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Relative rates were measured for the reactions 

Pt 
benzene (g) + 3Ht(g) s cyclohexane (g), (1) 

toluene (g) + 3Hz(g) 5 methylcyclohexane (g), (2) 

occurring competitively on platinum wire. The experiments were done in a well-mixed flow 
reactor at 60@-672’K and 4.4-24.9 atm. The catalyst was selective for the reactions shown; 
no other products were significant. The catalyst activity declined steadily during processing, 
and was restored periodicslly by hydrogen treatment. 

The data are well represented by the theoretical expression 

(3) 

at all pressures, temperatures, and activity levels investigated. The 95yo confidence intervals 
for the kinetic and equilibrium constants are 

(k&cl) = 0.578e*0.055, 

(Ez - E,)/R = 116 f  326 Kelvins, 

KI = 0.0196e*‘J.05, 

Kt = 0.0063e*0J5, 

at the datum temperature Td of 600°K. A value of 0.96 f  0.06 was obtained for the common 
stoichiometric number of Reactions 1 and 2. Mechanistic implications of these results are 
discussed. 

INTRODUCTION 

This work is a continuation of research in 
our laboratory (1-d) on the platinum- 
catalyzed hydrogenation of benzene and 
dehydrogenation of cyclohexane. In the 

1 Current address : Chemical Engineering Depart- 
ment, Middle East Technical University, Ankara, 
Turkey. 

present work, toluene and methylcyclo- 
hexane are included in order to study two 
competing reactions. This multicomponent 
system is relevant to petrochemical opera- 
tions, and allows demonstration of a robust 
method for investigating kinetics during 
catalyst deactivation. 

The method used here was prompted by 
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the Yang-Hougen rate expression (5) 

rate = (coefficient) (driving f”‘““) 

adsorption term 

(4) 

for reactions with one controlling step, 
occurring on an ideal surface. If two such 
reactions occur competitively on the same 
number and kinds of sites, their adsorption 
terms cancel when the ratio of the overall 
rates is predicted. Relative rate measure- 
ments can then be used to study the 
numerators of the two rate expressions, 
independent of the adsorption term. De- 
activation resulting from chemisorption 
can likewise be factored out, greatly 
facilitating kinetic interpretations. 

EXPERIMENTAL METHOD 

The rates of reaction were measured in a 
well-mixed flow system, consisting of a 
fixed-bed reactor and special recycle blower 
(6). The flow plan is shown in Fig. 1. 

Hydrogen was fed to the recycle blower 
through a Deoxo unit, dryer, and rotameter. 
The mixed hydrocarbons were fed through 
a dryer, a guard bed of platinum-alumina 
for adsorption of catalyst poisons, a capil- 
lary flowmeter, and a vaporizer, before en- 
tering the hydrogen stream. All reactants 
were 99.9% pure or better; reactant and 
catalyst analyses are given in Ref. (6). 

The catalyst was platinum wire, 99.979oj, 
pure, obtained from Mathey Bishop, Inc.; 
365.8 m of 28.4~pm-diameter wire were 
used, giving a nominal surface area of 327 
cm2. Electron micrographs (6) of the 
catalyst after use indicate that the rough- 
ness factor was near unity for these 
experiments. 

The reactor (Fig. 2) was a tubular pres- 
sure fitting, thermally insulated and packed 
with a fixed bed of platinum wire. The wire 
was coiled in 3-m lengths and packed be- 
tween two screens, giving a catalyst bed 
7.6 cm long and 1.27 cm in diameter with a 
porosity of 0.976. The reactor and recycle 
loop were mounted in an electric oven to 

TO d.c. 

FIG. 1. Flow diagram. (1) Rupture disk, (2) deoxo 
unit, (3) dryer, (4) filter, (5) pressure gauge, (6) 
rotameter, (7) reference pressure chamber, (8) 
diaphragm switch, (9) reactor, (10) recycle blower, 
(11) solenoid valve, (12) metering valve, (13) sam- 
pling valve, (14) cold traps, (15) saturator, (16) wet- 
test meter, (17) reservoir, (18) dryer, (19) guard 
reactor, (20) blowcase, (21) low-pressure regulator, 
(22) high-pressure regulator, (23) capillary tube, 
(24) vaporizer. 

avoid any condensation of the reaction 
mixture. Recycle rates ranged from 6 to 
24 moles/mole of fresh reactants. 

The reaction products were analyzed by 
gas chromatography wit,h hydrogen carrier 
and a thermal conductivity detector. Two 
columns in series were used, with 20% 
silicone oil D.C. 200 on 60- to go-mesh 
chromosorb P in the first and 2001, p,p’- 
oxydipropionitrile on 40- to 50-mesh 
chromosorb P in the second. The standard 
error of analysis (in mole percent of total 
hydrocarbons) was 0.4 for benzene and 
0.6 for the other hydrocarbons. 

Reaction rates were calculated from the 



FIG. 2. Reactor. (1) Cajon 10 VCR fitting, (2) soft 
stainless gasket, (3) +-in.-i.d. thermowell, (4) retain- 
ing screen, (.5) weld, (6) )-in.-i.d. fitting. 

feed rates and conversions. Mean reaction 
temperatures and partial pressures were 
calculated from the reactor inlet and outlet 
conditions, to correct for the small devia- 
tion from perfect mixing. Heat and mass 
transfer calculations by the methods in 
Ref. (7) indicated that the gas temperature 
and concentrations at the catalytic inter- 
face differed negligibly from the bulk 
stream conditions. 

PREIJMINARY EXPERIMENTS 

Several preliminary hydrogenation runs 
were made at 14.6 atm and 533”K, with 
hydrogen and benzene as reactants in a 

12: 1 mlnr ml,io. The rcsult~s cm hc 
summarized as folio\\-s : 

1. Reaction rates up to 10 mole hr-’ m-2 
were observed initially on fresh or re- 
generated wire. These rates are comparable 
with initial values obtained by Quady (3) 
on firmly ground platinum-alumina catalyst 
(and also based on platinum surface area). 

2. The wire catalyst lost activity rapidly 
at first, and less rapidly with continued 
use. A five to tenfold decline in activity 
typically occurred in the first 3 hr, and a 
two to threefold decline in t.he next S hr. 

3. The dractivation was slowed by each 
of t,hc following measures : using desulfur- 
izrd bmzcnc (0.05 ppm S), rrducing the 
tot,al facd rate, and feeding t(hn liquid 
bcnzcnc through a guard bed of platinum- 
alumina catalyst. These measures w(rc 
continued in all subsequent experiments. 

4. With the foregoing measures in effect, 
the reaction rate still declined, but ap- 
proached a steady level (about 0.12 molt 
hr-l m-“) after 50 hr of operation at a 
benzene feed rate of 1.05 mole hr-‘. This 
reaction rate is somewhat lower than the 
stable level of 1.0 mole hr-l rnd2 for 
platinum on alumina indicated by Kor- 
bath’s experiments (I, 8) at the same gas- 
phase conditions. Such rates arc believed 
typical of long-term operation at these 
conditions, but are too low for convenirnt 
measurement in the present apparatus. 

5. Regenerations by mild oxidation 
(0.4% O2 in NP, 700”K, 1 atm, 3 hr) fol- 
lowed by reduction (Hz, 744”K, 14.6 atm, 
72 hr) consistently restored full catalyst 
activity. Reduction alone was used later 
(Hz, 755”K, 18 atm, 48 hr) and proved 
comparably effective. 

6. Cyclohexane and traces of cyclohexene 
were the only detectable reaction products. 

The deactivation was attributed to 
chemisorbed feed impurities and coke pre- 
cursors, removable by combustion or hydro- 
genation. Although these techniques re- 
stored the activity consistently, their rcpro- 
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tluc4hilit.- \vns not, snfficicmt for an nhsc~lut~o 

rate investigation. Therefore, in the follow- 
ing experiments, Reactions (1) and (2) 

were conducted competitively and their 
relative rates were used for the kinetic 

analysis. 

MAIN EXPEI1IMENTS 

The main test pattern was a 25 factorial 
design in the following variables ?’ 

Level 1 Level 2 
~ ~ 

p at OOO°K 4.4 at,m 6.1 atm 
p at, 672°K 20.0 atm 24.8 atm 
HI/FIG 0 12 
x)3 = 0.5 - ZCH 0 0.5 
ZT = 0.5 - XMCH 0 0.6 

Here ?, is the total pressure, H2/HC is the 
molar ratio of the entering hydrogen and 
hydrocarbon streams, and xi is the mole 

frnct,ion of species i in the entering hydro- 
carbon stream. The liquid compositions 
were chosen to give data on the forward 

and reverse reactions at each combination 
of p, T, and H2JHC. 

The minimum pressure was determined 

by operability of the recycle blower, and 

the maximum pressure was determined by 
the rate of leakage from the seals on the 
blower shaft. The temperatures and inter- 

mediate pressures were selected to allow 
readily measurable conversions according 
to previous equilibrium data (1, 8, 9). 

2 Nomenclature: oj = thermodynamic activit,y of 
species j, relative to pure component at 1 atm in 
same physical state; E’ = activation energy, cal/ 
mole (1 cal = 4.1840 Joules); AH$ = standard 
enthalpy change for reaction i, Cal/mole; ki = sur- 
face rate constant of reaction i, referred to unit 
activity of the gaseous components; Kc = equi- 
librium constant of reaction i; p = total pressure, 
atm; pi = partial pressure of species i, atm; 
R = dimensional constant, 1.987 cal mole-l K-l; 
61i = rate of reaction i, mole hr-1 m-2; T = tem- 
perature, “K; (pi = stoichiometric number for rate- 
controlling step in overall reaction i; & = product 
of fluid and surface aj values common to the forward 
and reverse terms in &i. Subscripts: B = benzene; 
CH = cyclohexane; MCM = methylcyclohexane; 
T = toluene; d = datum temperature. 

Il:wh run in t*lnb drsign was cnndurtrd 
for 2 hr, and provided reaction rates over a 
range of catalyst activity. After each run, 
the catalyst was regenerated for 4 hr with 
hydrogen at 755°K and 21.4 atm. The 
following results were evident : 

1. The catalyst remained highly selec- 
tivc. Reactions 1 and 2 accounted for all 
measurable products. 

2. The ratio &J& stayed constant 
during each run, even u-hen both rates 
declined as much as fivefold. 

KINETIC MODEL 

Absolute rate throry (IO) yields the rate 
exprrssions 

for a thermodynamically ideal catalytic 
surface, if each overall reaction has a single 
rate-controlling step. Here pi is the stoichio- 
metric number (11) of the controlling step 
in overall reaction i. The function rji, which 
includes the adsorption term of Eq. (4), is 
a product of thermodynamic activities 
common to the forward and reverse rate 
terms. For example, if the activated com- 
plex of Reaction 1 were CcH12X and ul were 
unity, then & would be ax, whatever the 
identity of X. 

The similarity of Reactions 1 and 2 sug- 
gests the hypotheses u1 = u2 = u and 
~p1 = 42. Equations (5) and (6) then give 
the prediction 

@z h [ (uTaH23)1’r - (~MCH/&)l’u] 
-=-- 

al kl [(aB&323)1’r - (~cH/~l)““] 
(7) 

for the ratio of the rates when the two 

reactions occur together. 
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+(“,“l)(;;-;), (8) 

in which the subscript cl dcnotcs values at 
a datum temperature Td. Integration of 
the Gibbs-Helmholts relation gives the 
temperature depcndcncc of the equilibrium 
constants : 

or 

+ 
J 

?’ AH,O - AH ,,,O 
-- ~__ clT’ i = 1, 2 (10) 

?‘d RTt2 

The integral in Eq. (10) can be calculated 
accurately enough from heat capacities 
given in (9) ; however, redetermination 
of Kid (and possibly AHidO) is worthwhile 
in view of previous comparisons (8). 

REGRESSION CALCULATIONS 

Equations (7), (S), and (10) were fitted 
to the data by minimizing the total sum of 
squares, 

s = 5 [In (@2h/@lh)obs. 
h=l 

- ln (@!h/~lh)pred.]2) (11) 

taken over all test numbers, h. The variance 

TABLE 1 

Comparisons of kp/kl 

T (OK) Prediction from Prior observation 
Regression 1 and catalyst 

423 0.53 e*OJ7 0.5, Ni-alumina (16) 
303 0.48 e*“J8 0.6, Adams Pt (16) 

of In (cH2 ~(R1),,l,,. was thus t,rcuatd 3s 
uniform over the experimental region. 

Test calculations of activities ui from the: 
virial expansion (16) with Kihara paramu- 
tcrs from (13) showed that partial pressures 
pi could be substituted for activities within 
the accuracy of the rate measurements ; 
this was done in the calculations reported 
here. The Lewis-Randall mixture rule (14), 
employed in Ref. (6), overestimates the 
activity corrections and is not used in the 
present calculations. The regressions are 
summarized in Table 1. 

Rcgrrssion 1 is a least-squares dctc>r- 
mination of all paramc%rrs in the mod($ 
c>xcc>pt g which is fixed at unit,?-. The 
st,andard deviation of 0.070 is comparable 
wit,h the rt~pc~atability of In ((R?/(R 1) in 
rc+icat,e l~ICaslIr(!n~rllt,s. The> cxnthalpics of 
r(baction arc smallt>r than t,hosc of API (,9) ; 
t,hc lat,tc>r valurs art’ prcaferrcld in view of t,hct 
narrow tcmpc~rat~urc range and npprc~c4ablc 
tamprrat,ure risrs (up to 7°K across t’hc 
reactor) in our txprrimcnts. 

A scvcn-param&cr rc>grcbsslon (not 
shown) with u adjustable gave a slightly 
better fit, with 95% confidence limits of 
0.96 f 0.06 for this parameter. With this 
statistical evidence, u was taken as unity 
in subsequent calculations. 

Regression 2 of Table 1 is a four- 
parameter fit with CT, AH,,O, and AHzdo 
maintained at their recommended values. 
The standard deviation is significantly 
larger than that of Regression 1, but the 
parameter values are considered more 
realistic. The small value of (E, - E1) is 
consistent with the expected similarity of 
the two reactions. Published measurements 
of kz/kl in liquid-phase hydrogenation fall 
close to our results, as indicated in Table 1. 

The equilibrium constants in Table 2 
have quite narrow confidence intervals, 
and are smaller than the API (9) valurs, in 
common with ot,her determinations (8, 17). 
Our estimate of Kid in Regression 2 is close 
to the value predicted from Korbach’s 
measurements (1, 8). Graphical com- 
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TABLII: 2 

Kinetic and Thermodynamic Constants at Td = 600°K 

In (h/i& (El - El) In KLI In Ksi AHid AHtd Sum of Degrees of Regression 
squares, s freedom standard 

deviation 

Regression 1 -0.573 630.’ -4.05 -5.21 -49165.b -47638.” 0.390 80 0.070 
f0.033’ zt5.G. f0.04 zto.04 f619. f623. 

Regression 2 -0.548 231. -3.93 -5.06 52281’ 51392’ 1.417 82 0.131 
f0.055 f64R. l 0.05 fO.05 

a -411 indicated ranges are 95% confidence intervals based on the regression standard deviation, and on u - 1 in Eq. (7). 
b All energies are in calories per mole. 
0 Fixed values from Ref. (0). 

parisons of results for K1 and Kz as func- 
tions of temperature are given in Figs. 3 
and 4. 

CONCLUSIONS 

1. The constancy of (RI/@2 during cata- 
lyst deactivation implies that reactions (1) 
and (2) use the same number and kinds of 
sites in their controlling steps. 

2. The stoichiometric number Q = 0.96 

K,, otms3 

L I I I I I 

API th--/ 

REGRESSION 1 

KORBACH ill 

I I I I ,I 
1.4 jl5 1.6 / 1.7 1000/T 

672 600 T,OK 

Fro. 3. Results for equilibrium constant of FIQ. 4. Results for equilibrium constant of 

Reaction (I). Reaction (2). 

f 0.06 indicates that Reactions (1) and (2) 
each involve just one occurrence of a ratc- 
controlling step. This result, with Eqs. (5) 
and (6), determines the reaction ordrrs 
except for the functions & and 42. 

3. The excellent fit of the data with 
Eq. (7) indicates that & and dz are equal, 
as postulated. Hence, the two reactions 
have similar controlling steps. The small- 
ness of our result for (Ez - El) is consistent 
with this conclusion. 

4. The competitive reaction method is 

K,, otms3 
I I I I I I 

672 
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useful for studying the reaction rate func- 
tions of multicomponent systems with 
steady or varying catalyst activity. The 
method also provides valuable information 
on catalyst selectivity. In the form used 
here, the theory is restricted by the 
assumptions of (i) an idcal surface and (ii) 
a single rate-controlling step for each 
overall reaction. 
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