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Reaction Rate Spectroscopy for a Catalyzed Reaction of Gases
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A “reaction rate spectroscopy’ available for a catalyzed reaction of gases is proposed on the basis of a frequency
response method by which the flow of Gibbs free energy along a reaction coordinate 7, J(7) (= [—-dG/dt];), can be de-
termined. The validity was confirmed by actual data obtained in a reaction of CO(g) + (1/2)O,(g) — COx(g) (I) on Pt/
Al,O3, Ru/Al, 03, and Cu pellets at 623 K under partial pressures of ca. 100 Pa. The Gibbs free energy drop in the re-
action (I), —Agr (> 0), was found to be divided into two parts, x(—Agr) and y(—Agt) (x + y = 1), concerning the par-
allel transformations of the two reactants, (i) CO(g) — CO(g) and (ii) (1/2)0,(g) — COx(g), respectively: y = 0.158
(on Pt), 0.124 (Ru), and 0.021 (Cu). Both transformations were assumed to occur via three elementary steps accompa-
nied by two intermediates, A and B, represented by (i) CO(X) <> CO(Ax) <> CO(Bx) — CO,(Zx) and (ii) (1/
2)0,(Y) < (1/2)02(Ay) <> O(By) — CO,(Zy). Changes in J(T) in the course of (i) and (ii), 6Jx(T,) (= Jx(T,) —
Jx(T,_1)) and 8Jy(T,), respectively, were determined along the reaction coordinate T, (n = 1-5; n corresponds to the
three steps and two intermediates). Although both 8J/x(T,) and 8Jy(T,) were either negative or positive, the sum of
8Jx(T,) + 6Jy(T,) was negative throughout the reaction, in agreement with the second law of thermodynamics.
Catalysis is fundamentally a science of kinetics. In general,
heterogeneous catalytic reactions represent systems far from ) (I1x)
thermodynamic equilib.riurr.l and therfsfore one can observe in <] [Ax] [Bxl
such systems rate oscillations, spatiotemporal patterns, and
. 12 ags . . KX* kAX* (IIIX)
chaos on a mesoscopic scale."~ In far-from-equilibrium situa- .
tions, we begin to observe new properties of matter which are (i) co(@ = COG@a) = CO(@a) [Zx]
hidden at equilibrium.’ To know the kinetic nature from first kax kpx kex*
principles seems to be very challenging. Although quantitative 3 COx(g)
description of the complex phenomenon of catalysis is indis- Ky* P P
pensable for this purpose, it is n.ot easy. . (i) (1/2)0xm) < W/2)0s@) = O() (2]
Among heterogeneous catalytic reactions, a reaction of gas-
. . .. . kay kY (Hly)
es appears relatively simple. However, it is a series of at least
three consecutive steps, i.e., adsorption, a surface reaction, and 1 (A {Bv]
(y) (Iy)

desorption illustrated by the mechanism shown in Fig. 1. In the
steady state, however, because the rates of all consecutive
steps are both constant and equal, a stationary measurement
can give only a little information about the rates of individual
steps. Under nonstationary conditions, there is no such con-
straint. It is believed that each step proceeds according to its
own kinetic nature.*®

Nonstationary methods have increasingly become the stand-
ard approach in the kinetic research of heterogeneous catalytic
reactions. In transient methods, the reacting system is pertur-
bed by a sudden or periodic change in temperature, pressure,
flow rate, or composition. The response of the system is moni-
tored by an appropriate analytical tool. Some frequency
response (FR) techniques have been applied to study reaction
kinetics in a gas/surface system.”

The basic principle of FR methods is that a system subjected

Fig. 1. Reaction mechanism for a CO oxidation reaction
X+ Y — Z) composed of the three elementary steps,
I, II, and III, accompanied by the two intermediates, A
and B. The whole reaction is divided into two parallel re-
actions, (i) X — Ax — Bx — Zx and (ii)) Y —> Ay —
By — Zy. Every forward reaction (—) is characterized
by the complex rate coefficient K* (= K + iwL) or k*
(= k + iwl), whereas every reverse reaction (<—) is char-
acterized by real k.

to a periodic perturbation produces a periodic response that has
a lower amplitude® and is shifted in phase with respect to the
input. The frequency introduces an additional degree of free-
dom that can be used to decouple individual steps occurring
with different characteristic relaxation times.'®!! Since ampli-
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tude changes and phase lags must be observed over several
steady-state cycles, an open system of flow reactors is indis-
pensable in keeping the steady state.

The FR techniques by means of a flow reactor can be divid-
ed into two types: (i) the gas space of a continuous-flow reac-
tor is varied sinusoidally by a reciprocating piston, and the re-
sponse is obtained from partial pressure variations of every re-
actant and product induced by the volume change, and (ii) the
pressure at the inlet of a packed bed is varied by a synchron-
ized mass flow controller or a reciprocating piston in a fluid
stream, and the response is observed at the exit.

A mathematical and conceptual frame work for each FR
method has been discussed by Yasuda’ in the case of (i) and
by Schrieffer and Sinfelt® in the case of (ii). The different tech-
niques in order to produce sinusoidal variations in reactant
concentrations in a flow reactor are essential in both the exper-
imental and theoretical aspects, as shown below.

The FR method of type (i) was applied to a hydrogenation
of propylene on supported Pt, a fairly simple and well-under-
stood catalytic reaction. The shape of the response curves was
reproducible only if a new type of pseudo-kinetic parameter
was introduced, reflecting the response of hydrogenation rates
to changes in the derivative of the dihydrogen pressure, an un-
usual and previously unreported effect in reaction kinetic treat-
ments.”

To confirm the pseudo-kinetic parameter, a sophisticated
reactor composed of a proton-conducting membrane was
adopted.'? Tt was found further that complex rate coefficients
represented by {k + iwl} are effective for forward reaction
rates of elementary reactions.'> After more detailed investiga-
tions, the imaginary part was correlated with free energy dis-
sipations via surface intermediates.'*

Recently,'> the FR method has been applied to the best
understood catalytic reaction of

CO(g) + (1/2)02(g) — CO2(g);
—Agr® (or —AG®) =257.2kJ (1)

because the reaction mechanism and kinetics are relatively
simple compared with other catalytic processes.'®

The reaction mechanism adopted is shown in Fig. 1, where
parallel transformations of both reactant X and Y were
assumed to occur via three steps accompanying two inter-
mediates, A and B, represented by (i) CO(X) <> CO(Ax) <
CO(Bx) <> COx(Zx) and (ii) (1/2)02(Y) < (1/2)02(Ay) <
O(By) < COy(Zy), where two kinds of adsorbed species of
CO, Ax and By, were assumed,!” in accordance with the fact
that both CO,4s and O,qs form separate domains at lower con-
centrations, while the further admission of CO leads to the for-
mation of regions that form a mixed phase of CO,4s and Opas.'©
The reverse reaction in step III was confirmed to be negligibly
small.'®

On the basis of FR measurements carried out with some dif-
ferent catalysts, a “reaction rate spectroscopy (RRS)” is pro-
posed in this work that is the first method to investigate the
flow of Gibbs free energy along the reaction coordinate T,
[—-dG/dt];, which would be the heart of catalyzed reaction
rate. The present method is therefore expected to play an es-
sential role in studying heterogeneous catalysis.
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Fig. 2. Schematic diagram of RRS apparatus. A gas mix-
ture of the reactants, X and Y, and O as a reference gas,
is admitted to the constant-flow reactor; the mixture in-
volving the product Z is evacuated from the other side.
(C) catalysts; (B) bellows to vary the gas space; (MF)
mass spectrometer.

Table 1. Experimental Conditions (Units of Pressure: Pa)

Pow  Px® PV P PY  o/min”!
365 116 86 72 91 0.60
377 120 90 74 93 0.56
368 119 38 72 89 0.56

1. Experimental

The apparatus for RRS is schematically shown in Fig. 2, the
details of which were described previously.'> A gas mixture of
CO(X), 0,(Y), and Ar(0) as a reference standard was admitted
to the flow reactor at a constant supply rate. The partial pressure
of each component in the reactor was ca. 100 Pa in the steady
state. Reaction conditions are summarized in Table 1.

Three kinds of catalysts were adopted in this work: 0.5 wt %
Pt/Al,O3 (1.6 g; reference catalyst of JRC-A4-0.5Pt, The Cataly-
sis Society of Japan), 0.5 wt % Ru/Al,O5 (1.8 g; reference cata-
lyst of JRC-A4-0.5Ru), and commercial Cu pellets (14.2 g) for
gravimetric analysis. They were evacuated for at least half an hour
at 623 K, and the flow of the gas mixture was kept at the same
temperature for at least half an hour before FR measurements.

The gas space of the flow reactor was varied sinusoidally. The
variation was expressed well (using complex notation) by

V() = Vo + AV(E); AV(1)/Vy = —vexp(ior) 2)

where V; (= ca. 1 dm?) denotes the mean volume, v (= ca. 107%)
is the relative amplitude of the variation, and @ is the angular
frequency of the harmonic oscillation.

The partial-pressure variation of component W, Py () (W = X,
Y, Z, or 0), was expressed well by

Py (1) = Pw" + APw(1); APw(1)/Pw"

= pw™ exp(ion); pw™ = pw exp(idy) 3)

where Pw® denotes the partial pressure in the steady state, pw is

the relative amplitude of the oscillation, and ¢y is the phase dif-

ference between the volume and pressure variations. Each pres-

sure variation was followed by a quadrupole mass spectrometer

analysis, and (pw, ¢y ) were observed at a definite . @ was scan-
ned over a wide range.

After a run of one component (i.e., X, Y, Z, or 0) scanned over

a wide range of w, the run of another component was followed
under almost the same conditions.
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Fig. 3. FR data obtained by Pt catalyst at 623 K. (a) Rela-
tive amplitude of each partial-pressure variation, pw, ver-
sus the angular frequency @ (W = X, Y, Z, and 0). (b)
Phase difference between each partial-pressure and vol-
ume variations, @y, versus . (A) that of CO(g); (O) that
of Oy(g); (O) that of CO,(g); (X) that of Ar(g). (A), (@),
(M), and (x) represent those interpolated to the definite
eight w’s using the smoothed curves.

2. Frequency Response Data

Actual FR data on (pw, ¢y ) obtained by the three kinds of
catalysts are plotted versus @ in Figs. 3-5. It is worth noting
that (i) the relative amplitude of the reactants are larger” than
that of Ar, which has never been observed in an adsorption/
desorption system, and (ii) the phase lags of reactants and that
of the product are on the opposite sides of Ar.

These raw data were interpolated to common eight w;’s
using polynomials in log(w;/radiansmin~!): w; = 10%%,
Wy = 100.65, w; = 100.85’ Wy = 101.05’ ws = 101.25’ we =
105, @7 = 109, and wg = 10"* in order to compare them
with each other.

The data on (pw, @y ) interpolated to the definite w;’s were
transformed to

(Pw/po) cos(Py, — ) — 1 = fow P () 4
(pw/po) sin(y — Pg) = faw P () Q)
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Fig. 4. FR data obtained by Ru catalyst at 623 K. Notation
is that of Fig. 3.

because these are suitable to compare the experimental results
with the theoretical ones derived from the reaction mechanism.
It is worth noting that only the ratio (pw/po) and the difference
(dw — @) with respect to the reference gas were used in Egs. 4
and 5, and therefore any apparent change due to the apparatus
would be removed.

The in-phase and out-of-phase components of Egs. 4 and 5,
respectively, are plotted on the x- and y-axis in Figs. 6(a)-8(a).
Since the origin (0, 0) corresponds to those of Ar, which is in-
ert in the reaction, the deviation from the origin may be attrib-
uted to the reaction rate. It is worth noting that the plots for the
disappearance rates of X and Y and those for the appearance
rate of Z were on the opposite sides of (0, 0).

3. FR Data Analysis

Theoretical formulas corresponding to fiw (@) and
fow©P(w) in Egs. 4 and 5 can be derived from the reaction
mechanism as described below.

3.1 Expressions for AA(f) and AB(¢) in Terms of AP(¢).
When the partial pressure of the reactants are perturbed, the
amounts of every intermediate are also varied. Although the
variations of intermediate AAx(f), ABx(t), AAvy(#), and
ABy(t) cannot be directly observed, they can be expressed
in terms of APx(7) and APy(t) on the basis of material bal-
ance.

The appearance rate of Bx, dBx/dt, for example, may be
described (irrespective of any non-linear rate equation) by'’
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Fig. 5. FR data obtained by Cu catalyst at 623 K. Notation
is that of Fig. 3.

dBx(t)/dt = kax ™ AAx(t) — k_px ABx(f)
— kpx ™ ABx(t) — kpy ™ ABy(t) (6)

where kax™, for example, means the complex rate coefficient
defined by kax + iwlax. Every rate coefficient for the forward
reaction at every elementary step is assumed to be complex ac-
cording to the results reported in Ref. 14. It is worth noting that
the last term kgy™ ABy () arises from the binding of Bx with
By (= O(a)) in the last step of Illx, which leads to coupling
among terms concerned with X-, Y-, and Z-components.

On the other hand, the left hand side can be replaced by
iwABx(t) because ABx(t) varies harmonically. Consequently,
Eq. 6 can be rewritten as

— kax™ AAx(t) + (k_px + kpx ™ + i) ABx(?)
+ kgy ™ ABy (1) = 0. @)

According to a similar procedure for the rates of other inter-
mediates, the material balances concerning dAx(z)/dt,
dAy(t)/dt, and dBy(t)/dt lead to

(k_ax + kax™ + i) AAx(t) — k_px ABx(t)
= Kx* APx(1) ®)
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Fig. 6. RRS by Pt catalyst derived from the FR data shown
in Fig. 3. (a) Comparison of [fiw@P(w), fiw©P(w)]
represented by the open symbols with [fuw ) (w) and
Ffow ) (w)] represented by the solid symbols (W = X,
Y, and Z). (A) that of CO(g); (O) that of O,(g); () that
of COy(g). (A), (@), and (M) represent those calculated
using sixteen parameters summarized in Table 2. (b) Con-
tribution of APx(t) (A) and APy(?) (@) to AR(¢) (W) de-
rived from Eq. 34; (A) and (@) represent the first and sec-
ond terms on the right hand side of Eq. 34, respectively;
(M), the calculated results by Eq. 34 that are the same as
those plotted in (a). The number indicates the value of
log(w/rad min™"): 1 (= 0.45), 2 (= 0.65), 3 (= 0.85), 4
(= 1.05), 5 (=1.25), 6 (=145), 7 (=1.65), and 8
(= 1.85).
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Fig. 7. RRS by Ru catalyst derived from the FR data shown
in Fig. 4. Notation is that of Fig. 6.
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Fig. 8. RRS by Cu catalyst derived from the FR data shown
in Fig. 5. Notation is that of Fig. 6.

(k—ay + kay™ + iw) AAy(t) — k_py ABy(1)
= Ky™APy(1) €))
— kay* AAy(1) + (k_py + ksy™ + iw)ABy(1)
+ kpx ¥ ABx(t) = 0 (10)

respectively.
Since these four simultaneous equations are linear in form,
Eqgs. 7-10 can be easily solved, and we have the solutions:

AAx(1) = (K™ [(k_ax + kax™ + i)}
{1 + kax *k_pxOy/T}APx(?)

— {Ky*kay ™ ksy " k_px/T} APy (1) (11)
AAy(1) = —{K*kax*kpx " k_py/T} APx(1)
+ (K fkoay + kay™ + iw)}
{1+ kay ™ k_py©Ox/T} APy (1) (12)
ABx(1) = (Kx " kax™* ©y/T) APx(1)
— {Ky*kay*kpy " (k_ax + kax™ + iw)/T}APy(r) ~ (13)
ABy(1) = —{K*kax*kpx ™ (k_ay + kay™ + iw)/T}
APx(t) + (Ky ™ kay *©x/T) APy (1) (14)
where the following abbreviation
Ox = (k_ax +kax™ + iw)(k_px + kpx™ + i)
— kax*k_px (15)
Oy = (k_ay + kay™ + iw)(k_py + kpy™ + i)
— kay™k_py 16)

and

Bull. Chem. Soc. Jpn., 77, No. 11 (2004) 1977

I'=0OxOy — (k_ax + kAX* + iw)

(k—ay + kay™ + iw)kpx *kpy ™ (a7

has been introduced.

3.2 Theoretical Formulas of fow““(w) and fuw ™ (®).
On the basis of material balances with respect to the compo-
nents of X, Y, Z, and O in the gas phase, we can derive
Fow (@) and fuw (@) as follows:

(1) Since the partial pressure of every component was low
enough (ca. 100 Pa), the composition of the gas mixture in
the reactor may be regarded as spatially uniform, as confirmed
previously.” Therefore, material balance with respect to X
leads to

dX(1)/dt = Fx — Ry — Kx™ APx(1) + k_ax AAx (1)

— (P + APx (1)} 18)

where Fx denotes the constant feed of gaseous CO, Ry is the
overall reaction rate at the steady state, and the disappearance
rate through the exit can be expressed in term of constant o’
corresponding to the size of orifice by o’Px(f), because the
outside was evacuated and therefore the pressure gap at the
orifice is Px(t). On the other hand, since every gas may be
regarded as ideal, X(¢) can be given by

X(1) = Px(DV(©®)/(RTp). 19)
Substituting Eqgs. 2 and 3 into Eq. 19, we have
AX(1) = (Px®'Vo/RTo)(px™ — v) exp(ien). (20)

Substituting Eq. 20 and Eq. 11 describing AAx(r) into
Eq. 18, we have (after some rearrangements)

(0 + iw)px™ — iwv = kx ™ {k_ax(1 + kax k_px©Oy/T)

Jk_ax + kax™ + iw) — 1}p™ — (Py® /Px™)

(ky ™ kay *kpy *k_axk_px/T)py™ (21)
where the short notation
kx™ = (RTo/Vo)Kx™: ky™ = (RTy/Vo)Ky™:
o = (RTy/Vy)o’ (22)

has been introduced.

Because the reaction mechanism of Y is the same in form
as that of X (see Fig. 1), the results for the Y-component
can be easily derived from Eq. 21 by replacing X for Y and
vice versa:

(0 + iw)py™ — iwv = ky ™ {k_ay(1 + kay k_py©®x/T)
JGe_ay +kay™ + i) — 1}p,* — (Px®/Py®)

(kx ™ kax ™ kex ™ k_avk_py /Dpx ™.
According to a similar procedure for dZ(r)/d¢, we have

dZ(1)/dt = Ry + kpx * ABx(t) + ky™ ABy(t)

(23)

— 0'{P," + AP, (1)). (24)

Substituting expressions for ABx(f) and ABy(#) given in
Eqgs. 13 and 14, respectively, into Eq. 24, we have (after some
rearrangements)
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(0 + iw)pz* — iwv = [(Px® /P, )kx " kax* kpx ™
{©y — (k_ay + kay™ + iw)ksy™}/Tlpx™
+ [(Py® /P2 D)ky * kay *kpy ™
{Ox — (k_ax + kax™ + iw)kpx™}/Tlpy ™. (25)
On the other hand, a similar treatment for Ar leads to
(0 + iw)py™ — iwv =0 or (0 + iw)py™ =iwv  (26)

because every rate coefficient may be regarded as zero in the
case of inert gas and therefore every term on the right hand
side of Eqgs. 21, 23, or 25 disappears.

(2) Combining Egs. 21 and 26, we have

(px"/po™) = 1 = [kx ™ {k_ax(1 + kax k_px©Oy/T)
J(k_ax + kax™ + iw) — 1}(px™ /po™)
— Py /Px D) (ky*kay *kpy *k_axk_px/T)
(py™ /po™)]/(0 + iw). 27

Since the ratio (px™/po™) can be rewritten as (px/po)exp
{i(¢px — @)}, the real and imaginary parts on the left hand side
of Eq. 27 correspond to Eqgs. 4 and 5, respectively, so that we
have

fox N w) + ifex () = {He (@) (px™ /po™)
+ Hxy (@) (Py® /Px)(py™* /po™)} /(0 + iw)  (28)

where
Hxx™ (@) = kx ™ {k_ax(1 + kax*k_pxOy/T)
J(k-ax + kax™ + iw) — 1} (29)
Hxy™ (@) = —ky*kay*kpy*k_axk_px/T". (30)

Comparing real and imaginary parts on both sides of Eq. 28,
we have the final results for theoretical expressions:

fex (@) = Re[{Hx ™ (@)(px™ /po™)
+ Hxy *(@)(Py® /PxV)(py™ [pe™)} /(0 + iw)]  (31)
fix () = Im[{Hy* (0)(px™ /po™)
+ Hxy " (@)(Py® /Px)(py™ /po™)} /(0 + iw)]. (32)
In a similar way, Eqs. 23 and 25 lead to
Jxy M) + ifey (@) = {HyF (@)(Px /PyY)
(px*/po™) + Hyy " (@)(py™ /po™)} /(0 +iw)  (33)

and
[ (@) + i (@) = (Hu (@) (Px " /P2
(px™/p0™) + Hzx ™ (@)(Py® /PZ)(py™ [po™))
/(0 +iw) (34
respectively, where
Hyx™ (@) = —kx kax*kpx ™ k_avk_py/T (3%5)
Hyy*(@) = ky™ {(k_ay(1 + kay*k_py©x/T)
Jk_ay + kay™ + iw) — 1} (36)
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Hzx* () = kx ™ kax *kpx ™

{Oy — (k_ay + kay™ + i0)kpy™}/T 37
Hzy ™ () = ky™kay ™ key™
{Ox — (k_ax + kax™ + iw)kpx™}/T. (38)

Comparing real and imaginary parts on both sides of Egs. 33
and 34, we can explicitly derive the formulas for
oy (). fiy U (@)] and [ fiz (), iz ()]

3.3 Evaluation of 0. Equation 26 leads to

¢(w) = tan™' (0/w) (39)
po(@)/v = w/(0* + w2 (40)

Comparing Eqgs. 39 and/or 40 with actual data, we can deter-
mine the value of 0.5 The results are given in Table 1.

3.4 Determination of Rate Coefficients. Comparing
[few©P (@), fiw P (@)] with [fow (@), fiw " (@)] (W =
X, Y, and Z), we can determine all (sixteen) rate coefficients
involved in the reaction mechanism of Fig. 1. In the numerical
simulation, the term (pw™/po™*) on the right hand sides of
Egs. 28, 33, and 34 was replaced by empirical results, and
the rate coefficients were determined on a trial and error basis
using a personal computer.

The calculated results are compared with experimental ones
in Figs. 6(a)-8(a). The kinetic parameters?® in Table 2 were
used to derive the calculated results represented by the solid
symbols. Evidently, a wider range of w scanned is desirable
to determine more reliable parameters.

The first and second terms on the right hand side of Eq. 34
are attributable to APx(t) and APy(t), respectively. Therefore,
the contribution of APx(f) and APy(?) to the variation of the
appearance rate of CO,, AR(?), can be determined individual-
ly. These are shown in Figs. 6(b)-8(b).

It should be emphasized that only if complex rate coeffi-
cients have been employed in the reaction mechanism, will
the FR data be reproduced well. The imaginary part, iwl, is
not required by traditional methods of stationary measurement
because w = 0. The imaginary part of / plays an essential role
in RRS, as discussed below.

4. New Concept of J

4.1 Free Energy Dissipation via an Intermediate. (1) Let
us introduce free energy dissipation wax and wpx via the Ax-
and Bx-species (or way and wgy via the Ay- and By-species),
respectively, illustrated by zigzag lines in Fig. 9. oy, oy, and
oy denote the affinities® of the reactions at I-, II-, and III-
steps, respectively, where X or Y is omitted for simplicity.

Because the reaction mechanisms for X and Y are the same
in form (see Fig. 1), the following results concerned with X
can be easily transformed to those of Y by replacing X for Y.

The “free energy balance” involving the dissipations may
be described by the difference between the increasing and de-
creasing free energies:

AxOwax® = a1xRy — anxRs (41)
Bx®wpx® = ouxRs — otmxRs (42)

where R, may be given by 0’P;® (see Eq. 24). The affinities
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Table 2. Rate Coefficient of the Reaction Mechanism Shown in Fig. 1 Determined by Numerical Simulation (Units of k: min~")

dev®

Ipy
—0.505
—0.503
—-0.512

kpy
0.280

1.

k_py
—0.074
—0.91
—2.89

Iay
—0.495
—0.497
—0.488

kay
0.435
1.22
3.98

k_ay

Iy
~0.582
~0.593
—0.568

ky®
—0.730
—0.656

Ipx
0.904

kpx
0.501

k_px

Iax
—0.333
—0.333
—0.333

kAX

k_ax
28.1

Ix?
—0.520
—0.555
—0.536

kx®
—1.512
—0.787

Catal.
Pt

3.70
1.81
1.84

1.15
1.01

0.44

81.2

294

15.4

23.5
134

15

36.0

1585
(RTo/Vo)Ly. ¢) dev

132
1885

9.6
31.0

2.09

0.034

0.050

0.213
(RTy/Vo)Kx, Ix

Cu

(1/N)En[{(obsx — calex)*}/?/(obsx)max + {(0bsy — caley)?}/?/(obsy)yax + {(0bsz —

(RTy/Vo)Lx. b) ky = (RTo/Vo)Ky, Iy =

a) kx

calcz)?}' /2 /(obsz)pax] % (1/3) x 100.
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Si
—T
XY =~ Siy
S -

dG/de

BWB

—_—
T

Fig. 9. Flow of Gibbs free energy along a reaction coordi-
nate T. &, &1, and o/pyp: the affinities of the reactions at the
elementary step I, II, and III. Sy and Sy;: the forward reac-
tion rates at I- and II-steps. S_; and S_j;: the reverse reac-
tion rates at I- and II-steps. R: the appearance rate of CO,.
Awpa and Bwpg: the free energy dissipations to maintain
free energy balances.

are given by oqx = Ux — Haxs ¥nx = Uax — Upx, and
onx = Ugx — Mzx in terms of chemical potentials. iy and
M ax, for example, denote the chemical potentials of X- and
Ax-species, respectively.

(2) Equations 41 and 42 in the steady state can be extended
(in a non-steady state) to

Axwax = ax(Six — S—1x) — onx(Sux — S—nx) (43)
Bxwpx = anx(Sux — S—mx) — omxR (44)

where Six and Spx denote the forward reaction rates at Ix- and
IIx-steps, S_1x and S_px denote the reverse reaction rates at
Ix- and IIx-steps, and R is the appearance rate of CO, at the
last step.

Let us consider variations of all terms in Eqs. 43 and 44
induced by APx(?). Considering A(Axwax), A(Six — S—1x),
A(Sx — S_1x), A(Bxwpx), A(Sux — S_1x), and AR, we have
(after some rearrangements) !>

Awax = {onx + Iax(rx — anx)}(dAAx (1) /dn) /AxS (45)

Awgpx = {onx + lex(0nx — omx)}(dABx(1)/d0)/Bx®.  (46)

However, Awax and Awgx are expected not to depend on the
perturbation, because wax and wpx are intensive variables.
Since both dAAx(¢)/dt and dABx(¢)/dt are not zero, the theo-
retical expectation is satisfied only if

orx + Iax(arx — anx) =0 47

oqx + lpx(anx — omx) = 0. (48)

On the other hand, the definition of every affinity leads to

arx + anx + dmx = Ux — Uzx (= x(—AgT)) (49)

where —Agt (> 0) denotes the Gibbs free energy drop in the
reaction of Eq. 1. The value of x defined in Eq. 49 is the con-
tribution of free energy drop in the transformation of (i) in
Fig. 1 to that of (—Agr).

Solving the simultaneous equations of Egs. 47-49, we have
expressions for every affinity in terms of /:
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arx = (Iaxlex/Lx)x(—Agt) (50)

anx = {(1 + lax)lex/Lx}x(—Agr) (51)

omx = {(I + Iax)(1 + lpx)/Lx}x(— Agr) (52)
where the abbreviation

Lx = 1+ Iax + 2lpx + 3laxlex (33)

has been introduced.
Substituting Eqs. 50-52 into Eqgs. 41 and 42, we have ex-
pressions for the free energy dissipations:

Ax®wax® = —(Ipx/Lx)x(— Agr)Rs (54)
Bx®wpx® = —{(1 + lax)/Lx}x(— Agr)Rs. (55)
The sum of Eqs. 54 and 55 leads to
Axwax® + By Oy
= —{(1 + Iax + lx)/Lx}x(— AgT)R;. (56)

It should be emphasized that Eqs. 50-52 and also Eqs. 54—
56 were deduced from the “free-energy balance” assumed in
Egs. 41 and 42.

4.2 Definition of 6J(T). If the feed of the reactant Fx in
Eq. 18 was stopped abruptly, the Gibbs free energy of the sys-
tem would necessarily decay along the slant line as illustrated
in Fig. 10(a), where 7. is the elapsed time of the reaction, while
the continuous supply of the reactant would keep the steady
state of (—Agr)Rs, which is represented by the vertical line
at t = 0. The steady state is perturbed by the entrance of cata-
lysts as APx(t) and APy(¢) oscillating harmonically with .
The effect of the perturbation would depend on w. The slower,
the deeper and vice versa as demonstrated in Fig. 10(b).

(1) Let us introduce J(T) given by

J(0) (= [-dG/dr]y) = —[(d/dDN + (dN/dD)]: (57)

where G is replaced by uN. The change 8J(t,) via each
elementary process is defined as

8J(Tn) =J(T,) —J(T1); T = nét (58)

where the reaction coordinate 7, (n = 1-5) is defined by con-
stant 67, demonstrated in Fig. 10(b). It should be emphasized
that the five elementary processes are separated by the identi-
cal 81.%!

(2) The change 6J(t,) along T, concerning the X-compo-
nent can be derived as follows.
(1) In the first step, Ix, the term (djt/dr) in Eq. 57 may be re-
garded as zero, because ( does not depend on ¢ at Ix, so that
we have

Jx(T) = —{0+ w(dN/d)}; To = T = 7. (59)
The change 8Jx(T) at Ix can be given therefore by
SIX(T1) = — U ax(dAx/dD) + px(dX/d0). (60)

Since both disappearance rates of Ax and X, (—dAx/df) and
(—dX/dr), respectively, are given by Ry in the steady state,
Eq. 60 can be rewritten as

OJx(T1) = {ax — Mx)Rs. 61)

(i1) The value of Jx(7) during the residence time of Ax may be
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-Agr

('Ag T)Rs

J(tn)

<

Fig. 10. (a) Gibbs free energy change with respect to X and
Y versus real time 7. The inclined line represents the
change after the arrival on the surface of catalysts at
t = —1. (elapsed time of the reaction). The vertical line
at + = 0 represents the steady state. Ry: reaction rate at
the steady state. o, oy, and oy affinities corresponding
to those in Fig. 9. —Agr: Gibbs free energy drop of the
reaction in Eq. 1. (b) Flows of the Gibbs free energy,
J(T,), versus T, (see text).

given by
Jx(1) = —{(du/dON + 0}y T1 ST = 1o, (62)

because dN/d¢ = 0 in this case. N corresponds to Ax and Ax is
constant during the time interval so that we have dN/dt = 0.
Considering Eq. 62, we have

8Ix(T2) = —{(diax /D)1=y — (Al ax /A1 JALY  (63)

where —{(d{tax/d)r—r2 — (Al sx/dt);—71} corresponds to
wax® introduced in Eq. 41, so that we have

8Ix(T2) = waxVAx®. (64)

(iii) In the second step, IIx, according to a similar procedure to
that for Ix, we have

8Jx(T3) = {ipx — Max}Rs. (65)

(iv) In the second stage of By, according to a similar procedure
to that for Ax, we have

8Jx(t4) = wpx¥Bx®. (66)
(v) In the last step, IlIx, we have
8Jx(Ts) = {zx — Wpx)Rs. (67)

(3) On the other hand, {8Jx(T,)}’s can be correlated with
oixRs, onxRs, and aqxRs as follows (see Fig. 10(b)):?*
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8Jx(T1) = —oxRs (68)
8Jx(12) + 8Jx(T3) = —otnxRs (69)
8Jx(T4) + 8Jx(Ts) = —otmxRs. (70)

Substituting the results of (o, oqrx, and orx) given by
Egs. 50-52, and also 8Jx(T») and 8Jx(74) given by Eqgs. 64
and 66, respectively, into Eqs. 68-70, we can derive expres-
sions for 8Jx(T;), 8Jx(T3), and 8Jx(Ts) in terms of . The re-
sults for all {8Jx(T,)} thus derived are summarized as:

8Jx(T1) = —(axlpx/Lx)x(— Agr)Rs (71)
8Jx(12) = —(Ipx/Lx)x(—Agr)Rs (72)
8Jx(13) = —(Iaxlpx/Lx)x(— Agr)Ri[= dJx(t)]  (73)
8Jx(t4) = —{(1 + lax)/Lx}x(—Agr)Rs (74)
8Jx(Ts) = —{(1 + lax)lBx/Lx }x(— Agr)R;. (75)

The sum of Eqgs. 71-75 leads to —x(—Agr)R; irrespective of [.
Integrating these 8Jx(T,,)’s, we have

Jx(Ty) = (=AgnR + Y 8Jx(Ty) (76)

m=1
where Jx(T) has been chosen as (—Agr)R;, because it is con-
venient for comparing Jx(T,) with Jy(7,) in Figs. 11-13.
(4) The results with respect to the Y-component can be easi-
ly derived from Eqs. 71-75 by replacing X for Y. For instance

8Jy(T1) = —(aylpy/Ly)y(—Agr)R;. 77
Integration of {8Jy(T,,)} leads to
Jy(Ty) = (=AgnR + Y 8Jy(Ty) (78)

m=1

where Jy(Tp) is chosen as (—Agr)Rs. >
(5) The sum of Jx(t,) and Jy(T,) can be represented by

JX(rn) + JY(Tn)

= (—AgDR + Y _{87x(Ty) + 8J3(Tw)} (79)

m=1
where {Jx(To) + Jy(Tp)} may be given by (—Agr)R; accord-
ing to the definition.
It should be emphasized that all relations derived in Section
4 have been described in terms of only /. Therefore, we can say
that k is concerned with the flow of materials, while / is con-
cerned with the flow of free energy.

5. Evaluation of 3J(t,)’s

5.1 Determination of x and y. The values of §Jx(T;)
(= 8Jx(13)) determined by Eqs. 71 and 73 were positive, while
those of §Jy(T;) (= 6Jy(T3)) were negative. Since 6J should
be negative or zero for the step to proceed spontaneously,
8Jx(t1) must be coupled with 8Jy(t|) or 8Jy(T3). It is as-
sumed that?*

8Jx(t1) + 8Jy (1)) = 0. (80)

In the case of 8Jx(T;) + 8Jy(T;) < 0, excess energy should be
released at step I, which would inhibit the steady state (the
case of a negative value at step III will be discussed below).
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The additional relation between x and y given by Eq. 80 leads
to definite values of x and y because of x + y = 1. The results
of x and y thus derived are given in Table 3.

5.2 Evaluation of §Jx(t,) and 8Jy(T,). Since we have
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Fig. 11. (a) Jx(t,) and Jy(T,) versus T, on Pt catalyst. (b)

Jx(T,) + Jy(T,) versus T,.
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Fig. 13. (a) Jx(T,) and Jy(T,) versus T, on Cu catalyst. (b)
Jx(T,) + Jy(T,) versus T,.

found the values of x and y, the definite values of 8Jx(T,) and
8Jv(T,) can be obtained from the parameters given in Table 2.
The integrated results are illustrated in Figs. 11-13. It should
be emphasized that although Jx(7,) and Jy(T,) increased
and/or decreased with increasing T,, the sum of {Jx(7,) +
Jy(T,)} decreased monotonically without any free energy bar-
rier in agreement with the second law of thermodynamics. This
result supports the assumption introduced in Eq. 80.

5.3 Free Energy Dissipations. (1) Substituting the results
of Iax = —1/3 obtained on Pt, Ru, and Cu into Eq. 56, we
have the following relation:

AxOwax® + Bx®wpx® = —()x(—Agr)Rs (81)

irrespective of the values of Igx. It is concluded therefore that
the free energy drop of x(—Agr) in the course of (i) in Fig. 1 is
attributable to irreversible processes.>

(2) On the other hand, Eq. 56 applied to the Y-component
leads to

AY(S)WAY(S) + BY(S)WBY(S)

= —{(1 + Iay + Igy)/Ly}y(—Agr)R;. (82)
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Table 3. Values of x and y

Catal. X y

Pt 0.841 0.158
Ru 0.876 0.124
Cu 0.979 0.021

Substituting the results of /oy + gy = —1 obtained on Pt, Ru,
and Cu, we have the result of

AyOway® + ByOwpy® = —(0)y(—Agr)R; (83)

which means that no free energy dissipation is involved in the
course of (ii) in Fig. 1.2°

It is worth noting that since no free energy dissipation is in-
volved in 8Jy(T,) changes, these values may be regarded en-
thalpy, so that y(—Agr)R, may be regarded as the “power
[units: J/s or W]” produced out of the system in the course
of the catalyzed reaction. Since y depends on catalysts as
shown in Table 3, the catalytic activity may be characterized
by the power.

6. Discussion

6.1 Elementary Reaction Rates. (1) The flow of materials
in the elementary reaction can be characterized by k.

Although kx and ky in the first step are proportional to the
amounts of catalysts, the other k values are independent of the
amounts of catalyst.?” Since the units of all k are min~', they
can be compared with each other even if they were obtained on
different catalysts and/or by different investigators.

(2) The ratio k_ax/kax, for example, is rewritten as
(k_axAAx)/(kax AAx) and may be replaced by AS_ix/ASux
which denotes the ratio of the reverse reaction rate of the
Ax-species to the forward one.?® The ratios of k_5/ka and
k_g/kg are summarized in Table 4.

(3) The negative value of k_gy means that the gradient
(dS_yry/dBy) was negative in the steady state, which means
that the elementary reaction rate S_py in the step of (1/
2)0,(a) < O(a) decreases with increasing By (= [O(a)])."
The reverse reaction rate S_jy determined by traditional meth-
ods was negligibly small.?’

(4) The relaxation time of AAx may be given by
(k_ax + kax)™", because the disappearance rate of AAx is giv-
en by —(k_ax + kax)AAx. On the other hand, if both elemen-
tary reaction rates of S_yx and Syx are given by linear func-
tions of Ax, the disappearance rate of Ax-species is expressed
by —(k_ax + kax)Ax, and therefore the mean life time of Ax
is given by (k_ax + kax)~', which agrees with the relaxation
time of AAx.

The relaxation times of AA and AB are summarized in
Table 4.

(5) (i) The relaxation times of AAx were longer than those

Table 4. Ratios of k_a/ka and k_p/kg and Relaxation Times (Units: s) of (k_x 4+ ka)~' and (k_p + kg)~!

Determined by the Results Given in Table 2

Catal.  k-ax/kax  (koax +hkax)™' kepx/kex (kepx +kex)™' koav/kay  (k—ay + kay) ™!
Pt 1.82 1.38 3.62 0.16 2.64 37.9
Ru 0.41 1.81 3.67 0.36 0.83 26.9
Cu 0.23 0.36 1.19 0.02 0.11 13.6
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of ABx on every catalysts, as shown in Table 4. (ii) On the
other hand, the relaxation times of AAy were longer than
those of both AAx and ABx on every catalysts, as shown in
Table 4. Because k_gy < 0, the results of (k_py + kpy) ™"
are omitted.

(6) The results demonstrated in Figs. 6(b)-8(b) show that
(i) AR(w) is affected mainly by APy(w) on Pt. (i) AR(w)
is affected by both APx(w) and APy(w) on Ru. (iii) AR(w)
is affected mainly by APx(w) on Cu.

6.2 Coupling among Elementary Reactions. (1) The
amplitude of coupling demonstrated in Figs. 11(a)-13(a) is
evidently proportional to y. On the other hand, if y = 0 (then
x = 1), the whole free energy drop (—Agr)R; of the reaction
in Eq. 1 is dissipated during the reaction and would therefore
correspond to a reaction without catalysts.

(2) The changes 8Jx(T>) and 8Jx(T4) are expected to be
irreversible on the basis of Eq. 81 and are represented by the
zigzag lines in Figs. 11(a)-13(a).

The driving force 8Jx(T>) due to Ax exceeded the barrier of
8Jy(T2) (>0) due to Ay:

8Jx(12) + 8Jy(12) < O. (84)

The correlation could be interpreted by a model in which Ay
migrated against a free energy gradient from strongly bound
sites to weakly bound sites due to the driving force of Ax.°

(3) Compensation phenomena in heterogeneous catalysis
have frequently been obserbed,’! although they are ques-
tioned.?? The phenomenon takes the form of a sympathetic lin-
ear correlation between the observed parameters of the Arrhe-
nius equation E,p, and InA,,, for a series of related reactions
or catalysts:

InA,pp = mE,p, +c. (85)

The positive 8Jy(T,) is against the driving force of 8Jx(T5),
while the negative 8Jy(T4) accelerates the driving force stem-
ming from 8Jx(T,). (i) The hindrance of §Jy(T2) to 8Jx(T2)
would be sensitive to reaction temperature, so that the coupling
at T, could be assigned to the term corresponding to the acti-
vation energy E,pp. (ii) The acceleration of 8Jy(T4) to 8Jx(T4)
could be assigned to the frequency factor expressed by In A,
which does not depend on temperature.

The values of y given in Table 3 depended on catalysts, so
that y could be regarded as the parameter’? responsible for the
compensation effects. The value of y is shown in Fig. 14 as a
function of /gx and /gy provided that Ixx = —1/3 and also
Iay + Igy = —1. In the particular case of lay = lgy = —1/2,
we have y < 1/6 (in any case, y < 0.286).

(4) The changes stemming from Ay and By, 8Jy(7,) and
8Jy(Ty), are exactly compensated because of Eq. 83:

SJy(T2) = —0Jx(T4). (86)

This result might be interpreted by a model in which surface
reconstruction occurred in the consecutive processes. The
change without free energy dissipation may be regarded as a
potential energy change.??

(5) In the last step producing CO, molecules, §Jx(Ts) was
negative, whereas 8Jy(Ts) was positive, which led to

5])((1'5) + 8jy('l,'5) < 0. (87)
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Fig. 14. The value of y as a function of /gx and lgy provid-
ed that [ax = —1/3 and lay + lgy = —1.

Equation 87 suggests that (i) the motion of CO(a;) and O(a)
must be coupled®* for the reaction to occur spontaneously,
and (ii) desorbing CO, molecules have excess energy.®

(6) The results of J demonstrated in Figs. 11-13 are very
different for many stand points from traditional potential ener-
gy profiles: (i) the ordinate is not energy but the flow of free
energy, (ii) the free energy flow of both reactants X and Y
are shown individually, (iii) the abscissa T is defined rigorous-
ly by the elementary reaction steps, (iv) there is no transition
state, chemical potentials of intermediate A and B are not con-
stant but vary along the reaction coordinate.

(7) Every elementary reaction rate was affected more or less
when one of the parameters in Table 2 was changed, which
would deny a definite rate determining step.

6.3 Microscopic Aspects. (1) The complex rate coefficient
kax ™, for example, can be rewritten as

(kax + iwlax) AAx (1) = kax AAx (1) + Iax{dAx(r)/dt}.  (88)

On the other hand, according to Fick’s second law of diffusion,
the term of {dAx(#)/dt} in Eq. 88 can be correlated with the
heterogeneity of Ax on the surface:

{0Ax(1)/3t) = Dx{9*Ax(1)/dr*}. (89)

Therefore, spatiotemporal patterns of adsorbed species could
be characterized by [ in the present RRS.

Surface diffusion has been considered in a kinetic model to
explain the standing wave of spatiotemporal patterns in the CO
oxidation on a Pt(110) surface. However, it seems difficult to
derive reliable rate constants because of too many adjustable
parameters.36

(2) The complex rate coefficient can be rewritten as

(kax + i@lax) AAx () ~ kax AAx"®
expliw{t + (Iax/kax)} (@ K kax/Iax)
= kax AAx(t + (Iax/kax))- (90)

The negative values of le/kAx, lAy/kAy, and lgy/kBY may
be interpreted by each delay time at the elementary step, while
the positive value of Igx /kpx suggests that 6Jx(Ts) is a unique
step in the reaction kinetics.

(3) Although dynamics of molecules can be observed by
surface science techniques, the flow of free energy controlling
the kinetics cannot be observed by traditional methods. Anoth-
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er important merit of the present method for macro-kinetics
would be in the investigation of coupling among elementary
reactions.

6.4 Modern Thermodynamics for Heterogeneous
Catalysis. (1) The transition state theory by Eyring®’ and
Polanyi®® has been applied to a heterogeneous catalytic
reaction.’® In basic transition state theory, the rate constant,
k, is given by

k = (Qs/ Q) exp(—E./RT) oD

under the assumption of quasi-equilibrium between the transi-
tion state and reactant state, which are described by the parti-
tion functions of Qy and Qys, respectively. However, the inter-
mediate A and B in this work differ from those in the transition
state.

(2) According to the procedure to derive dSyniv/ dr,* the sec-
ond law of thermodynamics leads to

dSuniv/dt = {—dGgys/dt + 8T(dSsys/dr)
- 8P(dvsys/dt) - dUmech,/dt}/Ttherm >0 (92)

where 8T denotes the difference between the temperature of
thermal surroundings, Tiherm, and that of the system, Tiys. P
denotes the difference between the pressure of the mechanical
surroundings, Ppech, and that of the system, Py, which are
defined as

Therm = Tys + 0T and Ppech = Pyys + 0P 93)

Unmecr” 18 the mechanical work without a change in the system
volume, Viy.

The rates of dGiys/dt, dSsys/dt, and dVy/dt in Eq. 92 can
be replaced by (Agr)Rs, (Ast)Rs, and (Avr)Rs, respectively,
where Ast and Avy denote the entropy and volume changes
in the reaction of Eq. 1, respectively. On the other hand,
because y(—Agr)R, is power, as shown in section 5.3,
dUpecn’ /dt can be replaced by y(—Agt)R,. Consequently, we
have

dSuniv/dt = {x(_AgT) + (ST(AST)
— SP(AVT)}IRs/Tiherm = 0 %94)

where x +y = 1 has been considered. The terms of §T(Ast)
and —8P(Avr) are usually positive.

It is worth noting that (i) Eq. 94 means that the heat of re-
action can be given by {(—Aht) — y(—Agr)}Rs and therefore
it would depend on catalysts, where Aht denotes the enthalpy
change in the reaction of Eq. 1. (ii) In a reversible process, x,
8T, and &P are zero, so that we have dSyy;,/df = 0.

(3) The most general form of the second law of thermody-
namics is expressed by>

diS > 0 or diS/dt > 0 (95)

where d;S means the entropy change due to “uncompensated
transformation”, the entropy produced by the irreversible
processes in the interior of the system.

However, 8J is proportional to —dGys/df and therefore not
d;S/dz, but dS,,;v/dt, is profitable to interpret &J.

(4) The activity of catalysts has been shown to be character-
ized by the power of y(—Agr)R;. It seems of interest that the
situation is the same as a gasoline engine, because it produces
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power in the course of combustion. The situation may be gen-
eralized further to a living thing. Consequently, the quantita-
tive investigation of a catalyzed reaction can contribute to
the development of modern thermodynamics.

7. Conclusion

(1) In studying the kinetic nature of catalysis, (i) dG/dt in-
stead of G is essential so as to be discussed in modern thermo-
dynamics,? (ii) d(.N)/dt is more fruitful than dG/dt in the
theoretical treatment, and (iii) dSyny/df is more fundamental
than d;S/dt.

(2) The novel state functions of T, Jx(T), and Jy(T) have
been derived, which reveal that (i) elementary processes in-
volved in the reaction mechanism must be coupled with each
other, (ii) no transition state exists in the course of the overall
reaction, and (iii) the kinetic parameters evaluated appear to be
consistent in many cases with results obtained by surface
science techniques.

(3) The semi-empirical results of Iax = —1/3 and Ixy +
lgy = —1 reveal that CO(X) plays an active role, while O,
plays a passive role in the reaction, although they are coupled.
The power produced in the course of the reaction is given by
y (_AgT)Rs~

(4) Although the present results evidently leave room for
more accurate investigation and extension to other experimen-
tal conditions, it is concluded that (i) the novel rate coefficient /
plays an essential role in studying the flow of free energies, (ii)
in order to determine /, the harmonic perturbation for reactants
is indispensable, and (iii) the scan of the frequency of the per-
turbation over a wider range is preferable to determine reliable
kinetic parameters.

Consequently, the present method may be named “reaction
rate spectroscopy”*!' and can contribute to quantitative studies
of the complex phenomenon of catalysis.

I1(Y.Y.) wish to thank Dr. Kazunori Tanaka (Nihon Univer-
sity) for his fruitful discussions about the kinetics in heteroge-
neous catalytic reactions and Dr. Fujito Nemoto (Osaka Insti-
tute of Technology) for his valuable discussions about modern
thermodynamics in heterogeneous catalysis.
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suggested by Eigen to be named “relaxation spectroscopy”.* The in modern thermodynamics.
present method based on 8/ may be named “reaction-rate spec-



