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Novel Rate Constants for a Catalytic Hydrogenation Reaction of Propylene Obtained by a
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“Reaction rate (or FR) spectra” of a catalytic hydrogenation of propylene over Pt or Rh at 314 K were observed
in a cell reactor composed of a proton-conducting membrane. It is shown that a variety of the spectra can
be reproduced well by “characteristic functions”, K(w) and K¥(w), which may be derived from a three-stage
model composed of five elementary steps: X(g) == Ax(a) = Bx(a) — propane (X: hydrogen or propylene),
where X denotes the gaseous molecule; Ax and Bx are the first and second intermediate adsorbed species.
Seven rate constants concerning these five steps were evaluated by matching Kj(w) or Ki(w) to the
spectrum; five of them, kpx, k-ax, kax, k-Bx, and kgx, are ordinary rate constants, while the other two, /-px
and Ipx, are novel ones. Since all these constants except kpyx are independent of the amounts of catalyst, they
are characteristic of active sites and can be compared with each other. On the basis of these constants,
kinetic details have been discussed; for instance, mean residence times of Ax and Bx, 7ax and 7y, respectively,
were determined by (k-ax + kax)™' and (k_px + kgx)~!, resulting in (in second units) Tau ~ 0.3 and Tay ~
3 for hydrogen and tac ~ 3 and 7gc ~ 3 for propylene over Pt, while over Rh they were zag ~ 1 and gy
~ 3; tac ~ 10? and tpc ~ 10%. The nondimensional rate constants, /-px and lgx, were indispensable to
reproduce the various FR spectra; /gy and /gy were positive, whereas [-gc and Izc were negative over both

catalysts, which suggests heat effects.

1. Introduction

Periodic perturbation or frequency response (FR) methods
have widely been applied to study various relaxation phenom-
ena;! for example, chemical relaxation phenomena associated
with inter- and intramolecular proton transfer reactions have
been investigated by ultrasonic techniques.? However, most of
them were limited to a homogeneous system.

A rate spectrum characteristic of a gas/surface dynamic
phenomenon can be obtained by the present FR method.
Analogous to a spectroscopic method, this relatively new method
is powerful to investigate separately various rate processes
occurring simultaneously and to create a basis for quantitative
description of the kinetic phenomena.? The first application of
the FR method to a reactive system at a steady state was
performed with a catalytic hydrogenation of propylene over Pt/
Al,O3 at 273 K It was found that an unusual rate equation
expressed by R(Py,Py) was effective to interpret the rate spectra
with respect to propylene (C3?7) and propane (C3), where R
denotes the appearance rate of Cs or the disappearance rate of
C3%~, Py is the partial pressure of H,, and Py denotes the time
derivative, dPy/dt. It should be emphasized that the novel rate
equation involving P, R(P,P), has never been required to
reproduce theoretically a rate spectrum obtained in a nonreactive
system by the FR method.? Further, it has never been needed
by any traditional methods. Therefore, it would be challenging
work to study the nature of the new variable P.

The originality of this work consists of three main points.

(1) Although a mixture of the reactants has usually been
contacted with catalysts in standard methods, as shown in Figure
1a, the reactants are separated by a proton-conducting membrane
in this work, as shown in Figure 1b, on both sides of which
catalysts are deposited, so that the competitive rate processes
of the dissociation of H; into 2H (I) and the association of 2H
to an olefin C?~ (II) could be separately investigated.
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Figure 1. Basic idea of the present FR method. (a) In a usual reactor,
a mixture of the two reactants, H; and an olefin (C27), is admitted and
the (competitive) two rate processes, the dissociation (I) and association
(1) of Ha, producing alkane (C), occur simultaneously. (b) The two
rate processes, I and II, are separated in this work by a proton-
conducting membrane. The migration of atomic hydrogen on catalysts
can be detected by current due to the flow of H* across the membrane.
If pressure of either H, or C>~ is varied harmonically, the current would
also be varied harmonically and its amplitude and phase lag would
depend on the frequency. On the basis of these FR data, kinetic details
of the two rate processes could be separately investigated.

(2) The surface migration of atomic hydrogen on catalysts
could be detected by the current of Ht across the membrane.

(3) Let the pressure of either H, or C>~ be forced to oscillate
harmonically by varying the volume of a reactor (using complex
notation):

P(t) =P+ AP(t); AP(2) = AP exp(iw?) )

where P denotes the mean pressure corresponding to that at a
steady state of the reaction (see Figure 1b) and w is the angular
frequency. Then the current of HY, I, would also be oscillated,
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and the variation induced may be expressed in general by
Al(r) = Al,, exp{i(wt—¢)} 2

Since we shall usually choose a condition of AP/P < 1, the
variation can be expressed as

AI(H) = K* (w) AP(2) 3)
where
AI(U .
K (w) = AP exp(—i¢) 4

The coefficient K} (w) may be observed and is named a
“reaction rate (or FR) spectrum”.

On the other hand, “characteristic functions”, Kj(w) and
K&w), have been derived on the basis of a Horiuti—Polanyi
mechanism to interpret K% (w). A variety of FR spectra are

shown to be reproduced well by these functions.

2. Experimental Section

2.1. Membrane Catalyst. A proton-conducting membrane
(Nafion 117; DuPont) was used as solid polymer electrolyte;
platinum or rhodium catalysts were deposited on both sides of
the membrane by a chemical plating method by Takenaka and
Torikai.’> The apparent densities of Pt and Rh were ca. 1 x 10
mg/cm?.

2.2, Apparatus. The FR apparatus is schematically shown
in Figure 2a, and the detailed structure of the pyrolytic graphite
electrodes to support the membrane is depicted in Figure 2b.
The system was sealed with greaseless stopcocks and a sheet
of Viton.

Since the conductance of the membrane was ca. 0.1 Q! when
it was exposed to wet Hy (~20 Torr; 1 Torr = 133.32 Pa), it
may be regarded as a proton conductor. The temperature of
the membrane was kept at 314 K; since the humidity of the
membrane decreases with increasing temperature, there was an
optimum temperature around 314 K.

Hydrogen (in commercial cylinder; 99.99% pure) and pro-
pylene (in commercial cylinder; 99.8% pure) were used without
further purification.

2.3. Current of H*, The current of H across the membrane
was controlled by means of a potentiometric method; the electric
circuit outside of the cell reactor is shown in Figure 3. The
protonic current Ic can be determined by measuring Ex and Ec:

3 (E E

where R¢ denotes the resistance of a variable resistor of 1 kQ;
Ea (or Eg) is the potential difference between A (or C) and O.
Let us introduce the short notation Hy|Pt//Pt|C;%~, which
means that gaseous H, and C3Hg (C327) were admitted into the
compartments separated by the membrane on both sides of
which Pt was deposited; in this work, the other system denoted
by H,|Rh//Rh|C3?~ was also investigated for comparison.
Typical data on I (determined by eq 5) are shown versus
Ec in Figure 4a,b which were observed in a H|Pt/Pt|C;2~
system; dependence on the pressure of either Hy(Py) or C32~(Pc)
is demonstrated. Obviously, the dependence on Py was greater
than that on Pc. In the measurements, only Rc was changed
(although electrodes of the battery were exchanged to make Ex
< 0 for the measurements over the range of Ec < 0); Ea
remained almost constant, and therefore the internal resistance
of the battery Ea can be neglected. Since the proton cannot be
supplied by C32~, the membrane behaved like a diode.
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Figure 2. Schematic representation of the FR apparatus. (a) Cell
reactor: (A) electric circuit to determine the protonic current, detail of
which is shown in Figure 3; (B) metal bellows to vary the gas space;
(C) leading wire; (E) electrodes made of pyrolytic graphite; (F) holder
made of glass to fix the electrode; (G) sinusoidal wave generator; (H)
coil heater to keep the temperature of membrane constant; (P) pressure
gauge (MKS Baratron, type 223BD); (S) greaseless stopcock using
O-rings; (T) thermocouple; (W) distilled water at room temperature to
keep moisture in the gas constant in order to wet the membrane. (b)
Detailed structure of the pyrolytic graphite electrodes (37 mm
diameter): (C) leading wire; (E) electrode to collect electrons, on the
contact surface of which V-shaped grooves and holes were made to
make the diffusion of the gas to the membrane easier; (M) Nafion-H,
on both sides of which Pt or Rh was deposited.

Figure 3. Electric circuit to supply voltage to control and determine
the current of HY, Ic, across the membrane by a potentiometric
method: (M) membrane; (Rc) resistance of a variable resistor of 1 kQ;
(Ea) a battery.

The activity of catalysts only slowly decreased (week by
week).

24. FR Measurements. The gas space of the lower
compartment (= ca. 1 dm?, see Figure 2a) was varied sinusoi-
dally by means of metal bellows after a steady state was attained.
The pressure variation induced was expressed well by eq 1;
the mean value of the oscillation P was usually 20 Torr in this
work; and the amplitude AP was rather small, i.e.,

AP/P ~ 0.06 (6)

Changes in the Ic—Ec curve when the pressure of H, or C32~
was increased or decreased are schematically shown by the three
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Figure 4. Typical data on Ic versus supplied voltage Ec at 314 K
obtained in a system of Hy|Pt//Pt|C;>". (a) Dependence on the pressure
of hydrogen: Py/Torr = 10 (a), 20 (O), and 40 (O), while Pc was
kept at 20 Torr. (b) Dependence on the pressure of propylene: Pc/
Torr = 10 (a), 20 (1), and 40 (O), while Py was kept at 20 Torr.

lines in Figure 5; each conductance « of the three lines given
by the slope may be regarded as identical because of the small
amplitude of the oscillation. On the other hand, since Ic and
Ec are always correlated with each other by eq 5, the change
induced by the pressure variation occurs along the dashed
straight line in Figure 5, which is given by

10
(10° = Ro)Rc

The variation Al-(f) was determined by measuring AEc(f)
by a pen recorder. However, we are interested in Al(#) indicated

by the broad arrow along the vertical line in Figure 5. One
easily finds that AI() can be determined by adding two terms:

Al = - AE(7) ™

10°

Al(t) = | —————
® {(103—RC)RC

+ K}{—AEc(t)} ®)

Consequently, the FR spectrum K* (w) defined by eq 4 may
be determined by

10°

K* =)
obs(w) {(103 _ RC)RC

+ K}(AEw/AP) exp(—i¢)

= (AL/AP) exp(—i¢) ©)

where AE,, denotes the amplitude of AEc and ¢ is the phase
difference between —AEc(f) and AP(t); Rc was around 10 Q
and « was around 3 x 1072 Q7! in this work; w was scanned
over a range from 0.002 to 0.5 Hz.

Change in Py was negligible in the course of the FR
measurements.

3. Results

(1) First, let us cogsider FR data obtained in a H,[Pt/Pt|Ca2~
system; the tilde of Hy means that Py was varied. The relative
amplitude Al,/APy and phase lag ¢ are plotted versus w by

Yasuda et al.

Figure 5. Change in the current of H* induced by APy or AP¢ during
FR measurements. Al was determined by measuring AEc. However,
we are interested in Al (see text).
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Figure 6. FR data to APy obtained in three different systems: (O) in
H,|Pt/Pt|Cs2~, (M) in H,|Pt//Pt'{C5?", and (@) in Hz|Rh/Rh|C5?; the
tilde of H, means that the pressure of hydrogen Py was varied. (a)
The relative amplitude Al,/APy versus w. (b) The phase lag of ¢
versus w. Each solid curve represents calculated results from K{(w)
with the seven parameters given in Table 2 corresponding to small
circles in Figure 8a.

open symbols in parts a and b of Figure 6, respectively; other
data obtained in a separate series carried out with a different Pt
membrane, denoted by H,|Pt'//Pt'|C32™, are plotted together by
solid symbols.

(2) On the other hand, FR data obtained in the H,{Pt//Pt|C;2~
and H,{Pt'//Pt'|Cs?~ systems are plotted by open and solid
symbols in Figures 7a,b; the tilde of C32~ means that Pc was
varied in this case.

(3) FR data obtained in another series of measurements with
Rh catalysts, Hy|Rh/Rh|C3?~ and Hy|Rh/Rh|C32", are plotted
by the half-solid symbols in Figures 6 and 7 for comparison.

Every two kinds of data, AI/APx and phase lag ¢, are plotted
simultaneously by a vector, as shown in Figure 8a,b; an example
for the transformation is demonstrated by the arrow.

4, Theoretical Section

4.1. Reaction Mechanism. A variety of papers about
catalytic hydrogenation reactions of light olefins have been
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Figure 7. FR data to APc obtained in three different systems: (4) in
H,|Pv/Pt|/C3*", (a) in Ha|Pt'//PY'|Cs?", and (A) in Hy|Rh/Rh|Cs?; the
tilde of C32~ means that the pressure of propylene Pc was varied. (a)
The relative amplitude Al /APc versus w. (b) The phase lag of ¢ versus
w. Each solid curve represents calculated results from K¥(w) with the
seven parameters given in Table 2 corresponding to the small circles
in Figure 8b.
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Figure 8. Comparison of FR data with calculated results. (a) Polar
plots of the FR data on Al,/APy and ¢ given in Figure 6a,b. An
example for the transformation is demonstrated by the arrow. (b) Polar
plots of the FR data on AI/AP¢ and ¢ given in Figure 7a,b. Each
circle represents calculated results from K}(w) or K¥(w) using the
seven parameters summarized in Table 2. The notation is that of Figure
6 or 7.

published, and the Horiuti—Polanyi mechanism,® containing
half-hydrogenated adsorbed species (see Figure 9), has widely
been supported.”8 Recently, on the basis of steady-state kinetic
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Figure 9. Horiuti—Polanyi mechanism for catalytic hydrogenation of
ethylene.
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Figure 10. Rate equations contained in the three-stage model, of
which variables are explicitly shown. Characteristic functions, K}
(w) and K¥(w), have been derived from these functions on the basis of

material balance only. The protonic current in Figure 1b is indicated
by I.

studies, deuterium tracing measurements, vibrational spectros-
copy, and temperature-programmed desorption, a Horiuti—
Polanyi mechanism modified by a hydrogen activation step has
been proposed.’

Based on the mechanism, a three-stage model containing five
elementary steps,

5 Sa Sg R
X(g) = Ay(a) = By(a) — product (X: Hor C)

is adopted in this work, where X represents H; or olefins in the
gas phase; Ax and Bx denote the first and second intermediate
adsorbed species, respectively; and the subscript H or C indicates
hydrogen or olefins, respectively.

4.2. Rate Equation at Each Stage. Rate equations at the
three stages are demonstrated in Figure 10. The basic assump-
tions for them are as follows.

(1) Sa and S'4 at the First Stage. According to Langmuir
kinetics, the rate equation at the first stage may be described
by (subscript X is omitted for simplicity)

dA/dt = kPN, — A — kA", n=1or2  (10)

where A denotes the amount of adsorbed species A; P is the
pressure of adsorbate; k, and kg are the rate constants for
adsorption and desorption, respectively; and N; is the amount
of sites available for the adsorption.

It is assumed therefore that the rate equation for the
adsorption—desorption of H» or olefins at the first stage can be
described in general by a function of both P and A:

Sy = Sa(PuAp) an
and
s = 8 A(PcAD (12)

where Py and Pc denote the pressures of H; and the olefin,
respectively; Ay and Ac are the amounts of adsorbed species
produced at the first stage.
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(2) Sg at the Second Stage of H,. The second stage for Hj
corresponds to the hydrogen activation;’ Sg would be affected
by both Ay and By, where By denotes the amount of atomic
hydrogen produced at the second stage. Let us introduce a
working hypothesis here: only variable B is accompanied by
the other variable B (=dB/ds), so that we have

Sy = Sy(Ay,By.By) (13)

This hypothesis is based on the fact that the unusual rate
equation of R(P,P) was effective in reactive systems, as reported
previously.*1011 Tt should be emphasized that this function does
not exclude any ordinary rate equation expressed by Sa(Au,Bu).

(3) S’ at the Second Stage of Olefins. The second stage for
olefins corresponds to the initial hydrogenation (or transforma-
tion of Ac to Bc); $'s would be affected by B'y, Ac, and B,
where By denotes the amount of atomic hydrogen located on
the opposite side of the membrane (see Figure 10). According
to the hypothesis, we have

Sy = S’B(B’H’B,H;AC’BC’BC) (14)

(4) R at the Third Stage. Since the last stage would be
affected by B’y and Bc, considering the hypothesis, we have

R = R(B'y,B\;Bo,B.) (15)

(5) It is assumed further that B’y is proportional to By, which
means no phase lag between B’y and By; it would be accepted
when the membrane is a proton conductor:

B’y(t) = gBy(?) (g: constant) (16)

4.3. Characteristic Functions. On the basis of the various
rate equations demonstrated in Figure 10, we can derive two
kinds of characteristic functions to describe FR spectra as
follows.

When the pressure of a reactant is varied, the amount of A
and then that of B would also be varied. Their variations may
be expressed in general by

A=A + A4, exp{i(wt — ¥,)} = A + AA* exp(io?)
amn

and

B(1) = B + AB,, exp{i(wt — )} = B + AB* exp(iwr)
(18)

provided that AP(r)/f’ < 1, where AA, and AB,, denote the
amplitudes of the oscillation and 14 and g are the phase lags
behind the pressure variation (the subscript X for A and B is
omitted for simplicity).

Since the variation was harmonic, we evidently have

B(t) = iwAB? exp(iw?) (19)

Substituting eq 1 and eqs 17—19 into the various rate
equations in Figure 10, we can derive variations in all elementary
reaction rates, ASa, AS’s, ASg, AS's, and AR, induced by AP(¥).
In the derivation, the Taylor series expansion to the first order,
ie.,

Sfot+Ax,y+Ay) = flxy) + (3f/ox),Ax + (3f1dy),Ay (20)

was available irrespective of the functional form, because the
relative amplitude of the volume variation and necessarily that
of the pressure variation was small. Consequently, all rate
equations can be linearized.

Yasuda et al.

TABLE 1: Seven Rate Constants Involved in Each
Characteristic Function, K}(w) or K¥(w)

. Su(BiBirAcBeBo) +
Sa(Pu.An) Sa(An,Bu.Bu) R(B.By:BeBe)
Ki(w)® OSa/0Pua=ken  (358/0Am)s = kan  [3(S + RV/3By) = ken
—(8Sa/8An)p = k-an —(3S8/0Bu)a = k-pn [8(Sy + RYoB] = len
—(0Sp/9Bu)a = l-Bu

SA(PcAC) Sa(BiyBiAcBeBe)  R(BiyBiiBe.Bo)

Kxw) (OSNAPOs=ke  (OSyldAdy=ksc  (RIBO) = kac

— (3Sp0AQ)p = k-ac = (3S/3Bo), = k-pc (3RIBBC) = Inc

— (8S4/8B0), = l_sc

a For a Ha|//|C?~ system. ® For a H,|//|C? system.

(1) In a Hs//C?~ Case. Let us consider a case where Py is
perturbed. On the basis of material balance, the appearance
rate of Ay species can be expressed by

dA,/dt = S,(Py.Ap) — Sg(AByBy) (21)
and that of By species is given by
dB/dt = Sg(Ay,By.By) — S'5(B 1B wiAcBeBe) —
R(B',B'\;BcBo) (22)

On the other hand, the current of H* is expected to be given
by

1= S5(B'y,B'yiAcBc-Bo) + R(B B wiBoBo)  (23)

Substituting eq 1 and egs 17—19 into eqs 21—23, we can derive
an expression connecting AI(f) with APy(f) (Appendix A):

AI(t) = Kf(w) APy(0) 24)
where
Ki(w) = {kppkaplkpy T iwly )/ O} (25)
and the short notation

O = (k_py + knpy T i) {k_gy + kgy +
i0(1 + I_py + L)t —kau(k_py + i0l_gy) (26)

has been used. The definitions for the seven parameters
involved in Kj(w) are listed in the first row of Table 1; partial
derivatives with respect to B and B are distinguished by k and
1, respectively.

It is noted that Ac and B¢ have been fixed in the derivation,
because Pc was kept constant in this case.

(2) In a H)lIC?~ Case. Let us consider the other case where
Pc is perturbed. The appearance rates of Ac and B¢ species
can be expressed by

dAJ/dt = S\ (PoAp) — S's(B' B 1AcBo,Be)  (27)
and
dB/dt = S'5(B'yB'AcBeBe) — R(B B i:BeBe)  (28)

The current of H* may be given again by eq 23.
Substituting eq 1 and eqs 17—19 into egs 27, 28, and 23, we
can derive (Appendix B)

Al(t) = K¥(w) AP(2) 29)
where

K5w) = kpckpc{2kge + io(1 + 2,0H®  (30)
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TABLE 2: Experimental Conditions and Parameters Evaluated by Computer Simulation (X: H or C)
X— koax kax k-x kex —B— mean
catal. Ecf (mV) |Ic| (mA)  kpx (mA/Torr) (min~1) (min~!) I_Bx Ipx dev. 6% x 102
APy Pt//Pt 21.8 1.15 7.89 279 5.9 7.5 4.60 0.00 1.00 2.31
PU//PY =227 1.85 9.11 133 0.90 0.95 42.6 0.09 0.92 221
Rh//Rh =50 0.64 3.03 59.8 0.35 1.69 16.1 0.94 0.00 3.56
APc Pt//Pt —61 1.22 0.024 4.8 7.9 18.6 11.8 —0.16; —0.83; 3.99
Pt'//Pt -5.0 3.26 0.023 21.0 9.86 7.76 9.80 -0.13 -0.85 5.06
Rh/IRR 22.5 0.62 0.024 0.14  0.66 0.54 0.10 —0.17 —0.78 4.02

“ The negative value of Ec means that the current |/;| was hindered by the supplied voltage. ®d = (I/N)EZ[{K%(w) — K,"g(w)}z]” %
(AIJAP),,,, where N denotes the number of data and (AI/AP)y. is the maximum value of (Al,/AP) obtained in each run.

and the short notation

= (k_p + koo + i) {k_pe + ke +
i0(1 + I_pe + Iy} = kaclk_ge + iwl_ge) (31)

has been used. The definitions for the seven parameters
involved in K¥(w) are listed in the second row of Table 1.

5. Data Analysis

5.1. FR to APy(t). Comparing the real and imaginary parts
of K} (w) in eq 4 with those of K¥(w) in eq 25, we get two
relations:

Re{K}(w)} = (AI/APy) cos ¢ (32)

and

~Im{K}(w)} = (AL/APy) sin ¢ (33)
Matching the calculated results on the left-hand side of eqs 32
and 33 to the experimental ones on the right-hand side plotted
in Figure 8a, we evaluated the seven parameters involved in
K}(w) by computer simulation on a trial and error basis. The
calculated results are shown by the small circles in Figure 8a,
and the parameters concluded are summarized in Table 2.
Evidently the calculated results can also lead to (AL/APy)calc
and ¢ individually; the results are demonstrated as a function
of w by the solid curves in Figure 6a,b. Since the experimental
errors were within the size of each symbol, we can say that
they were reproduced well by Kj(w).

5.2. FR to APc(#). Comparing K% (w) in eq 4 with K}
(w) in eq 30, we get two relations:

Re{K(w)} = (AL /AP_) cos ¢ (34)

and

~Im{K&(®)} = (AL /AP) sin ¢ (35)

Matching the calculated results on the left-hand side of eqs 34
and 35 to the experimental ones on the right-hand side plotted
in Figure 8b, we evaluated the seven parameters involved in
K¥(w) by computer simulation on a trial and error basis. The
calculated results are shown by the small circles in Figure 8b,
and the parameters concluded are given in Table 2. The
calculated results can also lead to (Al/APc)cac and @car; the
results are demonstrated as a function of w by the solid curves
in Figures 7a,b. They also agreed well with the measurements
within experimental error.

6. Discussion

If all I's in Kf{(w) and K¥w) are fixed at zero, these
functions are reduced to characteristic functions derived fro_m
ordinary rate equations (excluding the additional variable B),

K (@) and K¥_(w):

K@) = kpykapkan/© (36)

where

O, = (k_pgy T kay T i)k _gy T kpy T iw) — kapgk_pg
(37

and

K% (@) = kpckac(Zhge + i0)/®_ (38)

where

(39

Since Ky (w) is always above the x-axis and usually
intersects the y-axis in Figure 8a, it is evidently impossible to
explain the various FR data demonstrated in Figure 8a. Further,
since K¥ (w) is usually asymptotic to (0, 0) as w — oo along
the y-axis from the upper side in Figure 8b, all actual data cannot
be interpreted by K¥ (w). However, K¥(w) becomes asymp-
totic to (0, 0) from the lower side if 1 + 2/gc < 0 or lzgc <
—0.5 is satisfied (see Table 2).

Although the physical meaning remains obscure, the working
hypothesis of B was effective in the data analysis. To confirm
its validity, a variety of conclusions that can be derived from
the evaluated parameters in Table 2 will be discussed below.

6.1. Ordinary Rate Constant, k. (1) The two rate constants
concerned with Sa at the first stage of Hy are defined as

kpyy = (3S,/0Py) 5 (40)

and

k_sy = —(8S,/0AR)p 41)

Although kpy in eq 40 depends on the amount of catalysts,
k-an is independent of the amount of catalysts, because both
numerator S4 and denominator Ay depend in the same way on
the amount of catalysts; the other three k’s in Table 1 or 2,
kan, k-Bu, and kpu, are also independent of the amount of
catalysts. This is a great advantage of the present FR method
because they are characteristic of active sites and therefore can
be compared with each other.

On the basis of the values for kpy’s and kpc’s in Table 2, it
is concluded that (i) adsorption of H; is faster than C32~ over
both catalysts because

kpy > kpc over both catalysts 42)
(ii) both reverse and forward rates of Ax species over Pt are

faster than those over Rh because
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k_,xover Pt > k_,, over Rh
kx over Pt > k,y over Rh (X: Hand C) (43)
(2) The rate constant kay is defined by
kay = (0S3/0A)5 (44)

Since both k—an and kay are concerned with the same Ag
species, the ratio 7y defined by

Napu = kap/(k_apg + kap) (45)

gives the transition probability of Ay species to By species.
On the other hand, since k—_gy and kpy are defined as

k_py = —(08g/0By) A (46)
and

ky = [8(S'y + R)/0By) @7)

the ratio ngy defined by
Nen = kpp/(k_gy + kpy) (48)

gives the transition probability of By species to the half-
hydrogenated species and propane.

The values of 7au and #u and also those of #ac and ¢
calculated from k’s in Table 2 are summarized in Table 3. It is
concluded therefore that (i) most Ay species reverse to the gas
phase over both catalysts because

Nan K1 over both catalysts 49)
while the possibilities for the reverse and forward reactions of
both Ac and Bc species are comparable over both catalysts
because

Nac and g ~ 172 over both catalysts  (50)

(i1) the transition probability of B¢ species to propane over Pt
is greater than that over Rh because

Hgc OVer Pt > 5. over Rh (51)

(3) Since the sum of k—an + kay gives the (whole) rate
constant for the disappearance of Ay species, provided that each
rate is proportional to Ay, the inverse is expected to give a mean
residence time of the adsorbed species, Tap:

Ty = Vk_yy + kapp) (52)

In the same way, the mean residence time of By species, tpy,
could be given by

Tpy = V/(k_py + kgy) (53)

The results calculated from the values in Table 2 are
compared in Table 4. It is concluded therefore that (i) the
residence time of Ay species is shorter than that of By species
over both catalysts because

Tan < Tay over both catalysts (54)

(ii) the residence time of Ay species is shorter than that of Ac
species over both catalysts because

Tap < Tac over both catalysts (55)
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TABLE 3: Transition Probability of Ax Species to By
Species (=7,x) and That of Bx Species to Product(s) (=#sx)
X:Hor C)

b a b

catal. g’ MBH Nac 7BC
Pu/Pt 0.021 0.38 0.62 0.39
Pt//PY 0.007 0.98 0.32 0.56
Rh//Rh 0.006 0.91 0.83 0.16

T fax = kax/(k-ax T kax). ® 78x = kx/(k-sx *+ ksx).

TABLE 4: Mean Residence Times of Ax- and By Species
X:Hor C)

catal. TAn/S? Teu/s? Tac/s? Tac/s?

Pt//Pt 0.21 5.0 4.7 2.0
PU//PY 0.45 1.4 1.9 34
Rh//Rh 1.0 34 75 94

“Tax = U(k-ax + kax). ® tox = U(k-px + kgx).

(iii) the residence time of Ac¢ species over Pt is considerably
shorter than that over Rh because

T,c over Pt < 7, over Rh (56)

(iv) the residence time of B¢ species over Pt is considerably
shorter than that over Rh because

Tge Over Pt < 75 over Rh (57)

6.2. Novel Rate Constant, I. (1) The two novel rate
constants concerning By species are defined by

I_py = —(8Sy/0By,) (58)
and
lon = [8(S'5 + R)/3By) (59)

It is worth noting that these constants are nondimensional. On
the other hand, those concerning B¢ species are given by

I_pc = —(385'y/3B) (60)
and
Ipc = (3R/3B) (61)

The resuits in Table 2 show that (i) the novel rate constant
concerning hydrogen is positive over both catalysts,

[_gyand lzy >0 over both catalysts (62)
whereas the constant concerning propylene is negative over both
catalysts,

I_gcand lgc <0 over both catalysts (63)
(ii) A remarkable difference between Pt and Rh was derived in
s,

over Pt (64)

lgy = 1
whereas

l_gg=1 over Rh (65)
(2) Numerous investigators have employed steady-state
kinetic measurements in catalytic hydrogenation of light olefins

and concluded that when the overall rate Ry was expressed by

Ry = kP{PC
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TABLE 5: Elapsed Times for the Reverse and Forward
Reactions of B¢ Species

catal. 1-BCls tacls?

Pu/Pt 0.53 42

PU//PY 1.0 5.2

Rh//Rh 18.9 468
“1_gc = —l_pclk-nc. * tsc = —Inclknc.

the orders of reaction, m and n, were’:8!2
m=~landn=<0

The opposite signs in I’s concerned with hydrogen and propylene
suggest that if a reactant plays an active role, the value of /
concerning the reactant becomes positive, while if a reactant
plays a passive role, / of the reactant becomes negative.

6.3. Complex Rate Constant, £ + iwl. Each novel rate
equation involving B and B leads to a “complex rate constant”
{more strictly, coefficient); for example, eq 15 leads to

AR() = (Ko + il ) AB(D) (66)
or
AR(f) = (kg + iwly) ABL(D) (67)

provided that either Py or Pc is varied, respectively.

The negative values of /(] = [ > 0) in eq 63 could be
interpreted as follows: the complex rate constant in eq 67 can
be transformed as

—iwl’ ~ k exp(—iwl'lk) (68)

in a lower w region where @ < &/l is satisfied. Substituting
eq 68 into eq 67, we have
AR(?) = kgcAB(t — tge), ¢ = Ulkge (69)

Therefore, I'/k can be regarded as a time lag or an elapsed time,
t, at the elementary step. The results calculated from the values
in Table 2 are summarized in Table 5.

6.4. Extreme Case of @ — 0. (1) Let us consider the steady
state corresponding to w — 0. According to the results given
in Appendices A and B, we have

B_IFO AAY = {kpulk_py T kpu)/ O} APy 70
and
}}Elo AB} y = {kpukan/©o} APy (71
where

Oy = (k_ay T kap)k_pu + kp) — kaphpy  (72)
Evidently, the gradient of the adsorption isotherm expressed
by Au(Py) or Bu(Py) can be given by the coefficient in
parentheses in eq 70 or 71, respectively.

Further, dividing eq 71 by eq 70, we have the ratio of the
two gradients of their adsorption isotherms:

(d‘?}{/d}?}{)( KBH) lim AB} 4 _ kan
(dA/dP)\ Kay) o0AAYy  k gyt kgy

(73)

In the same way, we can obtain the following relations:
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lim AA% ¢ = {kpc(k_pc + kpc)/ @} AP (74)
clui_‘flo ABY « = {kpckac/Po} AP (75)

where

@, = (k_pc T kac)k_pc t kpc) — kack_pc ~ (76)

Therefore, we have the ratio of the gradients of their adsorption
isotherms:

(dBo/dPe) RBC . AB¥ . kac
—_— = lim — an
(dA/dP() KAC 00 AAY k—BC + kg
The results calculated from the values in Table 2 are given in
Table 6. It is concluded therefore that (i) the gradient of the
adsorption isotherm of By species, Kpu, is considerably smaller
than that of Ay species, Kan, over both catalysts because
Kp/Koyy < 1 over both catalysts (78)
(ii) the gradient of the adsorption isotherm of Bc species, I_(Bc,
is smaller than that of Ac species, Kac, over both catalysts

because
Kp/Ky <1 over both catalysts (79)

(2) Since all rate equations ought to agree in a steady state
with the overall reaction rate Ry, we have

S a(PeAc)
RBW0:B0)  (80)

Ry= SA(PH’AH) = SB(AH’BH’O) =
= §'p(B'1,0:AcBo0) =

In traditional methods based on steady-state kinetic studies,
dependence of Ry on P, A, and/or B has been discussed. The
overall rate at a stage was often divided into two parts,
corresponding to the forward and reverse reaction rates; for
example,

SAPuAy) = vy = vy

On the basis of deuterium tracing measurements, v+ and v-
were discussed in detail;®!? further, S was postulated in a case
to be expressed by Langmuirian kinetics.?

However, it should be emphasized that (i) any hypothesis
has been avoided to rate equations in this work. (ii) k does not
correspond to v+ or v- but to each derivative such as (dv4/
0Py) or —(au_/BAH) Therefore, & would only indirectly depend
on P and A. (iii) Although the ratio of v-/v+ at an elementary
step has often been discussed, '3 7 is concerned with either A
or B species.

6.5. Miscellaneous. (1) One experimental point plotted in
Figure 8 leads to two simultaneous equations given in egs 32
and 33 or in eqs 34 and 35; the seven parameters for the H,|Pt/
/Pt|C32™ system in the first row in Table 2, for example, were
determined by optimizing 20(=10 x 2) simultaneous equations.

(2) Since every experimental datum involves experimental
errors, there was an apparent (local) minimum in the computer
simulation. Therefore, to decide which minimum is preferable,
we considered that the inequality of 74 < 7g should be satisfied.

(3) The FR spectra obtained with different Pt catalysts were
considerably different, as shown in Figure 8, but the origin
remained obscure; the differences in k’s with respect to hydrogen
were greater than those with respect to propylene, while the
values of I’s were almost identical. The most remarkable
difference was in the values of kgn.



17860 J. Phys. Chem., Vol. 99, No. 51, 1995

TABLE 6: Ratio of the Gradient of the Adsorption
Isotherm of Bx Species (=Kgx) to That of the Adsorption
Isotherm of Ax Species (=Ksx)

catal. I_(BI-{/I_(AHH RBC/[—{AC[’
Pt//Pt 0.49 0.26
Pt'//Pt 0.021 0.56
Rh//Rh 0.020 1.03

o Rou/Kan = kan/(k-pn + kan). * Koc/Kac = kac/(k-sc + ksc).

(4) Dependence of the rate constants on Ec and/or Ic (see
Table 2) remained obscure.

Both mass and energy must be conserved at every elementary
step although their separation is difficult, while energy conser-
vation law usually plays an important role in mechanical
kinetics. It seems of interest that “adsorption-assisted desorp-
tion” has been observed by Yamada et al.,'*!* suggesting a role
of B. A possible explanation for the role is as follows: since
the reaction is exothermic, the temperature at active sites would
necessarily be higher than surroundings and would be affected
by B rather than A. The opposite signs in I’s with respect to
APy and AP¢ suggest heat effects.

7. Concluding Remarks

One can often obtain a wide variety of models that account
for observed kinetic phenomena. However, it should be
emphasized that (i) if the kinetic model demonstrated in Figure
10 is accepted, both K} and K¥ may be derived straightfor-
wardly on the basis of material balance only, although the
following two relations are essential: AB'y = gABy in eq 16
and AI = AS’s + AR from eq 23. (ii) The various FR spectra
in Figure 8a,b covering a wide range of ¢, 140° > ¢ > —6° for
APy and 260° > ¢ > 23° for APc, have been reproduced well
by K and K¥, which are very flexible due to the novel rate
constant /. (iii) Various conclusions that were derived from
the evaluated parameters appear to be reasonable; at least, they
contain no conflicts such as k£ < 0 and |I|> 1.

It is worth noting that (iv) the rate constants concerning the
reverse reaction as well as the forward one have been derived
from the FR spectrum without any isotope-tracing measure-
ments.

Although the ability of their kinetic model to describe the
experimentally observed FR spectra cannot be considered as a
final proof for the validity of the suggested model, the present
results do point to the efficiency of the present FR method. To
verify the working hypothesis of B, we evidently need more
measurements with other combinations of metals and/or reac-
tants.

Appendix A
Substituting eq 1 and eqs 17—19 into eq 21, we have

iwAAY = (kpy APy — k_ yAA% ) —
(kapAAY y — k_gpABY y — iwl_gyABY ) (A-1)

which may be rewritten as
(k_apy T kay T i0)AAY ;=
kpgAPy + (k_py + iwl_g)ABY 4 (A-2)

On the other hand, substituting eq 1 and eqs 17—19 into eq 22,
we have after some rearrangements

{k_py T kgy Tiw(l + gy + [g)}ABY y =k, yAAY 4
(A-3)
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In the derivation, Ac and B¢ have been regarded as constant,
because APc(f) = 0 in this case. Since direct proportion
between B’y and By species is assumed, we have

B’y = gBy (g: constant) (A-4)

which leads to

W+ B L, _[MSHERY
BB’H wH aBH wH ~ *BH wH

(A-5)

This relation has been used in the derivation of eq A-3.
Combining eqs A-2 and A-3, we have

AAY g = kpylk_gy T kgy T iw(1 + [_gy + lzy) }APL/O
(A-6)
and
AB} i = kpykyAP,/O (A-7)
where

O = (k_pyy + ko T i0){k_py + kgyy +
i1 + gy + I} —kan(k_py + iwl_gy) (A-8)

On the other hand, eq 23 leads to the variation in the current
of H* induced by APy(¥):

S +R), S’y +R)

e[ e, 0
H

(kg + iwlg)AB% , (A-9)

. rx —
aB'H }I(UAB wH

Substituting eq A-7 into eq A-9, we have K#i(w) in eq 25.

Appendix B

Substituting eq 1 and eqs 17—19 into eqs 27 and 28, we have
after some rearrangements

(k_nc + kac + i0)AAX . =
kecAPe + (k_ge + iwl_go)AB* . (B-1)

and

{k_pc + kpc +iw(l + I_gc + Igo)}ABE o =k, cAAY
(B-2)

where Ay and By have been regarded as constant, because APy-
(1) = 0 in this case.
Combining eqs B-1 and B-2, we have

AA% - = kpel{k_pc + kge +iw(l + I_gc + ) AP/P
(B-3)

and
AB¥ = kpck,cAP/P (B-4)
where

D = (k_pc + ko + i0){k_pc + kye +
(1 + I_ge + lg0)} = kaclk_ge + iwl_go) (B-5)

On the other hand, eq 23 leads to the variation in the current
of H* induced by APc(5):
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ALY = kycAAY  — (k_pc T iwl_g)ABJ - +
(kBC + ia)ch)ABz.C (B'6)

Substituting eqs B-3 and B-4 into eq B-6, we have K¥(w) in eq
30.
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