + 2596
1Ps 1151 + 1955 + 753 + 754 + 7S5 +S7 +7Sg + 7Sg + 2510 + 2511 + 5512 + 5513 + 2515 + 2516 + 7517 — 3518 — 3522 + 2523 + 2S94 + 2525 + 2596

1Pg 1151 + 1955 +953 + 954 + 955 + 556 +57 + 75g + 7Sg — 2514 + 2515 + 2516 + 4S17 + 2523 + 2524 + 2525 + 2526

1P, 1151 + 1955 +9s3 +9s4 + 955 + 57 + 75g + 759 + 5512 + 5513 — 2514 + 2515 + 2516 + 9517 — 5518 — 5522 + 2823 + 2524 + 2595 + 2526

IPg 1151 + 1955 + 953 + 954 + 955 + 956 + 57 + 7Sg + 7Sg — 4515 — 4S13 — 2514 + 2515 + 2516 +4S1g + 4S9 + 2593 + 2S94 + 2575 + 2596

1Pg 1151 + 1955 + 753 + 754 + 755 + 7S¢ +57 + 7Sg + 759 + 2519 + 2511 — 2512 — 2513 + 2815 + 2516 + 4S18 + 4S9y + 2533 + 2524 + 2595 + 2576

1P1o 1151 + 1955 + 753 + 754 + 7S5+ 7S¢ +S7 + 7Sg + 7Sg — 2510 — 2511 — 2812 — 2513 + 2815 + 2S16 + 4S19 + 4S90 + 451 + 452 + 2523 + 2524 + 2525 + 2526
1Py 1181 + 1955 + 753 + 754 + 7S5 + 756 +S7 + 7Sg +7Sg — 2515 — 2513 + 2515 + 2516 + 2518 + 2519 + 2520 + 25971 + 497 + 2823 + 2534 + 2595 + 2576
1P 1151 + 1955 + 753 + 754 + 7S5 + 556 + 57 +7Sg + 759 + 2519 + 2511 + 2515 + 2516 + 2517 + 2518 + 2522 + 2523 + 2S94 + 2525 + 2526

1P13 1151 + 1955 + 753 + 754 + 755 + 556 + 57 + 7Sg + 7Sg + 2515 + 2516 + 2517 + 2S19 + 2S99 + 2521 + 2522 + 2523 + 2524 + 2525 + 2526

P14 1151 +19sy — 4sg +57 +7Sg + 759 + 9510 + 9511 + 9512 + 9513 + 7514 + 2815 + 2516 + 4S17 + 2523 + 2524 + 2525 + 2526

1P15 1151 + 1955 — 4sg +S7 + 758 + 759 + 9512 + 9513 + 7514 + 2515 + 2516 + 4517 — 9518 + 9519 + 9520 + 95271 + 2523 + 2524 + 2575 + 2596

1P 1151 + 1955 + 556 +57 +75g + 759 + 9519 + 9511 + 7514 + 2815 + 2516 — 5517 + 9518 + 9527 + 2533 + 2524 + 2595 + 2826

P17 1151 + 195, + 556 +57 + 755 + 759 + 7514 + 2515 + 2516 — 5517 + 9519 + 9520 + 9521 + 9527 + 2533 + 2524 + 2595 + 2526

IP1g 1151 + 1955 +57 + 753 + 759 + 9519 + 9517 + 5812 + 5813 + 7514 + 2515 + 2516 + 4S18 + 2597 + 2523 + 2524 + 2525 + 2876

1P19 1151 + 1955 +57 + 753 + 759 + 5510 + 5511 + 5812 + 5513 + 7514 + 2815 + 2516 + 4S19 + 4S9 + 4531 + 4S5 + 2523 + 2S94 + 2525 + 2596

1P 1151 + 1955 +57 +7sg + 759 + 5512 + 5513 + 7514 + 2515 + 2516 — 5518 + 9519 + 9520 + 9521 + 452 + 2593 + 2524 + 2525 + 2526

1Py 1151 + 195, + 453 +4s4 + 4S5 + 57+ 7Sg + 759 + 5519 + 5511 + 5512 + 5513 + 3514 + 2515 + 2516 +4S17 + 2523 + 2S94 + 2525 + 2576

1P2; 1151 +19s; + 453 +4s54 + 455 +57 +75g + 759 + 5513 + 5513 + 3514 + 2515 + 2516 + 4517 — 5518 + 5519 + 5520 + 5521 + 2593 + 2524 + 2525 + 2526
1P23 1151 + 1955 + 553 + 554 + 555 + 556 + 57 + 7Sg + 759 + 45109 + 4511 + 2514 + 2515 + 2516 + 4518 + 4522 + 2523 + 2524 + 2525 + 2526

P24 1151 + 1952 + 553 + 554 + 555 + 556 +57 + 755 + 7S + 2514 + 2515 + 2516 + 4519 + 4520 + 4521 + 4522 + 2523 + 2524 + 2525 + 2526




Y.-C. Lin et al. / Computers and Chemical Engineering 33 (2009) 1182-1186 1185

3.2. Energetically favorable pathways

Fig. 3 compares the cumulative activation energies of all stoi-
chiometrically feasible pathways listed in Table 2. The cumulative
activation energy of IP;g is the lowest while that of IP; is the highest
among the 24 stoichiometrically feasible IP;’s. This clearly indi-
cates that IPqg is the most energetically favorable, and possibly, it
is the dominant pathway. Moreover, the activation energies of IP1g
and IP,g, which are the second and third lowest, respectively, are
close to that of IP1g. Note that each of these three pathways con-
sists only of the CO-insertion and WGS mechanisms, as mentioned
earlier; thus, it is highly likely that the FTS proceeds through a
pathway involving the CO-insertion mechanism rather than the car-
bide mechanism. This is consistent with that reported in an earlier
work (Storseeter et al., 2006), although IP,, might also be plausi-
ble because of its overlapping probability distribution with that of
IP;g.

Among the 26 elementary reactions in Table 1, s; through sq4
are known to constitute the initiation steps (s; through sg belong-
ing to the carbide mechanism; sq, s, and s;7 through s14 belonging
to the CO insertion mechanism), and s;7 through s, constitute
the chain propagation steps (si7 and sp3 through s,g belonging
to the carbide mechanism; sig through s, belonging to the CO
insertion mechanism). Based on the microkinetic model, Storsater
et al. (2006) have contended that the rate limiting step for ini-
tiation is s1; (CHO* + H* <> CH,O* +*) while the rate limiting step
for chain growth is sig (CH3*+CO* <~ CH3CO*+*). Note that the
rate limiting step of any pathway should, in principle, be the
one with the greatest activation energy barrier in this pathway.
Hence, on the basis of the activation energies listed in Table 1,
it is probable that the rate determining step for the initiation is
S19 (CO*+H* <> CHO* + %), instead of s11; while s19 and s, are both
plausible in IPqg.

4. Concluding remarks

The stoichiometrically feasible pathways of FTS have been
rigorously and exhaustively identified by resorting to the
graph-theoretic method based on P-graphs. A single potentially
dominant pathway, comprising only the CO-insertion and WGS
mechanisms, has emerged from the judicious analysis of ener-
getics of theses stoichiometrically feasible pathways. Moreover,
the rate determining steps for the initiation and chain growth
have been ascertained. The discrepancy between these rate deter-
mining steps and those reported earlier needs to be clarified
through further experimental and/or theoretical explorations,
such as in situ spectroscopic measurements (Jacobs, Chaney,
Patterson, Das, & Davis, 2004), the regression analysis of exper-
imental rate data on the mechanistic models derived from the
plausibly dominant pathways, and the calculation of chemisorp-
tion energies via the density functional theory (Bligaard et al.,
2004).
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