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The dynamics of the platinum catalyzed interconversion of methylcyclohexane, toluene, and hydrogen near
equilibrium were investigated in a closed reactor system by a frequency response method at temperatures in
the range of 433 to 473 K and at total pressures in the vicinity of 80 to 110 Torr. The gas phase in contact
with the platinum catalyst was always hydrogen-rich, with hydrogen to hydrocarbon mole ratios maintained

in the range of 3.2 to 4.6. The frequency response method utilized small perturbations (lower than 1%) of the
volume of the system, with measurements of the total pressure being used to determine the response of the
system. The range of perturbation frequencies investigated was approximately 0.002 to 3 Hz (0.013 to 19 rad
s 1). The experiments revealed two characteristic relaxation frequencies that are associated with the dynamics
of the interconversion. The dynamics of the system are interpreted in terms of a simple two-step interconversion
sequence with the aid of a phenomenological frequency response theory formulated in terms of relaxation
frequencies of the steps and equilibrium properties of the system. It is concluded that one of the steps, a
toluene adsorptiondesorption step, is much slower than the other, a step involving the interconversion of
the gas-phase methylcyclohexane and chemisorbed toluene that releases or consumes hydrogen in the process.

Introduction oscillate in phase with the externally imposed oscillations. When
the relaxation frequency is comparable to the frequency of
oscillation of the external parameter involved in the perturbation
of the system, the concentrations oscillate at the imposed
frequency but out of phase with it. Measurements of the
amplitude and phase lag of these resulting oscillations as a
function of the frequency of the imposed oscillations provides
1 the information for the determination of relaxation frequency
—_— + 3H, O or its reciprocal, the relaxation time.
The frequency response approach has attracted the attention
of scientists and engineers for a variety of problems, including
A frequency response approach, which is one version of a morethe automatic control of process&¥the study of diffusion and
general category of methods used to study relaxation phenom-adsorption in porous soli#%25 and investigations of reaction
ena;~’ was employed in the investigation. engineering® 28 For fundamental studies of the kinetics of
In such methods, a system in a steady state or in a state ofchemical reactions, it has received particular attention for very
thermodynamic equilibrium is perturbed by a change in an fast reactions in solutioh®2°3However, it has received very
external parameter (e.g., temperature, pressure, volume, andittle attention for fundamental investigations of the dynamics
electric or magnetic field intensity) affecting the state. The rate of reactions catalyzed by surfaces. In 1989 Yastdeported
of relaxation back to such a state is then followed in some results of a study of the kinetics of the hydrogenation of
manner, thereby producing data for the characterization of Onepropy|ene on a platinum catalyst by a frequency response
or more relaxation times or relaxation frequencies for the system. method. Shortly after the Yasuda work appeared, Schrieffer and
In the frequency response approach, the external parameter issinfel2 presented a theoretical frequency response analysis of
oscillated at a frequency which can be varied over a range simple surface reactions in flow systems, since heterogeneous
suitable for the system under investigation. If the frequency of Ca‘[a]ysis is most Commomy carried out by passage of a fluid
oscillation is large compared to the relaxation frequency of the stream through a bed of catalyst particles under steady-state
system, the response of the system is nil; that is, a property of conditions. The paper placed emphasis on how frequency
the system such as a concentration of a component of a reactiotesponse studies of the perturbation of the steady state could
mixture will not exhibit corresponding oscillations about the yield kinetic information not obtainable in a conventional steady-
steady state or equilibrium values. At the other extreme, the state mode of operation. Since the paper was strictly theoretical
relaxation frequency may be so high that the concentrationsin nature, however, it still remained to be seen how well
experiments could be conducted to obtain the data required for

In this paper we report results of an investigation of the
dynamics of the platinum catalyzed interconversion of meth-
ylcyclohexane, toluene, and hydrogen near equilibrium:
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linear equations in the mathematical treatment of the data, the 1.E-04
experimental challenge is a highly demanding one. w 1.E-05 |
In our application of frequency response measurements in 2
the work described in the present paper, we utilized a closed @ 1-E-06
reaction vessel rather than a flow reactor system since we had 3 4 g7 |
not yet developed an apparatus of the latter type for frequency i Hethyleyclohexene [ Toluene
response studies. As described in the Experimental Section, the 3 1-E-08
closed system was very similar to that developed by Reyes et £ 4 g_g9 |
al2324 for studies of adsorption, desorption, and diffusion 3 Methylcyclohexadiene / Toluene
processes in porous solids. Since the system was found to be "' 1-E-10 | ——
admirably suited for the study of such processes, all of which 1.E-11 : :
are of fundamental importance in heterogeneous catalysis, it 400 450 500 550

seemed reasonable to attempt to utilize the same kind of system
for an investigation directed toward the acquisition of informa- _. I .
Figure 1. Equilibrium mole ratios of methylcyclohexene to toluene

tion of use in understanding at least certain aspects of a surfaceand of methylcyclohexadiene to toluene at a hydrogen partial pressure

catalyzed reaction. of 0.1 atm. The mole ratios were calculated from thermodynamic data
The reaction system we chose for our investigation is an in refs 38 and 39.

example of a kind of reaction that has long been of interest in
heterogeneous catalysis. The dehydrogenation of cyclohexan
and its homologues to aromatic hydrocarbons has been widel
exploited in the petroleum industry in catalytic reforming
processes for the production of gasoline components with high
“anti-knock” quality33-37 Because of the high heats of reaction,
the equilibria are in all cases strongly dependent on temperature
The equilibria are also strongly influenced by pressure, in view
of the substantial _change in the number Of _mqles of COMPONeNtS;iarconversion occurring on a platinum surface, we consider
present as reaction proceeds. The equilibrium conversion Othe following two-step sequence

aromatic hydrocarbons increases with increasing temperature
and decreasing pressure. | I

Temperature (K)

lower temperatures required the use of pressures well below 1
&tm, typically in the range of 0.180.15 atm. Hydrogen was
yalways present in substantial excess in the mixtures as a deterrent
to the formation of carbonaceous residues on the platinum
surface.

The dynamics of a surface reaction can often be treated
satisfactorily in terms of a two-step sequence involving a single
surface species. For the methylcyclohexatmuene-hydrogen

In a study of methylcyclohexane dehydrogenation to toluene M+S T+S TS @)
on a platinum catalyst reported by Sinfelt et al. in 196€e 3H,

kinetics were investigated in a steady-state flow reactor at -
conversion levels far removed from equilibrium. The reaction in which M and T represent, respectively, methylcyclohexane
temperatures and pressures ranged from 588 to 645 K and 1.5%nd toluene in the gas phase, S represents a surface site, and
to 6.3 atm, respectively, which are somewhat lower than those TS represents toluene chemisorbed on such a site. The sequence
commonly employed in catalytic reforming. The reaction was consists of two adsorptierdesorption steps. In the forward part
extremely selective to toluene and hydrogen; no other productsof the first step, methylcyclohexane interacts with a site S to
were observed. The failure to detect any methylcyclohexene oryield chemisorbed toluene TS, with concomitant release of
methylcyclohexadiene is consistent with available thermody- hydrogen into the gas phase. Although this step in all likelihood
namic information demonstrating the extremely low stabilities involves intermediate hydrocarbon species with different degrees
of these hydrocarbons relative to those of either methylcyclo- of unsaturation, e.g., chemisorbed methylcyclohexene and
hexane or toluen&:3 methylcyclohexadiene, we assume that such species are present
The fact that the conversion of methylcyclohexane to toluene in concentrations much lower than that of chemisorbed toluene
and hydrogen was extremely clean in the steady-state flow on the basis of what is known about the relative stabilities of
reactor was an important factor in the choice of this reaction the corresponding gas phase species (see Figure 1). In the
system for the present frequency response study with the closedorward part of the second step of the sequence, toluene simply
reactor. Since the interconversion of the components was beingdesorbs into the gas phase and the site S is regenerated.
followed purely by total pressure measurements, any substantial The results of the steady-state flow reactor studies conducted
formation of side products would have interfered seriously with far from equilibrium, as reported in the 1960 paper, indicated
our ability to analyze the data in a straightforward manner. that the back reactions in both steps of the sequence could be
Although the high selectivity was very encouraging in this ignored. However, in a relaxation study of the dynamics of the
respect, we still were not able to conduct the present study with system near equilibrium, as reported in the present paper, the
the closed reactor at temperatures as high as those employed itback reactions are inherent in the nature of the investigation.
the earlier study with the flow reactor. The slow formation of
the side products cyclohexane, benzene, and methane, whictrequency Response Analysis
did not occur to a detectable extent in the short time of contact A typjcal frequency response experiment with our reaction
of catalyst with reactants characteristic of.the flow reactor, did, system begins with a gaseous mixture of methylcyclohexane,
however, occur to a much larger extent in the closed reactor. hyqrogen, and toluene in a state of equilibrium over the catalyst
This was attributed to the relatively long contact times encoun- 4; 54 particular temperature and pressure. The reaction chamber
tered in the preparation of the starting equilibrium mixture for s gesigned so that its volumécan be continuously subjected
a frequency response experiment. Conducting the present study, 5 small periodically varying perturbatiah such that the

at lower temperatures provided a solution to the problem. The jhstantaneous volumé at a timet is given by the expression
highest temperature studied was 473 K. The presence of suitable

amounts of toluene in the starting equilibrium mixtures at the V=V(@1+2)=VA+ uei‘”t) 3
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in which w is the angular frequency of the perturbation, equal are fast enough to exhibit a response. At both extremes of
to 2af wheref is the frequency in Hz. The quantity is the frequencies, the phase angle goes to zero.
amplitude of 7, both of which are dimensionless. As a Since the transfer functiod is in general a complex number
consequence of the volume perturbation, the pressure of thewith real and imaginary parts, it has the form
system undergoes a periodic variation, as does the gas-phase _
concentratiorC; (in molecules mt?) of a component (where H = |H|€” = |H|cosO + i|H|sin O = Hget iH, (7)
j is M for methylcyclohexane, T for toluene, and H for
hydrogen). The time dependenceQfs given by the expression  where|H| is the magnitude oH, 6 is the phase angléige is
the real part ofH, andHy, is the imaginary part oH. The

C=C(+8) =C+ce”) (4) magnitude/H| and phase anglé are given by the expressions
where C_:,- is the unperturbed initial equilibrium value d; 02 a2
corresponding to the equilibrium volumé The quantityg; is IHI = yHge + Hin (8)

the fractional change i@ at timet occurring as a consequence
of the volume perturbatiof, andg; is the amplitude o€;. Both
Cj and ¢ oscillate with a frequency identical to that of the
oscillation ofV and .

Division of & by v yields a quantityH; characteristic of the
response ofC; to the perturbation of the system at a given
frequencyf

0 = arctanf,,/Hgd 9)

Both |H| and# are frequency dependent, and the experimental
investigation consists of the determination of these quantities
as a function of frequency.

Experimental Section

The interconversion of methylcyclohexane, toluene, and
hydrogen near equilibrium was studied in a closed reaction
vessel having a volume of 173.7 énThe vessel was loaded
If w, i.e., 2rf, is large compared to the relaxation frequency of with 5 g of 0.3 wt % Pt oralumina catalyst (86100 mesh).

a surface process involving compongng and 2 will simply The surface area of the alumina support was 28/ mnd the

be equal in magnitude but opposite in sign, as is characteristicpore volume was 0.55 city. The dispersion of the platinum

of the simple compression or expansion of the gas in the absenceyn the support was very close to 1. Prior to the frequency
of any response of a surface process to the volume perturbationresponse experiments, the reaction vessel containing the catalyst
The quantityH; is then simply equal te-1. Stated in another  was first heated to 623 K under dynamic vacuum and kept under
way, ¢ and 7 are then 18D out of phase with one another, or  those conditions overnight. After this drying procedure, and with

a minimum in one is precisely in phase with a maximum in the the system at a temperature of 623 K, the catalyst was reduced
other. However, ifv is comparable to the relaxation frequency, under a static hydrogen pressure of 100 Torr for a period of 3
the value Oij will differ from —1 because of a response of h. The system was then evacuated, and the 3-h hydrogen
the surface process to the perturbation, grehdz will be out reduction procedure was repeated once more. The system was
of phase by an angle different from 180 then dynamically evacuated and cooled to 423 K where it was

For the treatment of experimental data, it is useful to introduce kept overnight prior to the admission of the reactants.

a quantityH to characterize the combined response of the  While the system was at 423 K, hydrogen was admitted into
concentrations of all the gas-phase components to the volumethe vessel containing the catalyst until the pressure reached 60

8
Hj=- ®)

perturbations. We defineH by the relation Torr (pressure transducer MKS, model 128A;1D00 Torr).
" This was followed by the addition of methylcyclohexane until
H=— E - _ inH' (6) the total pressure within the vessel reached 80 Torr. After the
D ; ! pressure of 80 Torr was reached and the system was closed

off, the total pressure did not show a discernible change over
where the minus sign is introduced so thhawill be a positive time. This observation was consistent with thermodynamic

quantity. We note that is the fractional change i€, the equilibrium calculations indicating a conversion of methylcy-

unperturbed initial equilibrium value of the total concentration clohexane of less than 1% at 423 K, 20 Torr methylcyclohexane,
C of all of the molecules in the gas phase. The quarxitis and 60 Torr hydrogen. The temperature of the system was then
the mole fraction of componerjtin the initial equilibrium increased to 433 K. As the temperature was increasing from

mixture. Asv is varied with time over a range of frequencies 423 to 433 K, the pressure was also increasing. The pressure
in an experiment, measurements of the pressure of the gas phaséjcrease exceeded that expected from ideal gas law behavior
and hence of the concentrati@nia the perfect gas law, provide  for the effect of temperature, consistent with an evolution of
data on the frequency dependenciestond H and of a hydrogen due to reaction. The pressure later stabilized to a
corresponding phase angleAs a consequence of the introduc- steady value that signaled the attainment of thermodynamic
tion of the minus sign in eq 6, the phase angleisa@her than equilibrium. This took place in a period of less than about 1 h,
180 when there is either no response of the surface processedut the system was left undisturbed for an additional hour. No
to the volume perturbation of the system at one extreme or further changes in pressure were observed during this additional
complete response (continuous reequilibration of all gas phasewaiting period. This was considered to be the initial thermo-

and surface entities) at the other extreme. dynamic equilibrium state for the reaction mixture at 433 K,
In the literature of frequency response, the term transfer which would subsequently be subjected to the frequency
function is commonly used in referring t.22-23As applied in response experiments.

the present investigation, it varies from a value at very low  The volume of the system was then sinusoidally modulated
frequencies that corresponds simply to the perturbation of the with a moving diaphragm (metal bellows, Senior Flexonics,
thermodynamic equilibrium properties of the system to a value Inc.). The diaphragm was modulated with a linear actuator (BEI,
of 1 at very high frequencies where none of the surface processesnodel LA30-27-004Z) that was controlled by a computer. The
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amplitude of the volume perturbation was about 0.5% and the 1 L L L I AR
range of frequencies from 0.002 to 3 Hz. At each frequency, 5 [T=a73 K[ T gwe
with the use of a differential pressure transducer (Tavis, model Soo| | oo JURNTTW L
P4, 0-5 Torr), the pressure response of the system to the applied 3 o AR AR AR A MR
perturbation (165 points/cycle) was monitored. After the data P T I R IR R AR T
from the first three cycles were discarded, the data from the s e R B B B
next 12 consecutive cycles were used to obtain the magnitude g o R T T B R
and phase angle of the pressure response to the applied 5 I I A R
perturbation. However, to eliminate any frequency response = I I R I
effects associated with the physical system, which were o8 o
unrelated to the dynamics of the chemical transformation, blank s ‘T=4é3 K[
runs containing alumina particles of the same mesh size as the 2., ml o e B R
catalyst and at the same conditions of composition and tem- £ 0 R i A R
perature of the equilibrium reaction mixture were also run. Thus, i 10 Y DRI R AU A
the magnitude of the transfer function and the phase angle were R T R IR TR T R TR TR THT?
obtained as the ratio of the pressure amplitudes and the H o A R A A R
difference in phase angles for the catalyst and the blank, £or i
respectively. These are the data displayed in Figures 2 and 3. g i A B et I I
At a given temperature, the frequency response experiment 0.6 AL I L N L e
lasted for several hours. Upon completion of the frequency 1 L B R R IR
response experiment at 433 K, the temperature was increased 5 T=483K| g
in 10 K increments up to a maximum temperature of 473 K. 200 TR ¢ Chte L
The same thermodynamic equilibration and dynamic procedures s R AT AR AR AR
as described for a temperature of 433 K were used at all Besl ol i iiwow o o
temperatures investigated. 5 S I R
% \HH. [Nl (R o L L
Results £ 07 T T
Figures 2 and 3 show data on the magnitude of the transfer s w H H Wi i w H Hi H Hi
function H and phase anglé as a function of the angular 0 el
frequencyw over a range of temperatures from 433 to 473 K. BRI I I
Data on the equilibrium composition of the unperturbed gas ,§ Eﬁ@}} SRR L RIE RN
phase in contact with the catalyst at the various temperatures 5oe R R
are given in Table 1. O oI S
If we consider the data in Figure 2, we note that the Eos L LI, L L
attenuation of the magnitude Bifto a value significantly lower 3 I R I R
than 1 over the whole range of frequencies investigated is 2o L IR ST AR A IO AL
indicative of an appreciable response of processes involving the § i T N A N AR
. = i [Nl (R o L L
Catalyst to the perturbatlon of the system. In Iarge part, we o6 i T N A N AR
attribute the observed attenuation to the dynamics of intercon- e
version of methylcyclohexane, toluene, and hydrogen on the g 1@3‘7111 TR IR A IR
surface of the platinum in the catalyst, especially the large Zos- Lo gm0
attenuation observed at the lowest frequencies. Support for this 3 NI AL T A AT R VNI RN T
will appear in our analysis of the data with the aid of a ST Aol AT TE| BN R
. . . [ (O R T R 1| I O N A | O R M AT | [/ |
phenomenological theory to be developed in subsequent sections 5 Con P o] ool o
of the paper. In the plots of the magnitudetbi/s the angular B 07 el
frequencyw in Figure 2, there appear to be two perceptible % T R I AR B I
points of inflection in the data, one at an angular frequency 2 e M ponporimnp e re e
between 0.01 and 0.10 rad’sand the other at an angular 0.001 001 01 1 10 100 1000

Angular Frequency (radians / sec)

frequency about 2 orders of magnitude higher. _ '
The magnitude of the transfer function does not quite reach Figure 2. Experimental data on the frequency dependence of the

a value of 1 at the highest frequencies investigated presumabb;nagnltude of the transfer function over a range of temperatures. The

because there are processes of relatively minor ’Signiﬁcanceexperimental conditions at the various temperatures are given in Table

associated with the catalyst that are rapid enough to exhibit a™

response to the volume perturbation of the system at frequenmesand to the maxima in the phase angle in Figure 3 are

beyond tho*_se emp loyed in the_present Investigation. very I_|kely, approximate indicators of relaxation frequencies associated with
processes involving the alumina support contribute to this. . . .
¢ processes involving the catalyst. It appears reasonable to infer

Turning to the data in Figure 3, we observe that the plots o that they are related in some manner with relaxation frequencies
the phase anglé vs the angular frequency exhibit two yare . req .
characteristic of the two steps in the sequence depicted earlier

maxima at values ob corresponding roughly to the values of for th vzed i . f hvicvcloh |
 at which the points of inflection in the data in Figure 2 are 0" the catalyzed interconversion of methylcyclohexane, toluene,
and hydrogen, as will be discussed subsequently.

observed. The maximum in the phase angle plot at the low
angular frequency is much more pronounced than the maximum We now turn our attention to the development of a phenom-
at the high frequency. enological theory of the transfer function that will account for
The angular frequencies corresponding to the points of the frequency response data shown in Figures 2 and 3. The
inflection in the magnitude of the transfer function in Figure 2 theory includes a consideration of the perturbation of both the
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9 : :HHH T \:H:H : T 1 H:HH T T IH:HI Phenomenolog“:al Theory

8 1o qwe e (T=4T3 K] . .

L I mm‘ The number of molecules of specigsresent in the gas phase
A IR O SR A R at a timet is VG. Its time dependence during the volume
g IR [ [ R e [ Frrrm . . . .
58 [ perturbation of the system is given by the equation
S R A R AR R AR d o=
B3 Al —(VC) =iw VC(E& + ?) (20)
R I IO dt a

IR [ rrrm [ [ Frrrm

T llllllllfl"lﬁh = A term involving the product of; and? has been deleted, since

g T TTTT h\ TTTTTT, T T TTTT T TTTTIT T TTTI, T T TTTT It IS neg“glble for Very Sma” perturbatlons' Also’ because We

R R }}}}}%Aﬁ@%‘ make the simplifying assumption that toluene is the only
B AL L B significant surface species and that changes in the amount of
AR M M - M M hydrogen in the gas phase are simply consistent with the
55 TN NR| N AT SR RRTTT MM ATTT| SN RUTIT M WATHI StOiChiometI’y of eq 1, we have the relation
T T d d
3 e — (VC,) = —-3—=(V 11
58 A T MR e ot (Vo) = 35 (V& (1D

e [ \I\HH-\HHIH [ Frrrem

b I A e I A where the subscripts H and M, respectively, refer to the gas-

0 .

9 T T T T T T 1T T TTTTI T TTTTI phase hydrogerl an_(j methylcyCIOhexane mOIGCU|eS' |f We deflne

g L ;;;;;‘ a as .the ratipCM/CH, we obtain from eqgs 19 andAll the
B R RETI R R W ST T S S TIIT R following relation between the fractional changgsandty of
RS I R I R the initial equilibrium concentration§,; andCy of hydrogen
?:,5 LU L LU L LI L LU L L L L and methylcyclohexane due to the volume perturbation of the
- P T | AT A R AR R system
: [ R .I\HHH [ RR e e
PR S U R ¢y =—3aly — Ba+1)p (12)

[ R | \H\ 1) gl e e

1 T T T T T T T TTTTI T TTTTI

0 ool el ool ool ™ ocommp o |t thel’efore fO”OWS from eq 5 that

9 T TTTIm T TTTIm T T T T TTTIT T T TTTT] T T TTT]

IR R ::::\ Hy = — 3aHy, — 3o+ 1) (13)

B R RLII RN I AR IR R ERTITI R S TIIT R L . .

Boliim™ On substituting eq 13 into eq 6 and representing the RFafiy
35 L] m+m IR AR SRR AT by v, we obtain for the transfer functiod the eXpI’eSSion
L T T AT R BT W R

L A IR AR AR AR AR TTInY A H=1+ ?[Z(H,\,I + 1) — y(H; + 1)] (14)

2 T I

R R !'IEIH-;HHI‘ i

0 NI T A e S AT AT A Equations fOl‘HM andHT in terms Of relaXatiOﬂ fl’equencies fOI"

9 T T T the individual steps of the two-step sequence describing the
BT lm | HH# | llll%—lﬁiw system, to be developed in a subsequent section of the paper,
N IR S R R AR AR allow us to extract values of these dynamic parameters from
g: S i R I I experimental data on the dependencélaind the phase angle
- IR BT, 1B B A 6 on frequency.

P T R Thus far, we have considered relationships involving only
£, LU L a0 L LU L L the gas-phase species in the system. We now turn our attention

1 [ ;:;;-"';;;;;;I'-‘ i to surface entities, which include unoccupied platinum surface

0 sitesS and chemisorbed toluene moleculES occupying the

0.001 0.01 0.1 1 10 100 1000

remainder of the sites. The number of platinum surface atoms
constituting a suitable site for a toluene molecule, which could
conceivably be much higher than the number of platinum atoms

Angular Frequency (radians / sec)

Figure 3. Experimental data on the frequency dependence of the phase
angle over a range of temperatures. The experimental conditions at

the various temperatures are given in Table 1. forming bonds with the molecule, is unknown. Thus, we do
not know the total number of sites present in the platinum
TABLE 1: Equilibrium Compositions of Unperturbed Gas surface and, hence, do not know the total number of toluene
Phase at Various Temperatures molecules chemisorbed at saturation coverage. Nevertheless, if
mole fractiond we letL represent the total number of surface platinum sites
temperature (K) pressure (Torr) Xt i % per surface platinum atom and [&tsandCs be the concentra-
233 86.8 0.03 0.20 077 tions of_chemlsor_bed toluene molecules and unoccuple_d_ sites,
443 91.3 0.04 0.18 0.78 respectively, again expressed as numbers of these entities per
453 96.3 0.06 0.15 0.79 surface platinum atom, we have the conservation relation
463 102.5 0.07 0.12 0.81 B _
473 112.5 010 008 0.82 L=Crq+ Cs=Crg+ Cs (15)

2 Toluenexr, methylcyclohexan&y, hydrogenx,.
By analogy with eq 4 for the gas-phase species, we note that

equilibria and the dynamics associated with the interconversion _ . _ ot
of the components of the system. Crs= Cro(1+ Crg) = Cro(1 + ™) (16)
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A little reflection reveals thakKsis proportional to the slope of
the toluene adsorption isotherm for step II, i.e.
whereCrs andCs are the unperturbed initial equilibrium values 3

of Crs andCs, respectively, corresponding to the unperturbed dCrg

equilibrium volume V. The quantitiesérs and & are the KS:ﬂE

fractional changes i€rs and Cs at timet due to the volume
perturbatiord, with cqrrespondlr_lg amplitudess andcs. From The quantityKs is a parameter of considerable use in the
egs 15-17, we obtain the relation . -
analysis of frequency response data for adsorption systeffs.
&= _(CTS/CS)@TS On applicati_on ofeq5 to the surface entities TS aljd S, as well
as the species M and T in the gas phase, we obtain from eq 26
We assume that the platinum surface sites are all equivalent inthe relation
our analysis, thereby ignoring any surface nonuniformity, and
we observe that the ratiBrs/Cs is equal toK;, Cr, wherekK;, is
the adsorption equilibrium constant of step Il of the postulated
two-step sequence ai@t is the initial equilibrium concentration

of gas-phase toluene molecules. From eq 18, we then have thé>erturbation of the Various Equilibria of the System.
relation Consider step | of the two-step sequence that we have postulated

o B for the interconversion of methylcyclohexane, toluene, and
Crs— &=[1+ (C;dCIl E;s=[1 + K, C{] &5 (19) hydrogen via the platinum surface. If methylcyclohexane and
which will be of use shortly.

hydrogen in the gas phase were to remain equilibrated with
chemisorbed toluene molecules TS and unoccupied platinum
If N is the number of surface platinum atoms in the catalyst, surface sites S when the system is perturbed from its initial
the total numbers of chemisorbed toluene molecules and of equilibrium state, the concentrations of the various entities
unoccupied surface platinum sites &€rs andNCs, respec-  involved in step | would obey the equilibrium equation
tively. Their time dependencies are given by
GG

Cs=Cq(1+ &g = Cq(1+ c€” (17)

(27)

(18)

Hyg— Hg= — %KS[(HM 1)+ yH+ 1] (28)

K,

(29)

2 (NCr) =i N Crbrs =i SV Crebrs  (20)
QNG =0 NCE=iwfVCE  (21)

where the quantity is the ratioN/V, i.e., the number of surface

CsCy

whereK| is the adsorption equilibrium constant for step I. If
we introduce into this equilibrium relation the expressions for
the various concentrations given by eqs 4, 16, and 17, we obtain
the relation

platinum atoms per mL of unperturbed reactor volume. Since
we have assumed that hydrocarbon species other than methyl- &g — Es= &y — 38,
cyclohexane and toluene are present in such small amounts that

they can be ignored, we have another conservation equationin obtaining this equation, we deleted all terms involving

(30)

relating the gas-phase concentrati@g and Cr of methylcy-
clohexane and toluene to the surface concentra@gg of
toluene

%(vcM +VC, +NC,9 =0 22)

which in combination with eq 10 for methylcyclohexane and

toluene in the gas phase and eq 16 for chemisorbed toluene

along with the relatiorCrg/Cr = K Cs, gives the relation

Brs= — ———{(& + ) + 1(& + )]

7 BK;Cs

Combining egs 19 and 23, we obtain

1+K,C;
Crs=C=————
v BK,Cs

Introducing the quantit|Ks, defined as follows

(23)

(Gt o) +y@E+o)] (24)

_ BK,GCs

1+ Ky Cr )

Ks

eq 24 becomes

Brs— 8= — %KS[«:M )+ e+ D] (26)

products of¢; quantities, where the subscripnow refers to
either gas phase (M or H) or surface (TS or S) entities, since,
as pointed out earlier, such terms are insignificant for very small
perturbations. Noting eq 12 relatirdyg to ¢u, we see that
Cs=Cy(1+ 9a) + 3B + 1)

6TS - (31)

Applying eq 5 to the gas-phase species M and to the surface

entities TS and S as well, we obtain from eq 31 the relation

His — Hg=Hy,(1 + 9) + 3(3a + 1) (32)
Since Hrs — Hs) must also satisfy eq 28, withly in the
equation having its equilibrium value, we can eliminated

— Hs) between eqgs 28 and 32 to obtain a relation between the
equilibrium value ofHy and the actual value ¢ for a given
perturbation frequency. To emphasize the point thatis an
equilibrium value, we add the superscript e to it, and we have
the relation

v H = 3yEBa+ 1Ks— (1+7)
B 1+ y Ky(1+ 9a)

Hy (33)

We note thatHy, will, in general, be frequency dependent,
except when the frequencies are low enough for both steps |
and Il to be equilibrated.

On the application of similar considerations to step I, we
have the equation for the adsorption equilibrium conskant
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Crs (34) —lo (@ +2) = k(& — &) (44)

KII = CSCT
where &, and & are the fractional changes i@y and Cr

By combining egs 4, 16, 17, and 34, we obtain the relation  relating these concentrations @), and C;. After applying eq
5 to eqs 43 and 44, we have the following equations:

Crs —Cs=0Cr (35)

—iw(Hy + 1) =k (Hy — Hy) (45)
and, on application of eq 5 again, the corresponding relation
— — j— e
HTS _ HS — HT (36) Iw(HT + 1) kII(HT HT) (46)
With egs 33 and 37 foily, andH$, we can now obtain a set of
two simultaneous equations relatiHg andHr. The equations
have the forms

Since Hys — Hs) must again satisfy (28), we note that a
relation, analogous to eq 33 obtained in our consideration of
step I, now emerges in our discussion of step Il. The relation in

this case is one between the equilibrium valudHefand the Hy=—AH; — B (47)
actual value oHy during the perturbation of the system. If we
now introduceHs in place ofHr to call attention to its being Hy=—-EHy — G (48)

an equilibrium value, we can write the relation
whereA, B, E, andG are defined by the expressions
o= = (0F) (37) K
T A+KY PR | Y
k +io| 1+ (y + 9yo)K

where H$ will depend, in general, on the perturbation fre-

quency, except at frequencies low enough for the overall systemp = 1 %
(both steps | and II) to be equilibrated. kK +iw
In the limit of zero perturbation frequency, the quantitiés iw[l+ (y + ya)Kd + K[1+y + By + Iya)Kd]
in eq 33 andHy in eq 37 take on their equilibrium valuet; 1+ (v + 90K
and Hy,. On solving the two resulting equations relatikg, v veKs
andH$, we obtain ki [ 1
A S (1+ 4y + 9y0) — (3y + 9ya)Kq ky +io|y(1+ Ks)}
Mo =0 M (1+]/+9’)/(X)+()/+9y(1)|<5 1 f'wV(l+Ks)+k||(1+V)
G= -
(38) | S(L+ Ky
2—(y+ 9o
HS), _o=H3= 39 i i
(HY),=o=Ht (L1 + 9ya) + (7 + 9yo)ke (39) The solution of eqs 47 and 48 yielé, andHy
H, =2G—B 49
where the symbolsiy, andH? signify values ofHf, andHS at MT 1 _AE (49)
zero frequency. From eq 14, we then obtain for the transfer
function at zero frequency (designatelfl) the expression H. = BE—G (50)
T 1-AE

X9+ (4+ y + Iyo)Kd
@A+y+99a)+ (y +9ya)Kg

HO=1 (40) On substituting these expressions for beiandHr in eq 14,

we obtain the equation for the transfer functidn

This equation proves to be a very useful starting place in the

analysis of experimental data. H=1+ ﬁ[Z(l —B+AG—AE) —
Relaxation Frequency Analysis.If k and k;, are the 7( B
relaxation frequencies (in se¥ of steps I and Il of the two- y(1—G+BE—AB)] (51)
step sequence, the net rateandr, of these steps are The equations foHy, Ht, andH are shown in terms of the
d(vVG,) quantitiesA, B, E, andG for s_ir_nplicity of preserjtation. Without
n=———=Kk[C,—Ch]V (41) the use of the latter quantities, the expressions are extremely
dt cumbersome. In any case, the cumbersome expressions can
d(vC,) always be obt_ained by _substitution of the defining relations for
ry,=———0"=k[C; — CV (42) A, B, E, andG in the various equations fa#y, Hr, andH. The
I dt 1 equations as presented here are convenient and entirely satisfac-

. . ) o tory for the fitting of experimental data with the aid of a
whereCy, and Cy, respectively, are the equilibrium values of  computer.

Cw andCr at timet during the perturbation of the system. Like  The quantities, B, E, G, andH are all complex quantities,
Cwv andCr, they are related to the initial equilibrium concentra- ity real and imaginary parts. Focusing our attentiorHomve
tions Cy andCr via eq 4. On application of egs 3, 4, and 1010 therefore note that the expression describing the dependence
egs 41 and 42, we obtain the equations of H on w, however cumbersome it may be, still has the form
o . ~ o of eq 7 with the magnitude dfi and the phase angtbeing
—iw(Cy + ) = k(€ — &y (43) related to the real and imaginary partstbby egs 8 and 9.
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The theory leading to eq 51 for the transfer function was U[— w kR/(kRZ + wZ)]
developed independent of any consideration of the relative 0" = arctan > > (57)
magnitudes of the relaxation frequenciksand k; and is W — U[kg7(kg" + »?)]

therefore applicable whatever their values happen to be.
However, it is of interest to consider the possibility that one If the derivative of¢" with respect tav is equated to zero, we
relaxation frequency may be large compared to the other, sinceobtain for the value ob» = wy; corresponding to the maximum
it is not at all uncommon for this situation to be encountered Value of¢" the following equation:

for processes that can be dissected into two separate steps. UTL2

Suppose, for the sake of argument, tkais small compared on=1—| kg (58)
to k. Then, for values of the angular frequeneyhat are small

compared tok, step | can be considered to be equilibrated.
Depending on the actual value of the ratio lofto k;, the
assumption of an equilibrated first step may well apply even at
values ofw that are large compared tq, so long asw is
simultaneously small compared tg. To proceed with an
analysis in which step | is equilibrated, one can simply take
the limits of the quantitie®\ andB as the ratiow/k; — 0, in
which casek, disappears from the quantitié$y, Hr, andH
altogether.

Thus, eq 58 gives us a relation betwegh andkg that is very
useful in providing a measure kg directly by simple inspection
of data such as those shown in Figure 3. In eq 58, the
proportionality factor relatingyy,, to kg was never very differ-
ent from unity in the present investigation.

In continuing our discussion of the possibility thatis small
compared tdk, it is also of interest to consider the transfer
function at angular frequencies comparable to the magnitude

find h hiob . . of ki, i.e., at values ofv large compared t&,. At such values
However, we find another approach to be more instructive, w, the quantityHr is essentially equal te-1. On substituting

and proceed in the following way. In eq 37 fbi, insert for —1 for Hr in eq 33 forHS,, and then solving eq 45 for the

Hw its equilibrium valueHy, given by eq 33. Equation 46 then  guantity (Hy + 1), we then obtain an equation for the transfer
becomes functionH, which we designate a4’ to indicate that it applies

. 0 only at values ofw that are large compared g
—lo(Hr + 1) =k [KJ(1 + K] x(Hr — Hp) =
2 < 2 —
ke(Hy — HY) (52) = k(1 — 4Ky + " 4% Kk
k,2 + w? k,2 + w?

(59)
whereH$ is given by eq 39 ang is given by the expression
In the same manner that we obtained eq 58, we can now obtain

_A+y+ 90+ (y + 9ya)Ks (53) an expression relating to o', the value ofv at which a high-
1+ (y + 9ya)Kg frequency phase angle maximum is observed. The expression

is

Equation 52 defines a new relaxation frequekgy

0y = k(1-4% K" (60)
ke = ki [K¢/(1 + KJlx (54)

Like eq 58, this expression is very useful in the analysis of

We will refer tokg as the relaxation frequency for reaction, a experimental data.

quantity that will be useful in our analysis. Fitting Theory to Experimental Results. Figures 4 and 5

On takingHw to be equal toHy, in eq 14 for the transfer  show the quality of fit of the theory to experimental results for
functionH, and applying eq 33 foHy,, the frequency depend-  the frequency dependence of the magnitude of the transfer
ent part of the resulting expression fidrresides solely in the  function and the phase angle. In fitting the data, a small
function Hr given by eq 52 when step | is equilibrated. The background contribution to the experimental transfer function

final expression for the transfer function, designak#t for responsible for the magnitude approaching a limiting value
values ofw small compared té& for this special situation when  slightly lower than 1 at the highest frequencies (see Figure 2)
ki < k;, is conveniently written as follows was first removed from the data. As pointed out earlier, this
background contribution is attributable to minor processes
H' = {W— U [k7(ks’ + 0?)]} + exhibiting a response at frequencies beyond the range accessible

. _ 2 2 in the investigation. The background was removed by applying
HU [ o k(™ + @)1} (55) a constant offset to the real part of the transfer function for
each of the original data points shown in Figure 2. As seen in
Figure 4, the adjusted data points for the magnitude of the

[1+4 Ky + 9y0) — 4%,KJ] experimental transfer function then approach a limiting value
= of 1 at the highest frequencies. The theoretical curves fitted to

[1 + Ky + 9yo)] the adjusted data points in Figures 4 and 5 were obtained using

B ) eq 51 in concert with eqs—9. The fitting was accomplished
X[3 + Kg(y + 9yo)] by application of a conventional least squares procedure.

U= [1+ Kg(y + 9yo)] [1 + (1 + KJ(y + 9ya)] The quality of the fit of the theory to the experimental results
is generally very good. The main features of the data, including

The magnitude oH"" and the value of the corresponding phase the two ranges of frequency in which points of inflection are
angle®’" are given by the expressions observed in the magnitude of the transfer function and in which
maxima are observed in the phase angle, are captured very well
[(W— U)/V\ﬂszz + 0| V2 throughout the entire range of temperatures investigated.
|H"| = > > (56) Moreover, the detailed fit of the theory to the data over the
k"t o range of frequencies in the case of the magnitude of the transfer

The quantitiesV andU are given by the expressions
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Figure 4. Results of fitting theory to experimental data for the

magnitude of the transfer function, after adjustment of the experimental
transfer function for a small background contribution, as discussed in TABLE 2: Summary of Parameters Determining the
Interconversion of Methylcyclohexane, Toluene, and
Hydrogen on Pt near Equilibrium@

the text.
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Figure 5. Results of fitting theory to data for the phase angle.

function leaves little to be desired at any of the temperatures temperature (K) %

investigated. The detailed fit in the case of the phase angle is
not quite as good, particularly in regard to the maximum value
of the phase angle in the low-frequency region at the lowest
temperature in the investigation. The limitations of the experi-
mental procedure used in obtaining the data seemed to become

14

(08 Ks ki

ki

ke HO

0.03
0.04
0.06
0.07
0.10

0.15
0.22
0.40
0.58
1.25

0.26
0.23
0.19
0.15
0.10

0.67 5.0
0.33 55
0.20 4.8
0.15 53
0.09 6.2

0.08
0.11
0.14
0.17
0.25

0.04 0.80
0.04 0.79
0.04 0.74
0.05 0.73
0.06 0.73

more pronounced as the temperature was decreased. MOreover, aparameters defined in the text; the relaxation frequerigiels,

the rellablllty of the information on the equilibrium composition and kg have units of s!, whereas the other parameters are all
of the unperturbed vapor phase at the beginning of a frequencydimensionless.

response run was poorer at the lowest temperatures.

A summary of the “best fit” parameters obtained in the fitting given in Table 2. Also given in the table are values of the

of the theory to the data, including valuesky, k;, andk, is

parameters anda defined earlier, and of the transfer function



2430 J. Phys. Chem. B, Vol. 109, No. 6, 2005 Reyes et al.

at zero frequency, i.eH°. The latter quantity is a function only  net rate of reaction, i.e., the difference in the rates of the
of equilibrium properties of the unperturbed vapor phase at the processes occurring in the two directions. Sufficiently close to
beginning of a run, and is directly obtainable from the theory equilibrium, the net rate is first order in the distance from
via eq 40. AlthoughH° depends ois, the dependence is very  equilibrium. The rate parameter characterizing this proportional-
weak for the range oKs values characteristic of the system, ity is a relaxation frequency obtainable by a frequency response
and for all practical purposesi® is determined solely by the  method involving a very small volume perturbation of the
parameters anda. Therefore, very good estimatestdf can system. Since the perturbation frequency was variable over a
be obtained without any information on the values K4 sufficiently wide range, it was possible to obtain relaxation
obtained by the fitting of the frequency response data. The fact frequencies for both of the steps comprising the postulated two-
that such estimates yield an excellent prediction of the transfer step process. From features observed in plots showing the
function at low frequencies provides support for the conclusion frequency dependence of the magnitude of the transfer function
that the pronounced attenuation of the magnitude of the transferand the phase angle obtained from the frequency response
function over the range of frequencies investigated is due to measurements, direct indication of the relative rates of the
the interconversion of methylcyclohexane, toluene, and hydro- two steps is obtained from simple inspection of the plots. This
gen over the catalyst, rather than to some other process. Waillustrates the power of the approach, since such direct informa-
call attention to the fact that eq 40 f6t° is derived strictly tion is not obtainable from conventional kinetic studies. In effect,

from a consideration of the equilibria of the system. the frequency response measurements provide us with a
As can be seen from the values of the parameters given inspectrum of relaxation frequencies. In the particular reaction
Table 2, the values of; are much smaller than those kf described in this paper, two characteristic relaxation frequencies

Therefore, values diz are included in Table 2. This indicates differing by almost 2 orders of magnitude were identified. Via
that step 1l of the proposed two-step process for the intercon- a postulated two-step sequence for the reaction, they were
version of the reaction species is a much slower process thanidentified with a very rapid hydrogenation-dehydrogenation step
the process designated as step |. It is therefore reasonable t@nd a much slower toluene adsorptiaesorption step.
assume that step | is equilibrated for all values of the angular An important feature of the present investigation is the
frequencyw smaller in magnitude thaky, and for values o development of a phenomenological theory describing the
substantially larger thaky, as well, so long as the latter values frequency dependence of the transfer function and phase angle
of w remain sufficiently small compared tg. Equations 52 obtained from the frequency response measurements. No
and 58 are then applicable, and, because they simplify theconsideration is given to details of the kinetics of the individual
analysis, are very useful in the analysis of the data over a certainsteps in terms of rate constants, adsorption equilibrium constants,
range of frequencies. For valueswftomparable in magnitude  surface coverages, etc. Herein lies a limitation, but at the same
to k;, or for all larger values, egs 59 and 60 become applicable time also the strong point, of the theory. The theory is based
and find use in the analysis of data at the higher frequencies.entirely on rates expressed in terms of relaxation frequencies
of the two steps and differences between concentrations and
Concluding Remarks their equilibrium values as a function of time during the
perturbation of the system. Thermodynamic properties including

_In heterogeneous catalysis it is frequently observed that the e equilibrium composition of the unperturbed vapor phase and
kinetics of a reaction can be treated satisfactorily by treating , parameter relating to the toluene adsorption equilibrium are

the reaction as if it occurred in two steps via a single surface yhe gther quantities entering into the theory. While further
intermediate, any other intermediates on the active sites being,nsigeration could have been given to kinetic details and the

present at such low concentrations that they may be ignored. g|ation of relaxation frequencies to rate constants of the

Boudart has referred to such an intermediate as the mosti, i iqual steps, the determination of rate constants would have
abundant reaction intermediate, thri.*° It is important to

. T ; required extensive further investigation of the variation of the
realize that this intermediate may not be the most abundant

. . . relaxation frequencies as the initial equilibrium composition of
surface species, since there may well be species that do NOtne ynperturbed vapor phase was changed over a suitably broad
participate in the reaction.

e _ ) range. Such studies fell outside the scope of what we intended
Kinetic data in heterogeneous catalysis are commonly 0b- {5 accomplish in the investigation, namely, the demonstration

tained in a steady state flow reactor at very low conversion levels of the feasibility of a kind of “relaxation frequency spectros-

so that reactant concentrations are essentially constant throughgopy” providing information of a kind different from that

out the reaction zone. If the extent of conversion that is possible commonly obtained in studies of the kinetics of chemical
is limited by the reaction equilibrium to any significant degree, {ransformations on surfaces.
obtaining data at low conversions also serves to minimize any

complication _due to the reverse reaction, often eIi_minating the Acknowledgment. The authors are delighted to be contrib-
need to consider it at all. The rate of the reaction is commonly ting in this issue ofrhe Journal of Physical ChemistrytB a
investigated as a fu.nctlon of concentrations or partial pressuresqq|iection of papers honoring Michel Boudart on the occasion
of the reactants, with the objective of obtaining one or more of his goth birthday. One of us (J.H.S.) has had a continuing
rate constants, and possibly an adsorption equilibrium constant,gialogue with Michel on kinetics and catalysis for half a century,

in a rate equation representative of a postulated two-step4nq wishes to acknowledge the great enrichment and stimulation
sequence. From data on the temperature dependence of thes@at has been provided by this interaction.
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