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A recent paper by Callaghan et al. [1] presents 70 reac-
tion routes (RR;s), which correspond to stoichiometrically
feasible independent pathways (IP;s), for the water—gas
shift (WGS) reaction; these 70 IP;s have been generated
from 17 elementary reactions by resorting to a linear alge-
braic method in conjunction with some heuristics. This is in
stark contrast to the 116 IP;s obtained by us from the same
set of 17 elementary reactions. Obviously, the former is
substantially fewer than the latter. Our results have been
obtained by resorting to the inordinately effective graph—
theoretic, algorithmic method based on P-graphs (process
graph) [2-6] in less than 2s on a PC (Intel Pentium 4,
CPU 3.06 GHz; and 1G RAM) upon inputting the 17 ele-
mentary reactions. The method comprises three algorithms
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crafted from two sets of axioms, and thus, it does not re-
quire any heuristic to implement; this is totally unlike the
method employed by Callaghan et al. [1]; moreover, P-
graphs are unique bipartite graphs that are rigorously de-
fined mathematically [7-11]. Both sets of IP;s are listed in
Table 1 for comparison. Note that the 116 IP;s identified
by us contain all the 70 IP;s identified by Callaghan et al.
[1]. The authors have cited the P-graph based method in
their earlier papers [5,6], but surprisingly not in [1].

To determine potentially dominant pathways through
further energetic, computational, mechanistic and/or experi-
mental exploration on the basis of an incomplete set of IP;s
would indeed be precarious. It is mandatory that the IP;s be
rigorously and exhaustively identified at the outset.
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Table 1

Comparison of the stoichiometrically feasible independent pathways identified in our work with those identified by Callaghan et al. [1]

Our work

Callaghan et al. (2003)

Designation (IP))

Mechanism

AH?, (kcal/mol)

Designation (RR;)

Mechanism

AH?, (kcal/mol)

P,
1P,

1P,

1P,

1P,

1P¢

P,

1Pg

1Py

1P}y
1Py,
1P,
1P5
P14
1P;5
1P¢
1Py,
1P
1Py
1P,
1P,
1P,,
1P»;
1P»y
1P,s
1Py
1P,
1Pg
1P,
1P3,
1P;,
1P;,
1P;;
1P34
1P;5
1P3¢
1P;;
1P;g
1P39
P49
P4y
Py,
P43
P44
IPys
IPy6

S]+S2+S3+S4+S‘5+55+S8+S11
S1+S2+S3+S4+S5+S5+S7+SQ
S1+S2+S3+S4+S5+55+S10
S]+S2+S3+S4+S5+2S6+S77S]3
S1+S2+S3+S4+S5+S10+S11 —512+Sl3
S]+S2+S3+S4+S5+59+S|0+S13
S1+S2+S3+S4+S5+Sg+2S11 —512+S13
51+S2+S3+S4+557S8+2S]07S12+S|3
S1+S2+53+S4+S5+Sg+259+512+sl3
51+52+S3+S4+S5+S8+S9+51|+S13
S1+S2+S3+S4+55+S7+2S11 —2S12+S13
S]+S2+S3+S4+S5+S7+239+S13

st 8+ 53+ 854+ 55— 57+ 2510+ 513
S]+52+S3+S4+S57S7+258+2S1]+Sl3
S1+S2+S3+S4+S5+2S6+58+S12—S13
Sl+S2+S3+S4+S5+56+S3+59+S12
S1+S2+S3+S4+55+55+S7+S11 — S12
S +S2+S3+S5+S6+S7+S|5

st T s+ 53+ 855+ 56+ 55+ 510+ 8515
51+52+S3+55+S7+S9+S14
S1+S2+53+S5+510+S14

S1 +S2+S3+S5+58+S11 JFS14

s1t s+ 53— 54+ 855+ 57— 513+ 2814
Sl+S2+S37S4+S5+S7+Sl3+2sl5

S1 T s+ 8s3— 54t 55+ 57+ 8514+ 515

A +S2+S3+S5+S7+S11 —S12+S14

S1 T s+ 53+ 855+ 55+ 59+ 510+ 8514

S1 +s2+S3+55+s10+s13+s15

s1F+ s+ 853+ 855+ sg+ 511+ 8513+ 8515
S1+S2+S3—S4+S5+S8+S12—Sl3+2sl4
S1F syt 53— 54+ 55+ 55+ 8510+ 514+ 5715
S1+S2+S3—S4+S5+S8+S12+S13+2S15
Sl+S2+S3+S4+55+2S6+S77S12+S16
S1 +S2+S3+S4+55+2S6+S8+S16

S1+ 8+ 53— 54+ 55+ 257 — sg+ 2515 — S16
S]+S2+S3+S4+S5+2S7—Sg+2$9—S16
S1+S2+S3+S4+35+S10+S“ — S16

S1 +S2+S3+S4+55 7S7+2S10+S12 — S16
Sl+S2+S3+S4+55+S7+251| — 812 — S16
S1+S2+S3+S4+S5+S7+2511 —S13—2S16
S]+S2+S37S4+S5+S7—2512+Sl3+2517
Sl+S2+S3—S4+S5—S7+2S8+S13+2S17
Sl+S2+S3+S4+35+S7+259+5127S|(,
S]+S2+S3—S4+55+S7—512+2S]4+S15
S]+52+S37S4+S5+S7+S12+25157S|6
S1+S2+S3—S4+S5+S7—512+514+S17

—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11

RR,
RR,

RR,

RR4

RR;

RRg¢

RR,

RRg

RRy

RR g
RRy;
RR >
RR 3
RRyy
RR;s
RRy6
RRy;
RR g
RRyy
RRyo
RRy;
RRy»
RRy;3
RRy4
RR»s
RRy6
RRy;
RRyg
RRy
RR3o
RR3;
RR3;
RR3;
RR34
RR3s
RR36
RR3;
RR3g
RR39
RRyo
RRy;
RRy,
RRy;
RRyy
RRys
RRy6

Sl+S2+S3+S4+S5+S6+S8+S11
S1+S2+S3+S4+S5+S6+S7+S9
Sl+S2+S3+S4+S5+S6+S10

sttt 8+ 53+ 54+ 855+ 256 + 57 — 813
S1+S2+S3+S4+S5+S10+S“—512"‘513
S]+S2+S3+S4+S5+Sg+510+$13
S1+S2+S3+S4+S5+53+2S11—512+S13
S]+S2+S3+S4+S57S8+2S107S12+513
Sl+S2+S3+S4+S5+S8+2S9+312+S13
S]+S2+S3+S4+S5+S3+59+S|1+S13

Sl+S2+S3+S4+S5+S7+2S“—2S12+S13

S]+S2+S3+S4+S5+S7+2S9+S13

st 8+ 853+ 54+ 55— 57+ 2510+ 513
S]+S2+S3+S4+S57S7+2S8+2S1]+S|3
Sl+S2+S3+S4+S5+2S5+S3+512—S13
Sl+S2+S3+S4+S5+S6+58+S9+512
51+S2+S3+S4+S5+S6+S7+511 — 512
S1 +S2+S3+S5+S6+S7+S15
Sl+S2+S3+S5+S6+S8+S12+515
S1+S2+S3+S5+S7+Sg+514
Sl+S2+S3+S5+510+S14

S1 +S2+S3+S5+S8+Sll +S14

sttt s+ 853 — 54+ 855+ 57— 513+ 2514

S1 +S2+S3754+S5+S7+S13+2515

S|+ s+ 53— 84T 55+ 57+ 8514+ 515

S1 +S2+S3+S5+S7+Sll —S12+S14

Spt syt 53+ 55+ 55+ 59+ 515+ 514

S1 +S2+S3+S5+S10+S13+S15

s1t syt 53+ 55+ 55+ 511+ 513+ 815
S1+S2+S3—S4+S5+53+S12—S13+2S14
S1F s+ 83— 84T 855+ 855+ 8510+ 8514+ 515
S1 +X2+S3 —S4+S5+S3+S12+S13+2S15
St 80+ 53+ 54+ 55+ 2856 + 57 — 512+ 516
S1 +S2+S3+S4+S5+2S6+S8+S16

s1+ 8+ 53— 854+ 855+ 257 — sg + 2515 — S16
S]+S2+S3+S4+55+2S7—S8+2Sg—Sm
S1+S2+S3+S4+S5+310+S11 — S16

S1 +S2+S3+S4+S5 7S7+2S10+Slz — S16
Sl+S2+S3+S4+S5+S7+2S|1 — 812 — S16

S1+S2+S3+S4+55+S7+2S11 —S13—2S16
Sl+S2+S37§4+S5+S772512"‘513“1’2&']7

Sl+S2+S3—S4+S5—S7+2S8+S13+2S17
S1+S2+S3+S4+S5+S7+2S9+5127S16
S]+.S'2+S3—S4+S5+S7—S12+2514+S16
S]+S2+S37S4+S5+S7+S|2+2S157516
Sl+S2+S3—S4+S5+S7—S12+S14+S17

—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11

(40174
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1P47
P45
1P5,
1Ps;
1Py
1Psq
IPsg
1Pgq
1P¢>
IPgy
1Pgq
P70
P74
P75
P76
1P
P75
P79
IPgo
IPg,
1P,
IPg3
IPgy
IPgs
IPgs
[Pg;
IPgs
IPgy
IPyo
1Py,
IPyy
IPo3
IPoy
IPos
1Py
IPy;

S|+52+S37S4+55+S77S127S|6+2517 —11
st 850+ 53— 54+ 855+ 57 — 513 — 2516 + 2517 —11
S|+32+S37S4+S5+S7+5157S]6+517 —11
s1F syt syt 54+ 55+ 57+ 59+ 8511 — S16 —11
S|+52+S3+S4+S5753+2S|07316 —11
S1+S2+S3+S4+S5+S3+2S11—S15 —11
Sl+52+S373'4+S5+S8+2S12+25157S16 —11
S1+S2+S3—S4+S5+S8+2S13+2S15+S16 —11
S1 +S2+S3 7S4+55+S8+2S|4+S|6 —11
Sl+S2+S3+S4+S5+Sg+2S9+2S12—Sl6 —11
Sl+52+S3+S4+S5+S8+259+2513+516 —11
st 850+ 53— 54+ 55+ 55 — 810+ 513+ 28517 —11
S1 +S2+S3 7S4+S5+S8+S13+S15+517 —11
St T syt s3— 54t 55+ 55+ 514+ 517 —11
Sl+S2+S37S4+55+S87S16+2S17 —11
Sl+S2+S3+S4+S5+S9+S10+S12—S16 —11
S1 +S2+S3+S5+S10 —S12+S13+S17 —11
st T s+ 853+ 855+ 810 510+ 515 — S16 —11
S1 +S2+S3+S5+S107AS‘]6+S]7 —11
st 850+ 53+ 855+ 56+ 57— 8510+ 8517 —11
S1+52+S3+55+S6+S8+S17 —11
st 85+ 53+ 55+ 857+ 511+ 8515 — S16 —11
S1 +S2+S3+S5+S7+S9—S16+S17 —11
Sl+32+S3+S5+58+S9+S13+S|7 —11
S1 +S2+S3+S5+S6+S7+Sg — 811 +S17 —11
S|+S2+S3+S5+2S6+S7—S|1—S13+S|7 —11
Sl+S2+S3+S5+S7+59+S13+S15 —11
S1+32+S3+S5+S7+S117S12+S13+S15 —11
S1 +S2+S3+S5+S7+S11 +S13+2S157S17 —11
S|+S2+S3+S5+S7+2397S11+S13+S17 —11
S]+SQ+S3+S5+S7+S11 72.?12+S13+S17 —11
S|+SQ+S3+S5+S7+S97512*"5134’317 —11
S1+S2+S3+S5+S7+S11 —S13+2S14—S17 —11
S|+SQ+S3+S5+S7+S“+S14+S157S17 —11
Sl+S2+S3+S5+2S7—S8+S9+515—516 —11
S1+ 85+ 53+ 55+ 57+ 59+ 512+ 515 — S16 —11
S1+S2+53+S5+S7+511 —S1372S16+S17 —11
S|+SQ+S3+S5+S7+S117S|2751(,+Sl7 —11
Sl+S2+S3+S5+55+S7—513+Sl4 —11
S|+32+S3+S5+56+S77312+Sl4+S16 —11
S+ 8+ 853+ 855+ 856+ 57— 8513 — S16 1 S17 —11
S|+SQ+S3+S5+S7+S117S|3+S|47316 —11
S1+S2+S3+S5+56+58—59+S11+S15 —11
S|+52+S3+S5+2S6+S37S9+S15+316 —11
Sl+S2+S3+S5+Sg+59+S12+S13+S15 —11
S|+52+S3+SS+S8+S9+25‘13+S15+S16 —11
Sl+S2+S3+S5—S7+2S8+S11+S13+S17 —11
S|+52+S3+S5+S8+S117S|2+S|3+S|7 —11
Sl+S2+S3+S5+Sg+59+2S14—Sl5+S16 —11
S1 +S2+S3+S5+S8+S9+Sl47S15+S17 —11
s1 850+ 53+ 855+ 55 — 59+ 2511 T 515 — 516 —11

RRy;
RRyg
RRy
RR5o
RRj5
RRs;
RRs3
RRsy
RRss
RRs6
RRs;
RRsg
RR3s9
RRgo
RRg
RRg>
RRg3
RR¢y
RRg¢
RRyg

S]+S2+S37S4+55+S77S127516+2S17
St 8+ 53 — 54+ 855+ 57 — 513 — 28516 T 2517
S]+S2+S37S4+S5+S7+S1573'16+S17
sttt 53+ 854+ 55+ 57+ 59+ 8511 — S16
S]+S2+S3+S4+S57Sg+25107§16
S1+S2+S3+S4+S5+Sg+25‘11 — S16
Sl+S2+S37S4+55+S8+2512+2S157S16
Sl+S2+S3—S4+S5+S8+2S13+2S15+516
S +S2+S37S4+S5+S8+2S]4+S16
Sl+S2+S3+AS‘4+S5+58+259+2S12—516
S]+S2+S3+S4+S5+SS+2SQ+2S13+515
St 8+ 53— 54+ 55+ 55 — 510+ 513+ 28517
Sl+S2+S37S4+S5+S8+Sl3+S15+Sl7
ST+ 85+ 83— 54+ 55+ 55+ 8514+ 517
S1+S2+S37S4+S5+S8 75‘16“1’25‘17
S1+S2+S3+S4+S5+59+S10+S12—516
S1+S2+S3+S5+S10—S12+S13+S17

s+ 85+ 853+ 855+ 510 510+ 515 — S16

S1 +S2+S3+S5+S]075‘16+S17

s1+ syt 53+ 55+ 56+ 57— 8510+ 517
S1+S2+S3+55+S6+S8+S17

s1F+ s+ 853+ 855+ 57+ 511+ 8515 — S16
Sl+S2+S3+S5+S7+S9—S16+S17

s+ 85+ 53+ 855+ 55+ 59+ 5135+ 8517

—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11

(continued on next page)
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Table 1 (continued)

Our work

Callaghan et al. (2003)

Designation (IP))

Mechanism

AHY (kcal/mol)

Designation (RR;)

Mechanism

AH?, (kcal/mol)

IPog

1Pgy

IPyg0
P01
P02
IP103
P04
IP1os
IPyo6
IP1o7
P08
IP1go
P10
1Py
P12
IP113
IPy14
IPyy5
P16

S1 +S2+S3+S5+58+S9+2S12+515 — S16
st 80+ 53+ 55+ 855+ 59 — 515 — 516+ 28517
S1+S2+S3+S5+S3+S11+512+S15—S16
s1F s+ 853+ 855+ 55+ 511 — 8161 517
Sl+S2+S3+S‘5+S8+S9+S12—S16+S17
Sl+S2+S3+S5+S6+S8+S13+S15+S16
S1 +S2+S3+S5+S6+S8+S12 — S13+Sl4
S1+ 85+ 53+ 55+ 56+ 55+ 514+ 516
S]+.Y2+S3+55+S8+S9+S13+514+S16
S]+S2+S3+S5+S67S9+S1()+S]5
Sl+S2+S3+S5+S6+S1075‘11 +S12+S15
SI+S2+S3+S5+S6+SI()7S“+S17
S1+S2+S3+S5+S6—59+S10—512+517
51+S2+S3+S5+S9+5107S11+S13+517
S +S2+S3+S5 —S7+2S10—S“ +S13+S17
Sl+S2+S3+S57Sg*Sg+2Sl()+S15fSlf,
S1+S2+S3+55—Sg+510+311+‘S‘15—S15
s1+ 8+ 53+ 55+ 57— 53+ 510+ 515 — S16
S1+S2+S3+S5—S7+S8+S10+S13+S17

—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
—11
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