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KINETIC RATE LAWS INVARIANT TO SCALING THE MINERAL
FORMULA UNIT
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ABSTRACT. A modified form of the kinetic rate law for mineral dissolution and
precipitation is proposed that is invariant to a scale transformation of the mineral
formula unit. The scale factor appears in both the affinity factor determining the
extent of disequilibrium and in the prefactor term, which multiplies the affinity factor.
The form of the rate law is obtained by imposing invariance of the reactive transport
equations on scaling the mineral formula unit, a basic requirement of all kinetic rate
laws describing mineral reactions. This requirement is shown to be consistent with the
Horiuti-Temkin formulation of the overall reaction rate for stationary-state conditions.
The overall rate law is derived by summing a network of elementary reaction steps each
weighted by a stoichiometric number giving the rate of the ith intermediate step
relative to the overall reaction rate. However, it is noted that current formulations of
mineral kinetic rate laws are more empirically based and do not always satisfy the
requirement that the elementary reaction steps defining a reaction mechanism sum to
form the overall reaction. In addition, there appears to be confusion in the literature
between the Temkin average stoichiometric number and the scale factor related to the
mineral formula unit, which are shown to be two distinct quantities. Finally, it is noted
that in recent numerical simulations modeling sequestration of supercritical CO, in
deep geologic formations, different chemical formulas for oligoclase have been used
related by a scale factor of five without taking into account the scale factor in the
kinetic rate law. This oversight could result in potentially significantly larger oligoclase
dissolution rates, and exaggerated CO, mineralization through precipitation of dawso-
nite.
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INTRODUCTION

The transition state theory (TST) based kinetic rate law has found wide applica-
tion for modeling water-rock interaction of minerals with an aqueous solution.
Aagaard and Helgeson (1982) in their seminal paper on the kinetic rate law for
minerals reacting with an aqueous solution based their formulation on TST combined
with the Horiuti-Temkin stoichiometric number (Horiuti, 1957; Temkin, 1963),
defined as the ratio of the reaction rate of an intermediate reaction step to the overall
reaction rate. The relationship between the reaction mechanism represented by a set
of elementary reactions and the overall reaction rate was originally presented by
Horiuti (1957) and then later extended by Temkin (1963) within the framework of
stationary-state reaction kinetics, providing a rigorous formulation of the kinematics of
overall reaction kinetics. The insight of Horiuti (1957) and Temkin (1963) was to
realize that the overall reaction rate for quasi-stationary state conditions, could be
related algebraically to the rates of forward and backward elementary reaction steps
which define the reaction mechanism.

However, controversy still appears to exist as to whether the Temkin average
stoichiometric number is a fundamental component of the kinetic rate law or whether
it merely serves as a fit parameter with no fundamental basis. Lasaga (1995, p. 31-32)
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stated that Temkin’s method was incorrect due to a simple mathematical error by
Boudart (1976) in identifying forward and backward rates of the overall reaction. He
further argued that incorporation of Temkin’s number was not fundamental to the
kinetic rate law (Lasaga, 1995). Gin and others (2008) attempted to evaluate the
validity of the Horiuti-Temkin approach but left the issue unresolved. So far the full
machinery of the Horiuti-Temkin formulation has not been implemented in the
geochemical literature to describe reactions with minerals. This is in part a result of
lack of understanding and confusion surrounding this approach, but also due to the
difficulty associated with identifying the mechanistic basis for the rate law. In what
follows it is demonstrated that the Horiuti-Temkin formulation of the stationary-state
overall rate law has a sound mathematical foundation and results in a formal method-
ology for deriving the overall reaction rate from a specified reaction mechanism
formulated in terms of elementary steps. This approach could offer important insight
into understanding mineral rate laws.

Aagaard and Helgeson (1982) first drew attention to the role of the Temkin
average stoichiometric number, and since then it has been found useful in fitting
experimental data in numerous studies of kinetic rate laws describing mineral reac-
tions. Murphy and Helgeson (1987, p. 3148) applied the TST rate law to dissolution of
pyroxene and noted that the Temkin number o depended on the formula unit used to
represent pyroxene. For the general pyroxene formula C(1)C(2) (SiO3),, where C(1)
and C(2) refer to divalent cations (for example, Mg2+, Ca®*, Mn?* Fe*") on the M(1)
and M (2) pyroxene sites, it follows that o = 2; whereas for C(1), 5C(2), 5S04 it follows
that o = 1. Berger and others (1994) reported a value of ¢ = 1 for quartz, and Gautier
and others (1994) a value of ¢ = 3 for K-feldspar dissolution. Devidal and others
(1997) and Yang and Steefel (2008), found o = 2 for kaolinite dissolution and
precipitation. Anorthite purportedly has a Temkin number of unity according to
Oelkers and Schott (1995). Harouiya and others (2007) proposed a value for Temkin’s
constant of o = 5 for apatite [Cas(PO,)sF]. They noted that this value was consistent
with five activated complexes related to breaking Ca—O bonds in the dissolution of one
formula unit as the rate limiting step. Criscenti and others (2005) presented an
eight-step detailed reaction mechanism with Temkin numbers equal to one for
removal of Al from a feldspar surface. It should be pointed out, however, that none of
these authors developed a rigorous set of elementary reaction steps that sum to give the
overall mineral reaction [An exception, discussed below, is provided by Icopini and
others (2005).], and therefore it is not clear whether the assigned Temkin number is
consistent with the Horiuti-Temkin formulation or is simply a fit parameter.

In this work a modified form of the mineral rate law is proposed that includes the
explicit dependence on a scale factor of the mineral formula unit and corresponding
overall reaction, both through the usual affinity factor and also in the rate prefactor.
This latter modification appears to have been overlooked in previous work. The
modified form of the rate law follows from the implications of scaling the mineral
formula unit on the form of the kinetic rate law and invariance of the reactive transport
equations under the scale transformation. Clearly, results obtained from solving
reactive transport equations should not depend on the mineral formula unit used in
the calculation, and any multiple of the formula unit should be equally valid. The
resulting form of the rate law is similar in form to that obtained from Temkin’s
formulation of the overall reaction rate with the scale factor replacing Temkin’s
stoichiometric number.

In what follows the consequences of the requirement of invariance of mass
conservation equations to scaling the mineral formula unit are explored and their
implications for the form of the kinetic rate law derived. The observation that the
results of solving reactive transport equations should not depend on the mineral
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formula unit used to represent mineral reactions has significant consequences on the
possible forms that the kinetic rate law can take. Next, following a review of the
Horiuti-Temkin formulation of the overall stationary-state kinetic rate law, it is demon-
strated that this formulation results in invariant mass conservation equations describ-
ing reactive transport provided that the Horiuti-Temkin stoichiometric number is also
appropriately scaled. Finally, several observations are made when applying a kinetic
rate law to model carbon sequestration and scaling the mineral formula unit as has
been presented in the literature.

SCALE INVARIENCE
To determine the transformation properties of the kinetic rate law under a scale
transformation of the mineral formula unit, the condition of invariance is imposed on
the reactive transport equations. Reaction of an aqueous solution with the mth mineral
JL,, is presumed to be described by the overall reaction

N,

E vjm‘ﬂj = ‘A/er (1)

j=1

written in canonical form (Lichtner, 1985), involving N, primary aqueous species
(components or basis species) s, with stoichiometric reaction coefficients v;,. The
overall reaction rate is denoted by I',, normalized to unit specific mineral surface area
dA,. The sign convention with the rate positive for precipitation and negative for
dissolution is used throughout.

The overall reactions are unique only to within a scale factor of the mineral
formula unit. This scale factor cannot have any effect on the prediction of observable
quantities. Thus, for example, for kaolinite any of the formula units AlSiO;,,(OH),,
Al,Si,O5(OH) 4 or ALSi,O,,(OH)4 could be used without affecting the results. Scaling
the reaction given in equation (1) by some scale factor N, > 0 gives the equivalent
reaction

2 v],'m ‘ﬂ'] = ‘/M“"mr (2)
j
with v}, = \,v,, and J;, = \,M,. The equilibrium constants for the scaled and
unscaled reactions are related by the equation
K, = K. (3)
The mineral formula weight W, scales according to W,, = X, W,, as does the mineral
molar volume: V,, = A\,V,. The number of formula units per unit cell Z, scales
inversely with Z, = \,'Z,. The mass density p,, is invariant: p,, = p,. The mineral

volume fraction fraction ¢,, is also an invariant, defined as the volume occupied by the
mineral divided by some reference volume (typically the bulk volume or representative
elemental volume (REV), the solid volume or pore volume). In contrast, the mineral
concentration defined as C,, = V, 'd,, = W, 'p,b, scales inversely with \,:C,, = \,,'C,.
Finally, specific mineral surface area, defined relative to some reference volume, is
invariant: A, = A,,.

Under a transformation scaling the mineral formula unit, observables such as the
solute concentration and mineral volume fraction obtained from solving reactive
transport equations should not be affected and must remain invariant. Mineral
reaction rates, however, are affected by scaling the mineral formula unit. To determine
the transformation properties of the mineral kinetic rate law, the conservation
equations corresponding to unscaled and scaled mineral formulas are compared.
These equations for the jth aqueous primary species have the following respective
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forms corresponding to the unscaled and scaled mineral formula unit (Lichtner, 1985;
Lichtner, 1996; Lichtner, 1998; Steefel and others, 2005; Lichtner and Karra, 2014)

d
&‘P’\I’/ + V : Q]' = _; vjm Fm‘ﬂm’ (43)

= =2, (4b)
m

where primes indicate that the quantity is evaluated relative to the scaled mineral

formula. In these equations ¢ denotes the porosity of the porous medium, ‘I’j and Qj

denote the total concentration and flux for the jth primary species or component,

respectively, and the sum on the right-hand side is over all minerals in the system of
interest.

For the mth mineral its volume fraction defined relative to an REV satisfies the

following mass transfer equations corresponding to unscaled and scaled mineral
formulas

.,
at

= er m‘ﬂ m> ( 5 a’)

= VI, (5b)

These conservation equations apply to a general time-space description of reactive
transport as well as a batch reactor for closed and open systems.

In order for the aqueous concentrations and mineral volume fractions to be
independent of the mineral formula unit, the right-hand sides of equations (4) and (5)
must be identical. This requires the following relations to hold identically

— ! !
v/'mrm - v/mF/m’ (63)

and

er m = V’ml—‘ {WL' ( 6b)

!

Replacing the primed stoichiometric coefficients v}, and molar volume V), by their
corresponding unprimed quantities, these relations imply the transformation rule

A =T (7)

This is a very general result independent of the detailed form of the kinetic rate law.

To see the implications of this transformation rule, consider the overall mineral
kinetic rate law expressed in a somewhat simplified form sufficient for the purposes
here as

Fm = _km@)m(l - KQO)' (8)

In this equation k,, denotes the kinetic rate constant which is a function of temperature
and pressure, and ?,, represents a concentration-dependent prefactor that may be a
function of pH and other variables. The last factor in brackets refers to the affinity
factor with equilibrium constant K,, corresponding to the overall mineral reaction as
written in equation (1), and activity product Q,, defined by

Qm=Hmw% (9)

with molality m; and activity coefficient y; for the jth primary species. Note that the
product K,,Q,, appears in the affinity factor (rather than the more customary form
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0,/ K, because the overall reaction is written with the mineral on the right-hand side
as in equation (1). The average Temkin stoichiometric number is not included in this
form of the rate law. This is considered in detail in the next section within the
framework of the Horiuti-Temkin formulation for the overall reaction rate.

Under a scale transformation the activity product Q,, transforms according to

Q, = [l(vm) (102)
j
H (yymy)™r, (10b)
j
= Q. (10c)
The prefactor is assumed to be independent of the scale transformation
g’ {VII, = @7’” ( 1 1 )
as is the rate constant
ky = ki (12)

These assignments are justified in the Horiuti-Temkin formuation of the overall rate
where these quantities are derived from elementary reactions that define the reaction
rate mechanism, and are presumed to take place at the molecular scale and therefore
are not transformed. Hence, from equations (3), (7) and (10) the overall rate law
becomes

1
F "”l = - rkﬂl@ YII(]‘ - KM/Q"I.) b ( 1 3 a’)

1
— kPl = (KLQ'Y), (18D)

Thus, according to this result to obtain the same solution to the reactive transport
equations after scaling the mineral formula (and overall reaction), the rate constant &,
must be divided by the scale factor \,, and the saturation state K,,Q,, raised to the
power \,,'. Note that for both the scaled and unscaled mineral formula, equilibrium
corresponds to

K,Q, = K,.Q, = 1. (14)

HORIUTI-TEMKIN OVERALL RATE LAW

Mineral reactions are generally complex reactions made up of a number of
elementary steps. The elementary steps define the reaction mechanism in terms of
molecular interactions and are unique and must be implemented as written. An
expression for the reaction rate of the overall reaction in terms of rates of the
elementary steps can be obtained from the quasi-stationary state approximation. This
leads to a greatly simplified form of the rate law.

The general theory has been developed by Horiuti (1957), Hollingsworth (1957),
Temkin (1963), and others [see Boudart and Djéga-Mariadassou (1984)]. The main
requirementis to represent an overall reaction through a sequence of elementary steps
which yield back the overall reaction when each step is multiplied by an appropriate
stoichiometric number and summed. In general, multiple pathways may be involved in
formation of the same overall reaction; however, this theory is still under development
(Temkin, 2012). The usefulness of this approach lies in the ability to formulate the
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elementary steps which define the overall reaction. This in itself may be an enormous
task and success is not guaranteed. The resulting rate law for the overall reaction must
satisfy the constraints imposed by requiring invariance of the rate law under scaling of
the mineral formula unit. After first formulating the overall rate in terms of a sequence
of elementary steps, its transformation properties under scaling the mineral formula
unit are investigated and shown to comply with the transformation rules derived above.

Horiuti-Temkin Formalism

Stationary state and reaction intermediates.—It is assumed that each elementary step
involves a set of reactants and products that describes a single mineral .Il,, reacting with
an aqueous solution. Species which occur in both the elementary steps and in the
overall reaction are denoted collectively by { }, referred to as terminal species. In
addition, species which occur only in the elementary steps but not in the overall
reaction, denoted by {¥,}, are referred to as reaction intermediates. The overall
reaction is constructed by summing the elementary steps weighted by the Horiuti-
Temkin stoichiometric number. The species &, may represent catalysts, for example,
including species sorbed on the surface of the mineral. Each elementary step is
assumed to have the general form

Ev_/”il‘ﬂ/ + ;x;’i %k = vmi‘/‘/'“m’ (15)
J

with stoichiometric coefficients v,,, v and xj; corresponding to the ith step for reaction
of the mth mineral. The sum over jis over terminal species ¢, and the sum over k is
over the reaction intermediates %,.

The corresponding overall reaction is formed by multiplying each step by the
Horiuti-Temkin stoichiometric number denoted by o,,; and summing over all steps to
give

Z vjm ‘ﬂ] = vm‘/‘/’“m’ (16)
J

where the stoichiometric coefficients for the overall reaction are given by
Vin = 2 0V (17)
1
and the stoichiometric coefficients v,,; are given by

E OniVmi = Vs (18)

The coefficients o,,; are chosen so that the reaction intermediates &, are absent from
the overall reaction

> o = 0. (19)

From the time-evolution equations corresponding to the elementary reaction steps, it
follows that the time rate of change for the total primary species concentrations and
minerals is given by

[
&

9
P AR (202)

d
SV V0, = @, (20b)
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a¢’l’l
at

= R, (20¢)

with the reaction rates R, R;, and R, defined respectively as

R = =2 vl (21a)
Ry = =2 xppd,L, (21b)
%M = Vnz‘ﬂmz vmirmi' (21(:)

In terms of the overall reaction, equation (16), the reaction rates become

%] = _E vjm ‘ﬂmrrm (223)
Ry =0, (22b)
%nz = Vnzvmﬂmrm' (22C)

Comparing equations (22) and (21), making use of equations (17), (18) and (19),
leads to the condition

2 %l =0, (23)

for intermediate species implying stationary-state conditions. Comparing rate terms
for the jth primary species leads to

>vi(o,l,-T,) = 0. (24)

Requiring that the quantity in brackets vanish for each elementary step implies
Gmirm = Frni' (25)

Alternatively, introducing reaction progress variables £, and &, corresponding to the
elementary steps and overall reaction, equations (15) and (16), respectively, equation
(25) is equivalent to

dgmi d‘gm dgmi
dé, dt — dt’ (26)
with
d mi
Omi = d‘gim (27)

Elementary reactions may satisfy conditions of quasi-equilibrium or stationary-
state conditions. Note that there appears to be a contradiction if an intermediate step
is in equilibrium. Because then I',; = 0 for this step and from equation (25) this would
imply that the overall reaction rate must also vanish. But in fact, equilibrium of an
elementary step does not hold exactly. Forward and backward rates are only approxi-
mately equal, although much larger compared to the overall reaction rate (see fig. 1
and Appendix A).

The reaction rate for the ith elementary reaction step is based on the law of mass
action given by
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2/ O

ml / G

Elementary Reaction Step and Overall Reaction
v

Reaction Rate

Fig. 1. Schematic diagram showing net reaction rates for three elementary steps and the overall
reaction rate I',, designated by the vertical line. Step 2 with net rate I, , is approximately in equilibrium, and
step 1, with net rate I',,, is the rate determining step. Stationary state conditions require that each net
elementary rate I',; divided by its Temkin stoichiometric number o, equal the overall net reaction rate.
Figure adapted from Boudart and Djéga-Mariadassou (1984), who attribute it to Tamura (1978).

r,, = k:;nQ:rrn'_ ki Qs (28)

with activity products Q,,; defined as

mz - H a;l 1_[ le, (293)

Vi >0 xm>0
mz - H d H a}:x]“, (29b)
Vi (] x;l”<0

with a; the activity of the jth terminal solute species, @, the activity of the kth reaction
mtermedlate and forward and backward rate constants k,,, respectively.
By definition of an elementary reaction the ratio of the forward and backward rate
constants for the ith step is equal to the corresponding equilibrium constant
k+

'mi

b = G

(30)

Equilibrium holds when

K,Qui = 1, (31)
where the activity product Q,,,;is defined by

Q. S
Qui = Q_‘f = H a1y, (32)
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where the product over the subscript j refers to terminal species appearing in the
overall reaction, and the product over k refers to reaction intermediates.

The equilibrium constant for the overall reaction is related to the equilibrium
constants of the elementary steps by the usual equation

K, = [1K}y = H(k) : (33)

i mi,

Likewise, the activity product of the overall reaction is equal to the product
Q.= I1aqy=11ar (34)
i j

where the latter equality follows from equations (17) and (19).

Temkin identity.—An expression for the overall reaction rate can be computed
algebraically in terms of the rates of elementary intermediate reactions from the
mathematical identity first introduced by Temkin (1963) in generalizing the work of
Horiuti (1957)

T, _r;1)F:,,2 PR

ml m3" mNg

+ T = Tl

m

B RIS I
+ F;,lrf_w(l_‘;s - F;LS)F;A‘ : 'F:,N,

(35)
4+ ...

+ F:nlr;g ms .F;L,]\/T,—l(l_‘;d\ﬂ - F;M)
=I"

+ 1+ + -7 -
mlrrnQFrrB' : 'FmM - lerrnQFmﬁ' : 'FmNa

Substituting equation (25) forI',, — T,

mi mi

be written in the more concise form

sz O i Dmi = HF;7_ Hr;u'! (36)

= o,[l,into equation (35), this identity can

where the quantity D, is defined by the product over elementary reaction steps as
Dy = Dl - LU - Do, (37)

in which the factor I',,; corresponding to the ith step is omitted. This equation yields
the following expression for the overall reaction rate

1
= = +. —_ -
Fm E O'm,jD,,“j |:H rwzl U sz:|' (38)

i

Temkin’s identity, equation (35), is independent of a change of sign in the reaction
rates and permutation of elementary steps. For N; = 2, 3, 4 the sum in the denominator
becomes

2 O-miDmi = O-WI]F:;L? + O-rrl‘lr;tl’ (N = 2)5 (Sga)

= O-mlI‘:r;QF;LS + UmQF;LlF;LS + Gm.‘%r;zlr;z‘z’ (N = 3)’ (?)91))
= o-rrl,ll—‘:rn,Ql—‘+ F::A + 0-m21—‘7 F+ F:;A

m3 ml+ m3

+ O-mSF;LlF;QF:A + 0l a0l s (N=4), (39¢)
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For the case of reversible reactions where I',; # 0, the overall rate can be written in the
form

1 B I
r, = - 72 — (1‘[ r,m.) [1 - 1‘[ (Fmﬂ (40)

If all intermediate steps are irreversible (for example I',;, = 0 all ¢), the equation for
the overall rate simplifies to

1
r,= T (=1,...,N). (41)

m & omi>
mi
Temkin average stoichiometric number.—The third term in square brackets in equa-

tion (40), corresponding to the affinity factor, can be further manipulated to express it
in terms of the equilibrium constant and activity product of the overall reaction. It
follows from the definition of an elementary reaction that

rt 1
H i” — H eAn/RT — eva,Aml , (42a)

Fmi i

i

H KmiQmia (42b)

where A,,; denotes the affinity of the ith elementary step associated with the mth
mineral, R denotes the gas constant and 7'is the temperature. The right-hand side can
be written in terms of the affinity of the overall reaction given by

Am = Eo-miAmiv (43)

by introducing the Temkin average stoichiometric number o,, defined as the weighted
arithmetic mean

2 o miA mi A
t mi

T = 2 Ami B E Ami.

Alternatively, in terms of the equilibrium constant K,,; and activity product Q,,; for the
ith elementary step, the average stoichiometric number becomes

(44)

= 4
O-m E ln Krm'Qmi ’ ( 5)
which may also be expressed as
[ k.Q. = [1(K.Q.)""™ (46)

The average Temkin stoichiometric number is, in general, a function of temperature,
pressure and composition. Defining x,,; = InK;Q,,,, computing the derivative of o,
with respect to x,,; yields

Jdo,, ()

mi ("
— = 1 - ) . 47
6X mi 2 Xml" ( g mi, ( )




the mineral formula unit 447

Therefore, o,, is constant only if ¢,, = o,, for all 7 a highly restrictive condition.
Boudart (1976) refers to a “good” average stoichiometric number as one that for all
practical purposes is constant.

With equation (45) the following expression is obtained for the affinity factor in
terms of the overall reaction affinity A,,, equilibrium constant K,, and activity product

Qm

I LA
I (r) = e, (482)

= (K,.Q,)"" (48b)
Substituting this result into equation (40) the overall reaction rate can be written
equivalently as

1

1 L
F,= -5 [H Fm,-](l - e) (49a)

= —@1 [H Fm](l—(KQO /) (49Db)

with the quantity 9,, defined by
g)m = Z O-migbmi' (50)

The overall reaction rate consists of a prefactor that is a function of the rates of the
elementary steps times the affinity factor. The above expression for the overall reaction
rate explicitly exhibits the dependence of the rate on the Temkin stoichiometric
numbers, both in the prefactor involving the individual o,,; through the quantity &
and in the affinity factor where the average Temkin number o, appears.

Rate determining step.—In the general case of multiple reaction steps with different
stoichiometric numbers, the average stoichiometric coefficient depends on the concen-
tration of the various species involved. However, for a single rate determining step 4,
with all other steps close to equilibrium (A,; = 0, I',, = T, i# i), it follows from
equation (45) thato,, = 0,, and the formulation for the overall reaction rate greatly
simplifies. Equation (40) for the overall reaction rate becomes

1 ~ r;;

m

Ed

mi,
with
+A
mi _
r

mi

(K, Q)" ™, (52)

and

z O-miDmi = ()-miDmi7 (53)

1

*

since I',; > T, (i # 7). In this formulation of the overall reaction rate the depen-
dence of the rate on the Horiuti-Temkin stoichiometric number o,,;is explicitly singled
out. The form of the rate law given in equation (51) is slightly different from that
usually reported in the literature in that the Horiuti-Temkin stoichiometric num-

ber appears twice: once in the affinity factor corresponding to the conventional
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formulation [equation (52)], and also as an overall scale factor of the rate appearing in
the denominator in equation (51). Although Aagaard and Helgeson (1982) explicitly
included the factor o,,; appearing in the affinity term of the rate law, they absorbed it
into the rate constant k&, rather than making explicit provision for it in the prefactor.
As becomes apparent below, it is advantageous to leave ¢, as a explicit factor in the
rate law.

Overall forward and backward reaction rates and equilibrium constant.—So far in the
development of the Horiuti-Temkin formulation of overall reaction rates there has
been no need to introduce explicit expressions for the forward and backward overall
rates. In this section these quantities are defined and a relation is derived for the
overall equilibrium constant and forward and backward rate constants. There appears
to be no need to define forward and backward reaction rates for the overall reaction,
unlike the case for elementary reactions for which they are well defined. Equation (49)
suffices to describe both forward and backward rates as it stands without dividing it into
separate terms. Nevertheless, expressions for the forward and backward reaction rates
I',, of the overall reaction can be found by noting that two conditions must be satisfied.
First, by definition the net overall rate is equal to the difference in the forward and
backward reaction rates

r,=ro:-T, (b4a)
and, second, the ratio of the forward and backward rates is equal to the saturation state

r, L

7= = H (F‘-)‘ (54b)

Solving these equations for I',, gives

1
r, =g llT. (55)

as expected. Alternatively, the forward and backward rates can be expressed in terms of
the overall reaction rate and affinity factor as

(K,Q.)"
+ s
rm - 1 _ (KQO l/o—,,,rm) (563)

1

S SR L

(56b)

There does not generally exist a simple relation between the equilibrium constant for
the overall reaction and the forward and backward rate constants as exists for
elementary reactions [see equation (30)]. The affinity factor for the overall reaction
can be written as

F+ k+ Q;—
L, kQ,
where K,, and Q,, are defined by equations (33) and (34), and where the forward and
backward rate constants k,, are defined as

ky = 11k, (58)

= (KmQ,n l/a'm, (5 7)

and the activity products Q,, as
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Q. = l1la. (59)
with Q,; given by equations (29a and 29b). From equation (57) it follows that
k,, Q.
ome o pl/on M ol /o
k;z Klll, Q;: m (603)
= K] a T am, (60b)
Jj k
where the exponents {;, and w,,, are defined by
1 m
gjm = ;vjflt - Ez vjir (613')

> (0’”" - 1)1;;;, (61D)

4 0-m
for species which appear in the overall reaction, and

O = — D X (62)

for reaction intermediates. The condition for {;, = ,,, = 0 is that o,,; = o,, for all
elementary steps i as follows from equations (61b) and (19). In this case the forward
and backward rate constants are related to the equilibrium constant by [see also
Boudart and Djéga-Mariadassou (1984), Boudart (1976)]

k+ (o
K, = <k> ) (63)

m

However, this simple relation does not hold in general. For the case that
{in# 0, o, #0, a more complicated relation results and, since the equilibrium
constant and forward and backward rate constants are, by definition, independent of
concentration and only depend on temperature and pressure, the average Temkin
stoichiometric number must be concentration dependent.

Examples

In the following, the Horiuti-Temkin formulation for the overall reaction rate is
applied to several examples: a three-component system, ozone destruction, quartz
dissolution and precipitation, a hypothetical reaction with solid AB(s) and oligomeriza-
tion of silica. In addition, in Appendix B a comparison is made with an overall rate
expression presented in Lasaga (1998) and Nagy and others (1991) for the reaction
A+B+S = C+D = P+Q, with solid S and aqueous species A, B, C, D, P, and Q.

Three-component system.—A simple example applying the above equations to the
three-component irreversible reactions A—B—C is shown in figure 2. Details are
presented in Appendix A. The example problem illustrates conditions necessary for
formation of a stationary state by comparison with an analytical solution. The overall
reaction rate for irreversible reactions is compared to the case with reversible elemen-
tary reactions. Two examples are shown assuming Ci = land C} = C{ = 0.The
first example with k= 0.1 and k; = 0.05, results in a transient solution that does
not obey the stationary-state assumption over the time period considered. For the
second k; = 0.land ks = 1, so that ky >> k. This results in a stationary-state for
which Temkin’s identity applies following a short induction time proportional to

o
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Fig. 2. Plot of analytical solution for k; = 0.1, ks = 0.05 (top),and k{ = 0.1, ks = 1 (bottom)
for the irreversible reactions given in equation (A-1). Concentrations correspond to C, (blue), Cy (red) and
Cc (cyan). The dashed green curve in the lower plot corresponds to Gy = k{ /k; C,.

Ozone destruction.—A simple example of the Temkin formalism for the overall
reaction rate is provided by the decomposition of ozone. The overall reaction has the
form

205 — 30,, (64)

which represents a complex reaction with reaction rate confirmed by experiment of
the form
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[05]*

I =& ,
[O,]

(65)

with concentrations [. . .]. The rate is second order in [Og] and inversely proportional
to the concentration of the product species [Oo] with order —1, and is clearly not an
elementary reaction. The irreversible reaction mechanism for ozone decomposition
involving free oxygen O as a reaction intermediate may be formulated according to:

O0;=0, + O, (66a)
O + 0; — 20,. (66b)

Summing the elementary reaction steps leads to the overall reaction given in equation
(64). The second reaction is considered to be much slower compared to the first and
defines the rate limiting step. The forward and backward elementary reaction rates are
given by

[T = K[O], (67a)
I't = k[O.][O], (67b)
I'y = k[Os][O], (67¢)
I'y =0, (67d)

where I'[" refers to the forward and backward rate of the reaction given in equation
(66a), and I';” the corresponding rates for the reaction given in equation (66b). The
time rate of change of the individual species follows from

d

3 0sl = — @i+ Ty, (68a)

d

E‘[OQ] = (T, + 2Iy), (68Db)

d

501 =T -T, (68¢)
with I = T — T;. Imposing stationary-state conditions implies that I'; = T,

requiring that the concentration of the intermediate species [O] satisfy d[O]/dt = 0.
Solving for [O] leads to an expression for the concentration of [O] in terms of [Og]
and [O,]

0] = oo (69)
ks [Os] + ki [Oo]
The overall reaction rate then follows as
I = r 7
Ty o
kR[OS O
1 ks [Os]O] (70D)

" 1[0,]0] + K [O.][OT
= k/[Os]C, (70c)



452 Peter C. Lichiner—Kinetic rate laws invariant to scaling

where the factor { is defined as
1 [0,]
K [0]
% [0,]
ki [O,]

(71)

For the case where the rate determining step is given by the irreversible reaction
[equation (66b)], it follows that k[Os] << k [O,], and the overall rate reduces to
equation (65) in agreement with experiment with k given by

_ kkg
=

(72)

Of course, this result can be easily derived directly by making use of the stationary-state
assumption and rate limiting step without invoking the Temkin formalism for the
overall reaction rate [See, for example, Lasaga (1981)]."

Reaction of quartz.—It is instructive to apply the Temkin formulation for the overall
reaction rate to the dissolution and precipitation of quartz (Rimstidt and Barnes,
1980). Perhaps the simplest formulation consists of the elementary reactions

Si04(y = SiO}, (73a)
SiO} = SiO,,), (73b)

with formation of the intermediate SiO). The corresponding reaction rates are
designated as I'; and I'y. Summing with Horiuti-Temkin stoichiometric numbers o, =
0 = 1, gives the overall reaction

SiOy(uq) = SiOqg). (74)
The forward and backward reaction rates are given by
IV = k asioy., (75a)
Iy = kasop (75b)
Iy = kaso; (75¢)
Uy =k, (75d)

with forward and backward rate constants k. The resulting system of ordinary
differential equations possesses an analytical solution that is analyzed in detail in
Appendix A.

Assuming equilibrium of the first reaction I'; = 0, the overall reaction rate can be

expressed as
r,ry Iy
- ) o

! It should be noted, however, that equation (15), Lasaga (1981, Chapter 1, p. 9), is incorrect due to the
factor of 2/3 multlplymg kyky/k_, in that equation [compare with equation (72) above which uses a slightly
different notation: ks = ko, ki = k_;]. This error arises from canceling the first two terms on the
right-hand side of equation (12) in Lasaga (1981), after making the approximation k_;[Oy]>>ks[Os]. In
fact, by combining these two terms without any approximation, one half the third term is obtained.
Combining these terms then results in equation (72) above without the factor 2/3. Lasaga [1998, p. 12,
equation (1.17)] has corrected the error, however, the derivation remains incorrect.



the mineral formula unit 453

Equilibrium of the intermediate species implies

ki
asio} = E—%iommr (77)
Thus
Iy &
T = Easmg, (78a)
2
ka ky
= ﬁasmmq), (78b)
9 Ry
and the prefactor becomes
Ty Kok o
Ly +T, ks +k (79)
With these results the reaction rate I for the overall reaction can be written as
I = —k(1-KQ), (80)
with rate constant k given by
ks by
sy (81)
2 1
and equilibrium constant K for the overall reaction equal to
ks ki
= ik (82)
2

The activity product Q is equal to the silica aqueous activity

Q= ASi0y(aq)* (83)

Thus the traditional form of the rate law first developed by Rimstidt and Barnes (1980)
is obtained.

In place of equilibrium of the intermediate species a stationary state could have
been assumed resulting in the relation

+ - Lt -
kq Agio, — ky asio} = ko asio} k2a (84)
or solving for agot

. _
Ry @0, ko

asioy = ki + Ky (85)

This relation includes equilibrium as a special case. The overall rate is then given by the
more general expression

T =

(86)

rry / Ty
VS A S N O

which also leads to equation (80).
An alternative formulation is based on the elementary reactions
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X + SiOy,q = XSiO}, (87a)
XSi0} = X + SiOy), (87b)

involving sorption on the quartz surface with intermediate species corresponding to
the surface complex XSiO} and empty site X. Summing these reactions with o, = 0y =
1, again results in equation (74). The corresponding forward and backward reaction
rates now become

Iy = kiS50, (88a)
Iy = kySsiol (88b)
Iy = ks Ssiop (88c)
Ly = kS (88d)

with sorbed concentrations S, Sxsioi, and with forward and backward rate constants
ki Equation (38) gives for the overall rate

IR v

Iy +T7 (89)
Assuming that the first elementary reaction in equilibrium (I'; = 0) yields the expres-
sion
r;ry Iy
! o

The intermediate species and empty site concentrations satisfy the relations
Sx + SXSio§ = , (91a)

with surface site concentration w, and

ki B SXSiOé (91D)
ky SXaSiOQ(aq)'
Solving for S¢ and Sgio; yields the expressions
o)
Sy = T K Ketson. (92a)
and
oy = OKebson, (92b)
Si0§ 1 + KeaniO«g(uq)’
with exchange equilibrium constant K, given by
ki
K. = o (93)

It follows that
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N
Ty kg Sxsio

[P R
ko ki
= ﬁamm), (94b)
and with the prefactor given by
r,Iry ko ky ®
s 3 IF; Tk 2+1kj 1+ kexision,, (95)
Thus the reaction rate for the overall reaction can be written as
r-= - " 1-xo (96)
1+ chdsmg(.‘.q)

with rate constant k, equilibrium constant K, and activity product @, given, respectively,
by equations (81), (82) and (83). This result differs from the preceding form of the
rate law given in equation (80) by the presence of the rate-limiting factor in the
denominator of the prefactor involving the aqueous silica concentration. With increas-
ing silica concentration, KQ >> 1, and the precipitation rate reaches the limiting
constant value: I' = kKw/ K.

Reaction of a hypothetical mineral AB.—As an example of implementing the
Horiuti-Temkin formulation for the system A, B, AB, consider the overall reaction

A+ B = AB, (97)

describing dissolution and precipitation of solid AB. A two-step mechanism is
assumed given by

X + A = XA, (98a)
XA+ B = AB, + X, (98b)

describing reaction of aqueous species A and B with solid AB,, with formation of an
intermediate XA on the surface of the solid. In these reactions X denotes an empty
surface site and XA a surface complex. Summing these two elementary steps with o, =
0y = 1, leads to the overall reaction given in equation (97). The elementary forward
and backward reaction rates are given by

Iy = k'Sxa, (99a)
Iy = kS (99b)
[y = k Sxaa, (99¢)
Ty = kS (99d)

with surface concentrations Sy and Sx,, and aqueous activities o, and o,
The empty site and surface complex concentrations satisfy the relation

Sy + Sqn = o, (100)

with site density w. Two different conditions may be imposed: equilibrium or a more
general stationary state. For example, equilibrium of the first step gives the relation

Sxa = KiSxatn, (101)
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with

ki

« = &
1

K (102)

The resulting concentrations for empty sites and surface complex XA are given,
respectively, by

o
SX = m, (10321)
- ORad 103b
SXA a 1+ KexaA, ( )
corresponding to a Langmuir-type sorption isotherm. The stationary state assumption
implies the equalityI';, = Ty, leading to the relation
ki Scay = kS = by Sxaap — ko Sy, (104)

or solving for Sy

kfdA"'k*z_

S0 = b+ b (105)

This expression reduces to the equilibrium case for k; >> k; ag, and k{ ay > k, . For the
equilibriumcase the overall reaction has the form

. riry —1rry
= W, (106&)
krk;df\dn — ki ky
T etk Y o)
- ke o N\ _khk 106
T T\ 1+ Ka)\1 + Ko )\ kil A% (106¢)
with
.
Ky = uc (107)
ky

The first two terms on the righthand side of equation (106c) refer to the rate
prefactor. The third term in brackets of equation (106c) consists of the affinity factor
1-K, 3 Qap with activity product Q. given by

QAB = Qpap, (108)
with equilibrium constant K,y given in terms of elementary rate constants by
kik;
Ky = hky (109)

corresponding to the overall reaction.
In the far from equilibrium limits K,z Qs => 1 or K,3Qup << 1 corresponding to
precipitation and dissolution, respectively, the overall rate becomes for K, Qyp = 1
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lim wky Ky, B
KABQ\B>>]F(aA’ aB) - K]QKCX - wkl’ (110)
and for Ky3Qup < 1
lim T(ay ay) = ok, (111)
K\l{ (2,\“ < 1

Oligomerization of silica.—Icopini and others (2005) proposed the following reac-
tion mechanism consisting of three elementary steps for a solution supersaturated with
respect to amorphous silica

2H4Si04(aq) —> H68207(aq) + HQO, ( 11 23)
HgS:070q T HiSiO4q) = HS30,0q + HLO, (112b)
HSSgolo(aq) + H4si04(aq) — HRS4012(aq) + QHQO. ( 1 1 2C)

Summing gives the overall reaction
4H,S104,q — HgS4O0194q + 4H0. (113)

It should be noted, however, that amorphous silica itself does not appear in the overall
reaction or the reaction steps, although the reactions are proposed to represent
precipitation of amorphous silica. According to the Temkin identity applied to the
elementary steps given in equation (112), the overall reaction rate is given by

rrry
P = 123

= T (114a)

= T} = KHSiO, " (114b)

yielding a second order rate law, where the forward reaction rates I'}" refer to the rates
of the elementary steps.

However, the first two reactions should be considered reversible according to
Icopini and others (2005) and written as

2H,S104,q) = HgSis074,q + HyO, (115a)
HSi507(,q) + 2H,Si04,q) = H;Si30404q + HoO, (115b)
HSi50100q) T 2H4S104,q) = HgS14049¢) + 2H,0. (115¢)
In this case I'] and I'y are nonzero and the rate law becomes
ey
r = L2 (116)

T + 0,05 + 1,1,

The forward and backward reaction rates of the elementary reaction steps are given by

I7 = K[HsSiO4qy L, (117a)
ry = k;[Hﬁsi207(aq)]aH20> (117b)
ry = k;[H4Si04(aq)][HGSiQOMq)], (117¢)
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Iy = k[HsSis0, 00l ano, (117d)
ry = k;[H4Sio4(aq)][HSSi301o(aq)], (117e)
Iy =0, (117f)

where a,, denotes the activity of water and square brackets [- - -] indicates concentra-
tion of the enclosed species. Substituting into equation (116) then yields the rate law
for the overall reaction

klJr k‘; k’;r [H4SiO4(aq)]4[Hﬁsi207(aq)][HSSiSO10(aq)]

k;— k;-[HGSI2O7(¢1q)][HSSl%OlO(dq)] + kl_ k;[H6SIQO7(Aq)][HSSl‘%OlO(Aq)] aHQO’
+ kl_k*z_ [HGSi207(aq)][H85i30lO(aq)]a?lgo

I =

(118a)
N kfrk;k’.‘;r|:H48iC)4(aq):|4 (1 18b)
ky ks [HySiO40) I + ki ks [H S0, lam,o + ki ks diyo’
o k;rk;k‘: [H4Sio4(aq)]4/ 1 ( 11 8C)
bk dio kkz K (8104 |l ki [HiSO4q]
ky ky o kiky  ano

If the denominator of the quantity in large brackets can be approximated by one, then
the rate is fourth order in [H4SiO4(aq)] and order aﬁ?o as obtained by Icopini and
others (2005) [see their equation (4), p. 298]. This rate mechanism, however, does not
predict the observed linear dependence on pH of the overall reaction.

Scale Invarience

In this section the scale invariance of the Horiuti-Temkin formulation to a change
in the mineral formula unit is investigated. The transformation property of the
Horiuti-Temkin stoichiometric number follows directly from equations (43) and (44)
or (45). Noting that for an elementary reaction its affinity A,,;is invariant under a scale
transformation,

A = A (119)

and the affinity of the overall reaction transforms according to

A = NA,, (120)
it follows from equation (43) that the coefficients o,,; transform according to

i = NGOy (121)
The average Temkin stoichiometric number transforms in the same manner as o,,;

o = N0, (122)
according to equation (44). It thus follows that

A:ﬂ Am
g (123)

Ty Ty

For the general form of the overall reaction rate given in equation (49) the scaled
rate law becomes
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—
<<
I

1 1
- E,D(H I‘;l>|:1 - etr,,ZRTA'”':|, (124a)
O i Ui\ i

i

1 1
- = (]_[ F)[l - eam‘*} (124b)

)\1”2 O i Dmi ¢
i

where the second equality follows from equations (120), (121) and (122). Note that
the elementary reaction rates I',; in the prefactor are not scaled as they are presumed
to be fixed once and for all by the reaction mechanism.

The case for a system close to equilibrium must be treated separately, as the
average Temkin stoichiometric number is undefined according to equation (45). This
situation is considered in Appendix C.

Note that the saturation index SI,, defined as

SIm = e/""/(UMRﬂ = (KQO)l/Um’ (125)
itis an invariant under scaling the mineral formula unit
ST, = SIL,, (126)

as follows from the scaling properties of the equilibrium constant and activity product
for the overall reaction.

The same scaling rules apply to the rate given by equation (51) to a single
elementary rate limiting step. Note that the rate constant k,, is not scaled since it is
considered an intrinsic property of the mineral and in the Horiuti-Temkin formula-
tion corresponds to a combination of rate constants derived from elementary reactions
which are not scaled. Thus with the mineral rate law given by equation (49), it is
necessary to scale the Temkin stoichiometric number by the same factor used to scale
the mineral formula unit to obtain identical results when solving the mass conservation
equations.

Consider a kinetic rate law with rate constant km and Temkin stoichiometric
number o,, of the form

ku
L, === (K.Q)"" (127)
Applying a scale transformation A, to the overall reaction yields the transformed rate
I';, given by

k
—— - 1o
I, )\mo-m[l (K,Q.)""]. (128)
From the relations K,Q,, = (K,Q,)"and o, = \o,, the transformed rate I'}, can be
expressed
k,, el
I, = _F[l - (K,Q)""], (129)

that has the same form as the unscaled rate law but with o, replacing o,, and K,Q,,
replacing K,,Q,,. This result ensures that the solution to the reactive transport equa-
tions is independent of the choice of scale factor for the mineral formula unit.
However, if the Temkin stoichiometric number were arbitrarily set to unity, but a scale
factor \,, # 1 is applied to the overall reaction, then incorrect results will be obtained.
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This could lead to significant errors and not to the intended problem formulation.
This issue is highlighted by the case of CO, sequestration described below in which the
formula for oligoclase was scaled by a factor of five. The error leads to unwittingly
enhanced precipitation of dawsonite and overestimation of mineral trapping of COs,.
Although there is generally significant uncertainty in both the rate constant and
mineral surface area, especially in natural systems, it is nevertheless important to
provide a consistent treatment in order to understand the effect different parameters
can have on the result, for example, when performing a sensitivity analysis.

DISCUSSION

Mineral kinetic rate law.—A typical form of the kinetic rate law describing reaction
of mineral Jl, according to the overall reaction given in equation (1) can be
represented by the equation (modified after Steefel and Lasaga, 1994)

r, = —sgn(1l — K,Q,) ka1 — (K,Q,)" P, (130)

with rate constant k,,, specific surface area s,, pH dependence exponent n,,, equilib-
rium constant K,,, activity product Q,,, and empirical fit parameters w,, and 3,,. The
function sgn(x) = x/|x| with sgn(0) = 0, denotes the sign function, and equation (130)
has been rewritten to use the same sign convention as above. The power w,, is the
inverse of Temkin’s stoichiometric number w,, = o,

The parameters w,, and ,, are typically described as being positive numbers,
determined by experiment, and are usually, but not always, taken equal to unity. But as
has been demonstrated, depending on the formula unit used to represent the mineral
in question, it may not always be possible to take w,, equal to unity even in the absence
of experimental rate data; rather, its value may be determined solely by the formula
unit used to represent the mineral. Furthermore, an additional prefactor involving o,
or o,, is missing from the rate law as written in equation (130) as appears in the
modified rate law, for example, equation (49) or equation (51).

CO, sequestration.—Several thermodynamic databases are available for modeling
reactive transport in diverse geologic systems. In these databases mineral reactions may
be expressed in terms of different formula units from those used in determining
kinetic rate constants, leading to inconsistencies and possible erroneous results.

Solid solutions are a case in point. Their formula unit is sometimes scaled to give
whole numbers rather than fractional stoichiometric coefficients. For example, the
reaction of an oligoclase consisting of 20 percent anorthite and 80 percent albite with
the chemical formula Ca,, sNa, gAl;.,Si, Og, and with molar volume 100.495 cm®/mol
and formula weight 265.42 g/mol, can be described by the hydrolysis reaction

0.2Ca*" + 0.8Na® + 1.2A1°* + 2.85i0y,, — 4.8H" + 2.4H,0

= Cay,Na Al Siy Oy, (131a)
However, just as valid is the reaction
Ca®" + 4Na® + 6AI%" + 14Si0y(,, — 24H" + 12H,0 = CaNa,AlSi;,0,,
(131b)

based on the formula unit CaNa,AlSi;,O,), with molar volume and formula weight
five times the values given above. The two reactions differ by a scale factor of five

Xu and others (2003, 2005), for example, list the chemical formula for oligoclase as
CaNa,AlSi 4Oy, but set Temkin’s number equal to one and use the same rate
constant as used for the unscaled formula unit (set to the kinetic rate constant for
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K-feldspar). Thus the rate constant these authors use for oligoclase would appear to be
five times faster compared to simulations using the formula unit Ca, sNa, gAl,.5Sis gOsg,
an artifact that could account for the enhanced precipitation of dawsonite observed in
the simulations presented in Xu and others (2003, 2005).

More generally, for the reaction of oligoclase written in the form

xca2+ + (1 _ x)NaJr + (1 + X)A13+ + (3 — x)SiOQ(aq) — 4(1 + .9(')HJr + 2(1 + X)HQO
= Ca,Na, Al Si; Os, (133a)

with 0.1 = x = 0.3, the rate law applies in the form of equation (51) with some
particular value of the Temkin stoichiometric number o, An alternative, equivalent,
reaction results from scaling the original reaction so that the coefficient of Ca®" is
unity yielding

. 1—x 1+x . 3—x . 4 2
Ca?" + Na® + ——AI"" + ——SiOy(, — =(1 + YH" + (1 + »H,O
x x X x x
= CaNa(_,Alq4 815 9,:O0s/x (133b)
To obtain equivalent results it is necessary to take o, = 0/ x.

When a rate law is a rate law.—Finally, the question presents itself as to whether a
particular rate law is an empirical fit to data or whether it has more fundamental
origins. The Horiuti-Temkin approach rests on the ability to construct a sequence of
elementary reaction steps which under stationary-state conditions reproduce the
overall reaction. The elementary steps may contain intermediate species, for example,
representing catalysts that do not appear in the overall reaction, but nevertheless
greatly affect the overall rate. Whether such elementary steps can be identified for
mineral hydrolysis reactions remains an open question and topic of further research.
Any such proposed rate mechanism should be invariant under a scale transformation
of the mineral formula.

Oeclkers (2001) has also remarked on scaling the mineral formula unit in develop-
ing a rate law for the reaction of multioxide silicate minerals of the general form
I1 " (M,),,0,,, according to the overall hydrolysis reaction
(134)

2 M = 206H + voH,0 = [[ (M)),0,,
T K

where the oxygen stoichiometric coefficient v, determined by charge balance, is
given by

1
vy = §; 2V (135)

noting that the Temkin number can be different from unity depending on the
chemical formula used. Scaling the formula unit by the factor A results in the overall
reaction

A v M*T — 2AvoHY + AwoH,O = [ [ (M), 000 (136)
k k

CONCLUSION

A modified form of the kinetic rate law for an overall mineral reaction was
obtained by demanding invariance of the rate law under scaling the mineral formula
unit. It was also demonstrated that the Horiuti-Temkin formulation of the overall
reaction rate as a sequence of elementary steps, is invariant to scaling the mineral
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formula provided that the Horiuti-Temkin stoichiometric coefficients are also scaled
by the same factor. The modified form of the rate law includes the mineral formula
scale factor both in the denominator of the rate prefactor and in the affinity term.
Finally, it was noted that failure to scale the Horiuti-Temkin stoichiometric numbers in
the mineral rate law can lead to significant errors when scaling the mineral formula
unit. Only for intrinsically fast reactions close to local equilibrium, where the reaction
rate becomes independent of the rate constant and is transport-controlled, is the scale
factor not important.

The success of Temkin’s identity in determining the kinetic rate law for an overall
reaction rests on the ability to identify the elementary steps making up the over-
all reaction. However, given a sequence of elementary steps, which reproduce the
overall reaction, this formulation provides a rigorous expression for the overall
reaction rate for stationary-state conditions. Whether the Horiuti-Temkin formulation
is of more than theoretical interest and proves useful for practical applications
describing mineral kinetics remains to be seen. However, in lieu of the rigorous
formulation of reaction rates as provided by the Horiuti-Temkin formulation, this
would seem to render many of the proposed rate laws little more than empirical fits
rather than providing a fundamental understanding of the reaction rate mechanism.
As demonstrated above, proper accounting for the Horiuti-Temkin stoichiometric
number in both the prefactor and the affinity factor, and its transformation property
on scaling the mineral formula unit, is a prerequisite to developing rigorous rate laws
that provide more accurate descriptions of such processes as chemical weathering,
carbon sequestration and migration of radioactive waste contaminants, among others.
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APPENDIX A: THREE-COMPONENT SYSTEM

Irreversible reaction.—A simple example illustrating Temkin’s formulation of the
overall reaction is provided by the irreversible sequential reactions (for example, see:
Lasaga, 1981; Boudart and Djéga-Mariadassou, 1984)

ry

A——>B, (A-1a)
Iy

B— >, (A-1b)

with two elementary steps with reaction rates I'} and I'y. Species B is a reaction
intermediate that cancels out in the overall reaction

A —C, (A-2)
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obtained by summing the two elementary steps with o; = o, = 1. The reaction rates
corresponding to the two elementary steps are given explicitly by

I = kG, (A-32)
Iy = kG, (A-3b)

with forward rate constants k and k; and solute concentrations C, (i = A; B; C). The
time evolution equations in a closed system are given by

Co= —IT = = kG (A-4a)
G =TI =Ty = kG~ G, (A-4b)
Cc =Ty = kG, (A-4c)

where the dot denotes the time derivative d/dt. These equations have the analytical
solution (Lasaga, 1981; Boudart and Djéga-Mariadassou, 1984)

Ca() = Cle™™", (A-5a)
+ k;— +
Cy(t) = Che ™'+ CL 77 (e — e, (A-5b)
ky — k
0 0 —k 0 —kt kr —ky —ky
Co() = CL+ CRl —e™™)+ CJ{1 —e™™ _k;—lf(e t—e 29[, (A-bc)
1
with initial conditions C},Cj, and C{. Taking C; = 0,Cy(?) reaches a maximum of

cr> = (ki /kD)R/% M atg,.. = In[k/k1/(k — k). In the limit & — 0,6 — 0.
For C}, = 0 the elementary reaction rates are given by

T(0) = K Cle ™, (A-6a)
k+k;r + +
Po() = o Chle = e 8. (A-6b)

Clearly, in general, the system does not represent a stationary state. In order for
this to be the case the stationary-state condition defined as

Cy =0, (A7)

must be satisfied. This implies I'y = T'5, resulting in the relation

k+
Cal) ~ 3G, (A-8)
as follows from equation (A-4b). This relation holds for ks >> ki and ¢>> (k)™',
providing an estimate of the time required for the system to reach a stationary state, as
can be seen directly from equation (A-5b) with Cj, = 0.For ks >> k and ¢t >> (k) ,
I's(#) becomes

ki

To(t) = Cle M, (A-9a)

ki
1=
ks
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(k) -
= Fl(t)+< ot ---)cf;e K T(). (A-9b)

2

According to the Horiuti-Temkin formulation the overall reaction rate I' under
stationary-state conditions follows from equation (38) with oy = ¢y, = 1, which reduces to

r riry —Irir;
= W, (A—lOa)
=TI = kG, (A-10b)

since I'} and I'; are assumed to vanish. The affinity factor is not present in this expression
since it is assumed that the reactions are irreversible. Alternatively, the overall rate can be
obtained directly from the stationarystate conditionI' = I = Tj.

For stationary-state conditions equation (A-5c) for C(#), assuming C;. = 0, greatly
simplifies to

Co() = CY1—eh]. (A-11)

Results are shown in figure 2 for transient and stationary state conditions as discussed
in the text.

Reversible reaction.—Next the case in which the reactions for the elementary steps
are reversible is considered. The reaction rates for the two elementary steps are given
by

L= kG~ kG, (A-12a)
Iy = kG~ kG, (A-12b)

with forward and backward rate constants k; . The time-evolution equations in matrix
form are given by

Ca - I —kf ky 0 Cy
G |=|h-To|=| k —(k+k) kK Cs |.  (A-13)
Ce Iy 0 ky — ky Ce

An analytical solution to these equations is presented in Frost and Pearson (1961). To
obtain the stationary-state rate for the overall reaction A = C, species B must be
approximately constant leading to the quasi-stationary state condition

G =T -Ty=0. (A-14)
This gives for the concentration of intermediate species B
1
Cy = m[’ﬁ Ca + Iy Ccl. (A-15)
Thus it follows that
CC = FQ = k;CB - k;C(j, (A'16a)

k”ﬂ; CA - kl_k‘z_ Cc
- R (A-16b)

Consequently, an overall reaction exists with the reaction rate

=T = F] = FQ, (A'17)
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and for the overall reaction

Cc= —C =T (A-18)
Applying Temkin’s identity, the overall reaction rate I' is given by
RN Bl VLY A-19
T ol ol (A-19a)
kiky CuGy — ky ky GyCe.

= 1=2n L2 (A-19b)

ks G + ki Gy

kaQCA—kaQC(:
= Y : (A-19¢)

setting oy = 0, = 1, and canceling Cg, in agreement with equation (A-16b). Factoring
out the backward rate term gives the alternative form

_h@%(_ﬁ@@)
otk ki G
with a prefactor multiplying the affinity term in brackets. The affinity term vanishes at
equilibrium of the overall reaction. Note that even for far from equilibrium conditions
where the affinity factor can be neglected, the prefactor is nevertheless a function of
both forward and backward rate constants. For the case that the backward rate
constants are small compared to the forward constants, equation (A-19c) reduces to
equation (A-10b). For the case in which species Crepresents a pure solid C; = 1.

Finally, the same form for the overall rate law is obtained as assuming that the
overall reaction rate can be treated as an elementary reaction which gives

ky Gy
ky Ce)”

with forward and backward rate constants k, = ki k, /(kl + k) and k, = kiky /(kiky).

F:

(A-20)

APPENDIX B: REVERSIBLE REACTION WITH A SOLID

Lasaga (1995, 1998) cited the work of Nagy and others (1991) to demonstrate that
the use of Temkin’s average stoichiometric number “. . . almost certainly is incorrect.”
as quoted from Lasaga (1995, p. 31). These authors considered the following reaction
mechanism involving two elementary steps witho; =0, =1

C+D=S+A+B, (B-1a)
P+Q=C+D, (B-1b)

describing reversible reaction of solid S with aqueous species A, B, C, D, P, and Q
[modified after Lasaga [1998, equation (2.59), p. 190] to conform to the sign
convention used here]. Lasaga (1998) only considered close to equilibrium condi-
tions; whereas Nagy and others (1991) analyzed the general case including far from
equilibrium conditions, but without the solid present. Because the solid has unit
activity its presence does not influence the results.

Atissue is the form of the overall kinetic rate law for stationary-state conditions as
derived from the elementary steps defining the reaction mechanism. Summing the
elementary steps gives the overall reaction

P+Q=S+A+B, (B-2)
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The species C, D act as intermediate species which cancel out in the overall reaction,
and as a result they should not appear in the overall reaction rate expression. This
observation is contrary to equation (18) in Nagy and others (1991), in which the
product of the concentrations C-Cp does appear. As a consequence this equation
would not appear to be correct.

Two approaches are used to derive an expression for the overall reaction rate: the
first is a direct approach based on the stationary-state assumption; and the second is
based on Temkin’s identity, equation (35). Both yield identical results which, however,
appear to differ from Nagy and others (1991), who derive a rather complicated
expression for the overall reaction rate [see equation (18) in Nagy and others, 1991].

According to the reaction mechanism given in equation (B-1), the time-evolution
equations for a closed system read

Cy= G =T, (B-3a)

Cc= G =T,-T, (B-3b)

Co = Cy = —Ty (B-3¢)

Cs =T, (B-3d)

where I'; refers to the reaction rate for the ith elementary step. Stationary-state
conditions require that Iy = TI'y, or G; = (, = 0. This implies the relation

ky acay — ky ayay = k;aPaQ = ky acap, (B-4)

or, solving for the product a¢ar, yields

k‘;aPaQ + k ayay

acap = s , (B-5)
where the forward and backward reaction rates are given by
Iy = k acap, (B-6a)
Il = kacap, (B-6b)
'y = ks apag, (B-6¢)
Ly = kacap, (B-6d)
where a; denotes the activity of the jth aqueous species, and the activity of the solid is
equal to unity. EquatingI’ = I’y = T\, thenyields for the overall rate I
+ e
r- Ak aAZ; - Zik‘z ] (B-7)
or rewriting
' = — kapag(l — KQ), (B-8)

where the rate constant &, equilibrium constant Kand activity product Q for the overall
reaction rate are defined as

- ffk;ﬂ
ks + K

(B-9a)
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ki ks
K = kfik;’ (B-9b)
(UNG
= . B-9
Q= (B-9¢)

The overall rate as follows from Temkin’s identity, equation (35), given by

po Db oOl B-10
- Io+Iy (B-10)
yields immediately equation (B-8), upon substituting equation (B-6) for I'[", and
making use of equation (B-5). Neither result is consistent with equation (18) in
Nagy and others (1991). Perhaps somewhat surprising, the rate law for the overall
reaction is the same form one would get assuming that it behaves as an elementary
reaction.

APPENDIX C: EQUILIBRIUM CONDITIONS

Special considerations are needed as the system approaches equilibrium. In this
case the affinity vanishes and equation (45) for o,, becomes indeterminate. However,
as demonstrated in Boudart and Djéga-Mariadassou (1984), it is still possible to define
o,, in terms of the forward or backward rates at equilibrium, referred to as exchange
rates. The interested reader may consult Boudart and Djéga-Mariadassou (1984) for
further details. Here a brief derivation is given with emphasis on scaling the mineral
formula unit.

Atequilibrium I',; = 0, and the forward and backward reaction rates are equal and
given by the exchange rate: I',;, = T}, = T, Itfollows for the ith elementary step
that

L= = Tl = e, (C-1a)
LT << _
- r"ll RT+ > (A"Ll < RT)' (C lb)

The exchange reaction is defined as

armi _ O _ 1_,0 C
a(AW/RT) A - - mi* ( '2)
Summing over all steps
r, 1 A
Ei: I":m - FTZ Ami - O_mRr[n (C-3a)
T i
=T, . (C-3Db)
i Fmi
Thus
AR N L 4
" O i UrnRT a " O-mRT ’ (C- )

2T

v mi

where the overall exchange rate I',, is defined as
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—

r, = s = (C-5)
" d(A/o,RT) ' '
>

i

q

mi

s

—

mi

An expression for the average Temkin number is then obtained from its definition
given in equation (45)

E_ (rmz /le

= = C-6
" E O i /Fmi ( )
Scaling the mineral formula unit by the factor A, it then follows according to equation
(C-6) that the average Temkin number defined at equilibrium also scales by the
factor A,

Oy = )\mo-m’ (C_7)
in agreement with the non-equilibrium case, recalling from equation (121) that
o,; = \,0,;and noting that for an elementary reaction (T',,)’ = T,

REFERENCES

Aagaard, P., and Helgeson, H. C., 1982, Thermodynamic and kinetic constraints on reaction rates among
minerals and aqueous solutions: I. Theoretical considerations: American Journal of Science, v. 282, n. 3
p- 237-285, http://dx.doi.org/10.2475/ajs.282.3.237

Berger, G., Cadoré¢, E., Schott, J., and Dove, P. M., 1994, Dissolution rate of quartz in lead and sodium
electrolyte solutions between 25 and 300 °C: Effect of the nature of surface complexes and reaction
affinity: Geochimica et Cosmochimica Acta, v. 58, n. 2, p. 541-551, http://dx.doi.org/10.1016/0016-
7037(94)90487-1

Boudart, M., 1976, Consistency between kinetics and thermodynamics: The Journal of Physical Chemistry,
v. 80, n. 26, p. 2869-2870, http://dx.doi.org/10.1021/j100567a012

Boudart, M., and Djéga-Mariadassou G., 1984, Kinetics of Heterogeneous Catalytic Reactions: Princeton,
New]ersey, Princeton University Press p- 999,

Criscend, L. J., Brantley, S. L., Mueller, K. T., Tsomaia, N., and Kubicki, J. D., 2005, Theoretical and 27AlL
CPMAS NMR investigation of aluminum coordination changes durmg aluminosilicate dissolution:
Geochimica et Cosmochimica Acta, v. 69, n. 9, p. 2205-2220, http://dx.doi.org/10.1016/
j-gca.2004.10.020

Devidal, J.-L., Schott, J., and Dandurand, J.-L., 1997, An experimental study of kaolinite dissolution and
prec1p1tat10n kinetics as a function of chemical affinity and solution composition at 150 °C, 40 bars, and
pH 2, 6.8, and 7.8: Geochimica et Cosmochimica Acta, v. 61, n. 24, p. 5165-5186, http://dx.doi.org/
10. 1016/50016 7037(97)00352-9

Frost, A. A., and Pearson, R. G., 1961, Kinetics and Mechanism: New York, John Wiley & Sons, p. 405.

Gautier, J.-M., Oelkers, E. H., and Schott, J., 1994, Experimental study of K-feldspar dissolution rates as a
function of chemical affinity at 150 °C and pH 9: Geochimica et Cosmochimica Acta, v. 58, n. 21,
p. 4549-4560, http://dx.doi.org/10.1016,/0016-7037(94)90190-2

Gin, S., Jégou, C., Frugier, P., and Minet, Y., 2008, Theoretical consideration on the application of the
Aagaard-Helgeson rate law to the dissolution of silicate minerals and glasses: Chemical Geology, v. 255,
n. 1-2, p. 14-24, http://dx.doi.org/10.1016/j.chemgeo.2008.05.004

Harouiya, N., Chairat, C., Kohler, S. J., Gouta, R., and Oelkers, E. H., 2007, The dissolution kinetics and
apparent solubility of natural apatite in closed reactors at temperatures from 5 to 50 °C and pH from 1
to 6: Chemical Geology, v. 244, n. 3-4, p. 554-568, http://dx.doi.org/lO.1016/j.chemgeo.2007.07.011

Hollingsworth, C. A., 1957, Kinetics and equilibria of complex reactions: Journal of Chemical Physics, v. 27,

6, p. 1346-1348, http://dx.doi.org/10.1063/1.1744005

Horiuti, J., 1957, Stoichiometrische Zahlen und die Kinetik der Chemischen Reaktionen: Hokkaido,
University, Japan, Japanese Research Institute for Catalysis, v. 5, p. 1-26.

Icopini, G. A., Brantley, S. L., and Heaney, P. J., 2005, Kinetics of silica oligomerization and nanocolloid
formation as a function of pH and ionic strength at 25 °C: Geochimica et Cosmochimica Acta, v. 69, n. 2,
p- 293-303, http://dx.doi.org/10.1016/j.gca.2004.06.038

Lasaga, A. C., 1981, Rate laws of chemical reactions, in Lasaga, A. C., and Kirkpatrick, R. J., editors, Kinetics
ofGeochemlcal Processes: Reviews in Mineralogy, v. 8, n. 1, p. 1—6

1995, Fundamental approaches in describing mineral dissolution and precipitation rates, in White,

A F., Brantley, S. L., editors, Chemical Weathering Rates of Silicate Minerals: Reviews in Mineralogy,

v. 31, p. 23-86.

19981? Kinetic Theory in the Earth Sciences: Princeton, New Jersey, Princeton University Press, 811 p.



http://dx.doi.org/10.2475/ajs.282.3.237
http://dx.doi.org/10.1016/0016-7037(94)90487-1
http://dx.doi.org/10.1016/0016-7037(94)90487-1
http://dx.doi.org/10.1021/j100567a012
http://dx.doi.org/10.1016/j.gca.2004.10.020
http://dx.doi.org/10.1016/j.gca.2004.10.020
http://dx.doi.org/10.1016/S0016-7037(97)00352-9
http://dx.doi.org/10.1016/S0016-7037(97)00352-9
http://dx.doi.org/10.1016/0016-7037(94)90190-2
http://dx.doi.org/10.1016/j.chemgeo.2008.05.004
http://dx.doi.org/10.1016/j.chemgeo.2007.07.011
http://dx.doi.org/10.1063/1.1744005
http://dx.doi.org/10.1016/j.gca.2004.06.038

the mineral formula unit 469

Lichtner, P. C., 1985, Continuum Model for Simultaneous Chemical Reactions and Mass Transport in
Hydrothermal Systems: Geochimica et Cosmochimica Acta, v. 49, n. 3, p. 779-800, http://dx.doi.org/
10.1016/0016-7037(85)90172-3

—— 1996, Continuum Formulation of Multicomponent-Multiphase Reactive Transport, in Lichtner, P. C.,
Steefel, C. I., and Oelkers, E. H., editors, Reactive Transport in Porous Media: Mineralogical Society of
America Reviews in Mineralogy, v. 34, p. 1-81.

—— 1998, Modeling Reactive Flow and Transport in Natural Systems, Proceedings of the Rome Seminar on
Environmental Geochemistry, in Ottonello, G., and Marini, L., editors, Castelnuovo di Porto, May
22—26: Pisa, Italy, Pacini Editore, p. 5-72.

Lichtner, P. C., and Karra, S., 2014, Modeling multiscale-multiphase-multicomponent reactive flows in
porous media: Application to CO, sequestration and enhanced geothermal energy using PFLOTRAN,
in Al-Khoury, R., and Bundschuh, J., editors, Computational Models for CO, Geo-Sequestration &
Compressed Air Energy Storage: Boca Raton, Florida, CRC Press, p. 81-136.

Murphy, W. M., and Helgeson, H. C., 1987, Thermodynamic and kinetic constraints on reaction rates among
minerals and aqueous solutions. III. Activated complexes and the pH dependence of the rates of
feldspar, pyroxene, wollastonite, and olivine hydrolysis: Geochimica et Cosmochimica Acta, v. 51, n. 12,
p- 3137-3153, http:/ /dx.doi.org/10.1016,/0016-7037(87)90124-4

Nagy, K. L., Blum, A. E., and Lasaga, A. C., 1991, Dissolution and precipitation kinetics of kaolinite at 80 °C
and pH 3: The dependence on solution saturation state: American Journal of Science, v. 291, n. 7,
p. 649-686, http://dx.doi.org/10.2475/2js.291.7.649

Oeclkers, E. H., 2001, General kinetic description of multioxide silicate mineral and glass dissolution:
Geochimica et Cosmochimica Acta, v. 65, n. 21, p. 3703-3719, http://dx.doi.org/10.1016,/S0016-
7037(01)00710-4

Oeclkers, E. H., and Schott, J., 1995, Experimental study of anorthite dissolution and the relative mechanism
of feldspar hydrolysis: Geochimica et Cosmochimica Acta, v. 59, n. 24, p. 5039-5053, http://dx.doi.org/
10.1016/0016-7037(95)00326-6

Rimstidt, J. D., and Barnes, H. L., 1980, The kinetics of silica-water reactions: Geochimica Cosmochimica
Acta, v. 44, n. 11, p. 1683-1699, http://dx.doi.org/10.1016/0016-7037 (80) 90220-3

Steefel, C. 1., and Lasaga, A. C., 1994, A coupled model for transport of multiple chemical species and kinetic
precipitation/dissolution reactions with application to reactive flow in single phase hydrothermal
system: American Journal of Science, v. 294, n. 5, p. 529-592, http://dx.doi.org/10.2475/ajs.294.5.529

Steefel, C. I., DePaolo, D. J., and Lichtner, P. C., 2005, Reactive transport modeling: An essential tool and a
new research approach for the Earth sciences: Earth and Planetary Science Letters, v. 240, n. 3—4,
p- 539-558, http://dx.doi.org/10.1016/j.epsl.2005.09.017

Tamura, K., 1978, Dynamic Heterogeneous Catalysis: London, Academic Press, 140 p.

Temkin, M. 1., 1963, The kinetics of stationary reactions: Akad. Nauk. SSSR Doklady, v. 152, p. 782-785. [See:
Levchenko, V. V., Fleming, R., Qian, H. and Beard, D. A., 2010, An annotated English translation of
“Kinetics of stationary reactions” [M. I. Temkin, Doklady Akademii Nauk SSSR, 152, 156 (1963),
http://arxiv.org/pdf/1001.2861v1.pdf]

Temkin, O. N., 2012, Kinetic Models of Multi-Route Reactions in Homogeneous Catalysis with Metal
Complexes (A Review): Kinetics and Catalysis, v. 53, n. 3, p. 313-343, http://dx.doi.org/10.1134/
S0023158412030123

Xu, T., Apps, J. A., and Pruess, K., 2003, Reactive geochemical transport simulation to study mineral trapping
for CO, disposal in deep arenaceous formations: Journal of Geophysical Research-Solid Earth, v. 108,
No. B2, 2071, http://dx.doi.org/10.1029,/2002]B001979

2005, Mineral sequestration of carbon dioxide in a sandstone-shale system: Chemical Geology, v. 217,
n. 3—4, p. 295-318, http://dx.doi.org/10.1016/j.chemgeo.2004.12.015

Yang, L., and Steefel, C. 1., 2008, Kaolinite dissolution and precipitation kinetics at 22 °C and pH4:
Geochimica et Cosmochimica Acta,v. 72, n. 1, p-99-116, http://dx.doi.org/10.1016/j.gca.2007.10.011



http://dx.doi.org/10.1016/0016-7037(85)90172-3
http://dx.doi.org/10.1016/0016-7037(85)90172-3
http://dx.doi.org/10.1016/0016-7037(87)90124-4
http://dx.doi.org/10.2475/ajs.291.7.649
http://dx.doi.org/10.1016/S0016-7037(01)00710-4
http://dx.doi.org/10.1016/S0016-7037(01)00710-4
http://dx.doi.org/10.1016/0016-7037(95)00326-6
http://dx.doi.org/10.1016/0016-7037(95)00326-6
http://dx.doi.org/10.1016/0016-7037(80)90220-3
http://dx.doi.org/10.2475/ajs.294.5.529
http://dx.doi.org/10.1016/j.epsl.2005.09.017
http://arxiv.org/pdf/1001.2861v1.pdf
http://dx.doi.org/10.1134/S0023158412030123
http://dx.doi.org/10.1134/S0023158412030123
http://dx.doi.org/10.1029/2002JB001979
http://dx.doi.org/10.1016/j.chemgeo.2004.12.015
http://dx.doi.org/10.1016/j.gca.2007.10.011

