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Abstract—A family of an enzymatically catalyzed reaction network is studied, which involves the oxidation of
monophenols by tyrosinase with enzymatic-enzymatic-chemical model in an isotherma continuous flow stirred tank
reactor (CFSTR). This system consists of 11 coupled non-linear equations and is determined to have the capacity to
exhibit computational multiple steady states. A set of rate constants and two corresponding steady states are computed.
The phenomena of bistability, hysteresis and bifurcation are discussed. Moreover, the capacity of steady state multiplic-

ity is extended to its family of reaction networks.
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INTRODUCTION

Exatic dynamic phenomena, such as undable steady dates, un-
damped ostillations, multiple steady sates and chaos, can be pre-
dicted in non-isotherma chemicd reaction systemsinvolving Sm-
ple reactions [Chang et d., 1989; Kim and Rhee, 1989; Kimet d.,
1989]. In isothermd chemicd systems some nonlinear dynamics
have been shown experimentaly [Epelboin et d., 1972; Geisder
and Bar-Eli, 1981; Orbén and Epgtein, 1985; Dutt and Mller, 1996].
This indicates that ingabilities derive from the intricacy of chemis-
try itsdf, ingtead of from thermd effects for non-isothermd sys
tems It isimportant for the chemica engineer to be able to identify
chemicd sysemsthat have capacity to exhibit multiple steady dates
since such an identification helps design safer and more efficient
reectors

Biochemica systems, which usudly condst of many spedesand
reactions, can dso give rise to those complex reaction behaviors
[Hatzimanikatis and Bailey, 1997; Bailey, 1998; Li, 1998; Hynne
et d., 2001]. Chemica resction network theory tudies connections
between resction network sructure and cgpacity of untable behav-
ior generated by the corresponding isotherma differentid equa
tions. Reaction networks are classfied by a non-negative integer
index called the deficiency, which is determined from the reaction
network structure [Feinberg, 1987] (The caculation of the deficiency
of a nework is briefly mentioned in Appendix). The Deficiency
Zero Theorem, developed by Horn [1972], Horn and Jackson [1972],
and Feinberg [1972, 1977], indicates that dl reection networks of
deficiency zero, no mater how complex and no matter what va-
uesthe rate condantstake, admit & most one Seedy Sate, that Seedy
dete is sable, and there does not exist any cydic solution. How-
ever, networks of deficiency greater than zero have different pic-
tures. For example, deficiency one networks contain members that
have capacity to generate multiple seady states and till othersthat
do nat. The Defidency One Theorem [Feinberg, 1987] and the Defi-
dency One Algorithm [Feinberg, 1988] provide means to digtin-
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guish between those two types of mechaniams

To determine the possihility of multiple Seady datesin a com-
plex reaction network of high deficiency, one efficient method isto
Sudy its subnetworks A subnetwork of the reection network under
study is just a network thet conddts of reactions belonging to the
origind reection network. High deficiency networks admitting mul-
tiple steady dtates often contain deficiency one subnetworks that
a0 exhibit multiple steady tates [Li, 1992]. A modified Subnet-
work Andyds [Li, 1998] was proposed, which can be gpplied to
both forest-like and circular reection networks for the determina:
tion of the capecity of multiple steady dates if one of its subnet-
works has seedy gate multiplicity.

Numerous reports on the tyrosinase (EC 1.14.18.1) action mech-
anism have gppeared to explain the characteridtics of enzyme activ-
ity, and in particular to darify the presence of the lag period [Mason,
1956; Wilcox et d., 1985; Cabanes et d., 1987; Rodriguez-Lopez
et d., 1992, Nash-Byfidd et d., 1992]. However, the Steady Seate
multiplicity of this system, congsting of 11 coupled non-linear equa:
tions, has not been sudied so far. In the present work we determine
the cgpacity of computationa multiple steedy states in a family of
oxidation of monophenals by tyrasinase with enzymatic-enzymatic-
chemicd modd in an isothermd CFSTR by using the Deficiency
One Algorithm and the Subnetwork Analysis.

THEORETICAL BACKGROUND

1. Reaction Networks and Mass Action Differential Equations

It is wdl known tha the copper-containing enzyme tyrosnase
catayzes two different reections: the hydroxylation of monophenals
to o-diphenals (cycle | in Fg. 1) and the oxidation of o-diphenols
to o-quinones (cyclell in Fig. 1). Cabanes et d. [1987] proposed a
mechanism (as shown in Fig. 1) involving the combination of these
two cydes and a chemicd reaction sep to explain the appearance
of alag. Thismode was named an enzymatic-enzymatic-chemica
modd with subgtrate regeneration (E.E,C-SR.), by andogy with
the nomendature usad for dectrochemica-chemicd reections These
binudlear copper dtes can be prepared in three enzymatic forms
met, oxy and deoxy. In Fig. 1, the symbols E ., E,y, Essey M, D,
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Fig. 1. Kinetic mechaniamsfor oxidation of monophenals by tyro-
snase

Q and Dc dencote the metd form of the enzyme, the oxygen form
of the enzyme, the de-oxygen form of the enzyme, the monophe-
nols, the diphenals, the quinones and aminechrome, while E..M,
E.,M, ExD and E,,D dencte catdyst occupied by speciesM and
D, repectivey. In brief, during cyde I, o-diphenols bind both to
E. ad E,,, rendering E,.D and E,,,D intermediiates, which give
rise to two o-quinones. During cyde |, the binding of monophenals
to oxy form renders E,.D. However, the binding of monophenols
to E. (with no cataytic activity on monophenols) scavenges apor-
tion of tyrosnase from the catdytic turnover as a dead-end com-
plex.

The chemicd recyding sep (2Q==D +Dc+H") follows these
two cydesto regenerate o-diphenols and aminechrome, which could
be back to the pools of these two cydes. According to Fig. 1, the
overd|l enzymatic-enzymdtic-chemicad reaction contains the fol-
lowing dementary seps.

ExtM<E M

EpytMEE, M

EnatD2E D2 By 1 Q

EuytDE, D2 E 1 +Q

o< By

E,yM<E,xD

2D=Q+Dc @

The assumptions used in thiswork are: 1. Thereactions occur in
an isotherma CFSTR, 2. The reactor volume is congarnt, 3. The
copper-containing enzyme tyrosinase, both occupied and unoccu-
pied, are dl retained in the reactor by using, for example, porous
membranes or screens to prevent escape of immobilized enzyme
pelets, 4. The concentrations of H,O, O, and in Fg. 1 do not change
apparently with time and are viewed as a condtant, 5. The demen-
tary gepsin Eq. (1) aredl chemicaly reversble and the mass action
kinetics are fallowed. Thus the oxidation of monophenols by tyro-
snaxein an isothermd CFSTR s represented by the reection net-
work (2) and its corresponding dynamica ordinary differentia equa
tionsareliged in Eq. (3).
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where ¢, i=1, 2, ..., 11 denote the concentrations of species A,,
A, ..., Ay within thereactor and k,_; isarate congtant for reaction
i—] in nework (2).

Thelagt saven linesin Eq. (2) are the dementary stepsin mech-
anism Eq. (1). Thefirg two linesin Eq. (2) display the inflow of
reectants (M and D) and the outflow of remaining resctants (M and
D) and the product (Q and Dc). In reaction network terms [Fein-
berg, 1987], to account for the inflow of A and A, in thefeed stream,
the pseudo-reections 0— A, and 0— A, are added to true chemis-
try Eq. (1) (The physicd meaning of “0” (zero complex) repre-
sents the surroundings). Compared with the dynamica equations
in Eqg. (3), the rate condtants k. », and K, », are assigned, respec-
tively, to be equd to c/6 and /6. (¢ denotes the feed concentra-
tion of goeciesi (=8, 9) and 6 denotes the residence time). Also to
account for the outflow of Ag, Ag, A and A, in the effluent stream,
pseudo-reactions A;—0, A;—0, A,,—0 and A,—0 are added
to true chemistry Eq. (1). The flow rates Ku, .o, Kag—0, Kaypo ad
Kay, o are al assigned to be equdl to the reciprocel of residence time
1/6. Thus, in reaction network terms, we condder the reections given
in Eq. (1) operating in an open system to be modeed by reaction
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network (2), instead of Eq. (1).

From Eg. (3), we find that a mass conservation condition must
be satiffied, i.e. the summation of concentrations of speciesA,, A,
As AL A, A and A, remains a congtant. This meansthet the totd
number of enzymes, both occupied and unoccupied, is a condant
and it must be satisfied by dl the steady dtates. Itis

d(c,tc, tc, +Cj:tA +Cs +cs t¢y) =0. o

2. Deficiency One Algorithm and Subnetwork Analysis

At seady dates, the compodtions ¢ do not change with time.
Therefore, from Eqg. (3) we have that do/dt=0, for i=A,, A,, ...,
A.. The question we are asking isthis Can there exist for network
(2) an assgnment of resdence time 6, rate condants k;_,; and feed
concentrations ¢ such that its corresponding mass action differen
tid Eq. (3) admit more than one steedy date? When we say that a
reaction network has the capecity to admit multiple seedy dtates,
we mean thet thereis at least one assgnment of residence time 6,
rate condtants k;.; and feed concentrations ¢; such that the corre-
sponding (mass action) equations admit at least two Seady dates.
Obvioudy, it would be difficult to answer this question if one does
not have a systlemetic way to andyze the reection system (2).

Inthis paper the Deficiency One Algorithm [Feinberg, 1988] and
the Subnetwork Anaysis [Li, 1998] are gpplied to determine the
multiplicity of steedy dates in network (2) and their parent net-
works. In reaction network terms, eech network has a deficiency,
which is an integer equd to or gregter than zero and can be cdou-
lated eadily by the structure of areection network. The Deficiency
One Algorithm provides a necessary and sufficient condition for a
deficiency one network to admit multiple steedy dates By the andy-
gsof thisagorithm, the “sgnatures’ of Seady state multiplicity for
addfidency one reaction network are represented by many sets of
linear inequality systemsin terms of avector 1. Thisvector u cor-
relates two seady daes say ¢ and ¢, corresponding to a set of rate
condantsin the following way:

/J=[/Jb R IJN]
=[In(cycy), ..., In(cy/cl], N=number of species ®)

If there exigts such anonzero u with the specified properties gent
eraed by the Deficiency One Algorithm, the deficiency one net-
work under study has the capacity to admit multiple Seedy Sates.
Otherwise, the network can admit a most one seedy date.

The Deficiency One Algorithm is a powerful method to deter-
mine steady state multiplicity of a deficiency one reaction network.
However, there are some complex reection networks lying outsde
of the dgorithm’s applicable range. Take reaction network (2) for
an example it has a defidency of three. Therefore, the Deficiency
One Algorithm cannat be gpplied. The Subnetwork Andys's extends
the applicable range of the agorithm by studying the subnetworks
of anetwork with higher deficiency than one. Li [1992] redlized that
networks of deficiency greater than one that admit multiple steedy
dates often (not dways) contain subnetworksthat dso havethe ca
pecity of exhibiting steedy state multiplicity. An example has been
shown [Li, 1992] thet a parent network cannot admit multiple steedy
dates, no matter what vaues the rate condants might have, dthough
one of its deficiency one subnetworks has the capacity to exhibit
geedy state multiplicity. Thus, it isnot trivid to ask the question: If

anetwork contains a subnetwork that admits multiple steedy ates
under what conditions will the network aso admit multiple steady
dates? The Subnetwork Andysis provides sufficient conditions for
the capecity of multiple seedy satesin anetwork of deficiency great
than one if one of its subnetworks is admitting steedy stete multi-
plicity. The terminology of the Subnetwork Andyssand itsimple-
mentation can befoundin Li [1999].

RESULTS AND DISCUSSION

1. Multiple Steady States in a Deficiency One Subnetwork

The complex reaction network (2) has deficiency three. Accord-
ing to the deficiency oriented theory, a“minimd” network admit-
ting multiple steady states should have a deficiency of &t least one.
According to the Subnetwork Andyss, the subnetworks with the
same rank as the parent network (2), which is 10 (see Appendix),
would meet one of the criteria for extending directly the steady-
gate multiplicity to their family networks Thus, we are interested
to know if there exigts a deficiency one subnetwork of network (2)
with rank 10, which generates mulltiple steedy States. By using the
Deficiency One Algorithm, such a defidiency one subnetwork exhib-
iting Seedy Sate multiplicity is determined. It is obtained by delet-
ing A, —0<—A, from network (2) and digplayed below in Eq. (6).
Actudly, we have found it is the only deficiency one subnetwork
with rank 10 admitting multiplicity.

A 0= Ay

A+tA< A,

AA+A Ag

A +A As2 Ag+A

A2+A9(:) A7(:) A1+A10

A=A,

A= Ag

2Ap AgtAy ©)

According to the dgorithm, it has the capacity to admit multiple
Seady Satesif the u defined in Eq. (5) stisfiesthe st of linear in-
equdities Eq. (7a) generated by the dgorithm. It is essy to see that
Eq. (7b) isasat of nonzero solutionsto Eq. (7a). Eq. (78) indicates
the relaionships of thetwo Steedy States, which can beused to iden-
tify mechanism as the steady dates of some pecies are measured
[Bllison and Feinberg, 2000]. The more the numbers of the ine-
qudities and the equations of Eq. (78) are satiffied by the experi-
mentd data, the more likely thet mechanism (6) is followed. (The
reverse of dl theinequditiesin Eq. (78) isadso asignature of multiple
seady Sates, which is obtained by replacing ¢ and ¢' in Eg. (5) by
each other).

Lot o> s
He™ s
Lo+ g™ Lo
Ls>0
0>,
s> g
Lot o> Ly
o>y
IJ7>I"1+IJ]D
s> Lo
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Ht o> o
Lt Lho™ s
Mot =1
Mot =21k (79
L=, . ] =[4,7,6,-1,3,4,7,-5,1,05,0] (7h)

By the u given in Eq. (7b), a st of rate condtants, displayed in
Eq. (89), and its two corresponding Seady dates, ¢ and " in Eq.
(8h), are computed (The formulas for the computation of two Seedy
datesand a st of rate congtants can be found in Feinberg [1988)).

13.9267 205252
" 501061 ) 13967

A+Ag A,

&0
0.21071

AFA —A ——SAHA
2T e132 T 215570 ¢

1261.10
AC—A,

126806

110.858
AS—A,

96,9312

003435

10 343656; A9+A11 (8a)
¢,=0.509329 ¢'=0.009329
¢=0.500456 ¢y=0.000456
¢,=0.501242 ¢y=0.001242
¢,=1.745930 Cy=4.745930
¢=0.526198 ¢'=0.026198
¢,=0.509329 c=0.009329
¢=0.500456 ¢=0.000456
¢,=0.003392 cy=0.503392
¢,=0.790088 €y=0.290988
C=8.895229 Cip=5.395229
¢, =1.000000 ¢, =1.000000 (80)

Note that the mass balance condition in Eq. (4) is satisfied by
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Fig. 2. Thechangeof the geady state concentration ¢, with theflow
rate Ky, for network (8).
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Fig. 3. The locus of the multiple seady sate bifurcation for net-
work (8) in the (Ka,—.ag Ko—ag) plane for different values of
the rate congtant K, azeay-

the Eq. (8b):
CrHCAHCHHCH G GRHC=ClH G+ GGG+ G +C=4. 792940, ©)

In Fig. 2, the eady sates and bigtability occurring in network
(8) areilludrated as hydereds with variaion of k; . »,. The seady
gdaes ¢ (the upper pointsin Fg. 2) and ¢’ (the lower pointsin FHg.
2) in Eq. (8b) are gable and an ungable seady state (not shownin
Fg. 2) lies somewhere between ¢ and ¢". The steady satec' in Eq.
(8b) esteblished & a higher k, ., (>22.61) is assodiated with alower
conoentrations Cy,. As K., is lower than 841, the steady state ¢
associated with a higher concentration ¢y, is obtained. As k., is
in between, ahyseressloop containing three Seedy dates, two sable
ones and an ungable one, occurs and the seedy Sate depends on
theinitial concentrations

Fig. 3 shows a two-parameter (K., Ko-.sg) Plane for different
velues of the rate constant Ky, a.a,, fOr network (8) (The dotted
line corregponds to 115.9955 and the solid line to 50, respectively).
Inside the cusp regions, there are three steady Sates, two stable ones
and an ungable one. They display theindde regions of a hysteresis
loop amilar to Fig. 2. Right on the curves of the cusp, there are two
seady dates, one Sable and the other ungtable. They represent the
two end points of a hysteresisloop. Only asingle steady date exigts
outside the cusp region in Fg. 3, which displays the outsde region
of ahygeressloop.

2. Multiple Steady States in Parent Networks

To extend the capacity of multiple Seady Sates of a subnetwork
to its parent network, the Subnetwork Anaysis provides some suf-
fident conditions. Unfortunately, the u vector in Eq. (78) contains
an equdity (the lagt line) such thet the sufficient condition of the
andydsisnat stidfied. By the addition of any one of thetwo ddeted
irreversble reactions A,,—0 and A,,—0, to the deficiency one
subnetwork (6), adeficiency two subnetwork is obtained. With this
deficiency two subnetwork, we are dlowed to adjust more param-
eters than those for the deficiency one subnetwork (6) in the neces-
say and sufficient condition [Li, 1999], which was used to prove
the Subnetwork Anaysis and should be satidfied for the determi-
nation of multiple Seady dtates in a reaction network of any defi-
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ciency. By the addition of the deleted reactions to the deficiency
one subnetwork (6) one by one and by adjudting the parameters and
the L vector, the defidency two subnetworks of the network (2) and
the defidiency three network (2) itsdf dl have the cgpadity to admit
multiple steady sates. A modified u vector such that the network
(2) exhibits multiple steady datesis shown in Eq. (10). It meetsthe
inequdities and equdities of Eq. (7a), except for the last equdity.
The rate congtants and corresponding two steady dates are indi-
cated in Egs. (11), computing according to the vector i given in
Eq. (10) (The formulasfor the computation of two seady Sates and
aset of rate congants can be found in the gppendix of Li [1999)).

H=[hy . ] =[4,7,6,-1,3,4,7,-5,1,049,Q (10)

0.18066  9.26262
A —S0—A,
486897  0.18066

A——

AFASC—A,
021071
AFA <——>85'792 A
2743132
255287 930477

A+A——— S A T——SAHA,

822306 ~ 98.8%49

566191 920427
AAASC—— S A ——SA+A,
173066  104.966

101198
A, C—SA,

101559

131430

As o031

104193
2A10 004981) A9+A:L’l (JJ.B)
¢,=0.509329 ¢;=0.009329
,=0.500456 c;=0.000456
¢;=0.501242 €3=0.001242
,=1.745930 Cy=4.745930
¢=0.526198 c4=0.026198
¢:=0.509329 c4=0.009329
¢,=0.500456 ¢y=0.000456
¢,=1.331079 cy=197.5497
,=304.8764 c=112.1578
C0=9.035205 Cjp=5.535205
¢, =5.535205 ¢, =5.535205 (11b)

Fig. 4 shows atwo-parameter (Kagay,ag Kas—ag) Plane for differ-
ent values of the rate congtant k,, ., (=0.180662, 0.145 and 0.140)
of network (11). Insdethe cusp regions, there are three Seady detes.
Right on the curves of the cusp, there are two steady Sates. Only a
sngle deady date exists outsde the cusp region in FHg. 4. To main-
tain the existence of the steady state multiplicity under a fixed rate
congant K, .o, the sméler the rate constant k., is, the smaler
the rate congtant Ku,.a,, s, IS required and the narrower its range.
To maintain the existence of the seady state multiplicity under a
lower rate condtant k.o, it is required to increase the rate con-
stant kAs**‘«mﬁ/‘e'

The gpplication of the Subnetwork Andlysis can be used to extend
the seady-gtate multiplicity of network (2) to its parent networks
with higher deficiency based on the vector 1 givenin Eq. (10). Con-

i g = 0L ARG 2

A 140
i

{145

r. I [ 3 108)

Fig. 4. Thelocus of the multiple seady state bifurcation for ne-
work (11) in the (Kagea,n—ag Kas—ag) Plane for different val-
uesof rate constant Ky, .o

sder afamily member of network (2). The addition of apair of the
reversble reaction As = Ag+A,g (ExM 2 B,y +Q) to network (2)
leads to the network (123) of deficiency three with acirde (As<
As2A+A 22 As). Falowing the Subnetwork Anayss, the aug-
mented network (128) dso has the capacity to admit multiple Seedy
dates The rate congtants and corresponding two Steady dates are
indicated in Eq. (12), computing by using the vector u givenin Eq.
(10).

AT 0———SA,

486897  0.18066

Ap——>0

0.18066

A,————=>0

AFA—SA,
021071
185.792

A+AC——SA
143132

255287 815752
L2

56.6191 920427
A2+A9 A1+A10

173066 ' 104.966

101198

A: 101559 As
684518
*636984 °
104193
70.04981 ActAu
6436
A—— 17995 AstAyg (129)
¢,=0.509329 ¢'=0.009329
,=0.500456 c3=0.000456
;=0.501242 €3=0.001242
C,=1.745930 Ci=4.745930
¢=0.526198 ¢'=0.026198
¢:=0.509329 c2=0.009329
,=0.500456 ci=0.000456
¢=1.331079 Ccy=197.5497
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Fig. 5. The locus of the multiple steady date bifurcation for net-
work (12) in the (Kay, o, Kayeag—ag) Plane for different val-
uesof rate constant K, azea:

C,=304.8764 C=112.1578
C10=9.035205 Cio=5.535205
€11=5.535205 €11=5.535205 (12b)

Fig. 5 shows atwo-parameter (Ku .o, Kayiaga) Planefor differ-
ent values of the rate condant Ky, . a.n,, (5386436 and 100) for
network (122). The number of seady Satesis 3, 2 and 1 for there-
gion inside the cusp, right on the cusp and outside of it, respectively.
Fg. 5 showsthat, to maintain the existence of the Steady state mul-
tiplicity under afixed reate congiant Ka, . a.a,,, the smaler the rate
congtant Ky, aq 4, IS, the smler the rate constant k., is required
and the narrower its range. To maintain the existence of the steedy
date multiplicity under a higher rate condtant Ku . azay, it IS re-
quired to increese the rate k,,,, ., and to decrease the rate congtant

100
kAz‘fAeﬁAs'

Following the Subnetwork Anayss, the family members of net-
work (2) digolayed in network (13) have the cgpacity to exhibit mul-
tiple seady Sates for the vector in Eq. (10). The fird nine lines
of network (13) are just the deficiency three network (2). The last
line of reaction network (13) describes any of the reactions which
can be represented by a linear combination of those reactions on
the right-hand Sde of the equation. The parametersa, b, ¢, ..., j in
the lat line of network (13) are any red numbers. A negative pa-
rameter means the reverse of the reaction arrow. The network (13)
might have a high deficiency, such ascircular network (12) of defi-
ciency three, and even other networks of high deficiency.

A 0= Ay

A—0<—Ay

A+A A,

A+A Ag

A+AE Ag AgtA

AAAE A A A,

Ae A,

A=A,

2A, = AgtA,

Yy =l O+ —> O a(A+ A AJHUA +A,—A)
(A A A7) H(A— A +0(A;— ArtAy)
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+h(As— AgtA )+ (As— Ag)H(2A = AgtAy) (13
CONCLUSION

Subnetwork Anadysisis used to determine the cgpacity of com-
putationad multiple steady datesin afamily of enzymaticaly cata
lyzed reaction network (13). A minima subnetwork of network (13),
which generates multiple steedy dtates, is determined in network
(6). The bigtability, hysteresis and bifurcation phenomena are dis-
cussd. Theinequdities and equaionslisted in Egs. (78) might pro-
vide some information of reaction mechanism identification if seedy
dates of some species are measured. The results of thiswork might
help usto study the complex reection networksin ather enzymaticaly
catayzed systems, such as the enzymatic production of L-DOPA
(dihydroxyphenyldaning). From a biochemica engineering point of
view, it can be ds0 gpplied to biosensors for phenals, waste-water
trestment containing phenolic pollutants and depigmentation of md-
aninin plantsand animas, even if they have different stoichiometry.

APPENDIX THE CALCULATION OF DEFICIENCY

The cdculdion of the deficiency for a reaction network is intro-
duced briefly. The details can be found in Feinberg [1987]. The de-
fidency dfor anetwork is computed by

&n-Il-s A

where n, | and s denote, repectivey, the number of complexes, the
number of linkage classes, and the rank of the network. Teke net-
work (2) for an example. Its deficiency is three shce &=n-I-s=
19-6-10=3. For network (6), &=n—1-s=17-6-10=1. For net-
work (128), &=n—1-s=19-6-10=3.

NOMENCLATURE

A, A,, ... : chemical species

Cy, Gy ... » molar concentrations for species Ay, A,, ... [mal/l]

ci, ¢, ... : molar concentrationsin the feed stream for species A,
A, ... [mol/l]

: composition vectors at steady states [mol/1]

: rate congtant for reaction i —j [(mol/l)*ecionorder. g7t

:flow rate[s]

: number of linkage classes

: number of complexes

: number of speciesin areaction network

: therank of anetwork

(time[g

Q.

Q
L

s

“wnw zZz5 — XX

reek Letters
: deficiency of anetwork
: varidbles defined in Eq. (5)
: reactor residencetime[ ]

DT S @
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