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The ensembling and the monolayer parameters, such as the number of atoms in an active center 
(n), the absolute efficiency of an active center (r,J, the number of migration regions (Z,), average 
area of migration regions (A), fractional surface coverage (&), and the average number of atoms in a 
region (v), were evaluated for the dehydrogenation of cyclohexane over Pt/Al*O, catalyst in vapor 
phase. The reaction was studied using alumina of two types in the temperature range 22%350°C at 
two contact times. Monoatomic ensemble is the active center in the system studied. Dependence of 
probability of formation of atomic ensemble (P.) on the average number of atoms in a migration 
region is also given. 0 1984 Academic Press, Inc. 

INTRODUCTION 

Reforming of naphthenes and paraffins to 
aromatics has been studied extensively us- 
ing supported metal catalysts. Among 
these, platinum-alumina finds wide ap- 
plication for reactions (I) involving de- 
hydrogenation, isomerization dehydro- 
cyclization, and hydrocracking. Though 
various aspects relating to the above reac- 
tions, viz., the effect of support, platinum 
loading, mechanism, kinetics, etc. (2-6) 
have been studied, parameters pertaining to 
the theory of active ensemble have not been 
given due attention. In the present investi- 
gation, an attempt has been made to evalu- 
ate the ensemble (7-10) and monolayer pa- 
rameters for the dehydrogenation of cyclo- 
hexane over platinum-alumina. 

EXPERIMENTAL 

The purity of the cyclohexane (BDH, 
AR) was found to be more than 99% by gas 
chromatographic analysis. 

Two samples of alumina, one prepared 
from aluminum isopropoxide according to 
the method described by Pines and Haag 

(II) and the other a commercial grade from 
Sarabhai-Merck, were used. 

Platinum-alumina catalysts were ob- 
tained by adding calculated volumes of 
chloroplatinic acid in water to nine weighed 
samples of alumina (from aluminum iso- 
propoxide) to give, respectively, 0.1, 0.3, 
0.6, 0.9, 1.0, 1.4, 2.0, 3.0, and 4.7% plati- 
num by weight. These samples were desig- 
nated as catalysts-A. Similarly chloro- 
platinic acid was added to five weighed 
samples of commercial alumina to give, re- 
spectively, 0.2,0.6, 1.0,2.0, and 3.0% plati- 
num by weight, which were designated as 
catalysts-B. 

The slurry of each case was stirred for 3 
hr and dried in a furnace at 120°C for 24 hr. 
Then the temperature of the furnace was 
raised slowly to 500°C while passing pure 
dry hydrogen and kept at this temperature 
for 8 hr. The material thus activated was 
powdered and sieved to 180-200 mesh par- 
ticle size. 

&&ace Area Measurements 

(i) Support. The surface area measure- 
ments for support were made according to 
BET method (22) by the adsorption of ni- 
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TABLE 1 

A, Bc, and Y Values for the Conversion of Cyclohexane over Pt/AI,O, 

%Pt (ND&t 
W/g) 

U-W,,,. accupieci & x 10’ Cat. A, Contact time = 0.79 hr 
(m*k) 

v 

Temp. (“C) 250 10.3d%‘8 350 
A 8.93 x IO-‘* 11.29 x 10-l 

1.4 3.80 0.76 4.17 2.12 2.47 2.69 

Cat. A, Contact time = 0.123 hr 

Y 

Temp. (“C) 225 250 
A 2.7 x lo-‘* 2.79 x 1Om’8 

2.0 4.26 0.86 4.72 
3.0 4.57 0.92 5.05 
4.7 5.11 1.02 5.60 

0.92 0.95 
1.38 1.42 
2.16 2.22 

Cat. B, Contact time = 0.123 hr 

Y 

Temp. (“(2) 225 250 
A 1.31 x lo-‘* 1.51 x lo-l8 

1.0 2.62 0.53 6.56 0.51 0.58 
2.0 3.88 0.76 9.50 1 .Ol 1.16 
3.0 5.70 1.13 14.00 1.49 1.72 

trogen at liquid-nitrogen temperature. The 
values for isopropoxide alumina and com- 
mercial alumina are 181 and 80 m2 g-l, re- 
spectively. 

(ii) Platinum surface area. Hydrogen ad- 
sorption was done using the same constant- 
volume adsorption system used in the sur- 
face area (BET) determination. The 
measurements were done at 250°C follow- 
ing a procedure similar to the one by Spena- 
de1 and Boudart (13). About 5 g of the cata- 
lyst was attached to the system and 
evacuated to 10m5 cm Hg. The evacuated 
catalyst was then reduced in pure, dry flow- 
ing hydrogen at 250°C for 2 hr. The reduced 
catalyst was further evacuated at 450°C to 
an ultimate pressure of lop6 cm Hg. The 
hydrogen chemisorption studies were car- 
ried out over this cleaned catalyst at 250°C. 
V, values were calculated by the point B 
method (14) from plots of amount of hydro- 
gen adsorbed versus equilibrium pressure. 

From the amount of hydrogen chemi- 
sorbed the H/Pt ratios were calculated. The 
H/Pt ratio was then multiplied by (6.02 x 
10z3)/(195.09 x 1.12 x lOI5 x 104) to obtain 
the surface areas of platinum in square me- 
ters per gram. The exposed surface area of 
platinum atoms in 1 g of support, (NDA),at, 
and area of platinum atoms in contact with 
1 g of’ SUPPOfl, (NDA)cat, occupied, are corn- 

puted (13, 25) and the values are given in 
Table 1. 

Apparatus and Procedure 

The reactions were carried out in a fixed- 
bed-flow-type Pyrex glass reactor 50 cm 
long with 1.5 cm i.d., in the temperature 
range 225-350°C and at contact times of 
0.123 hr (50 ml cyclohexane per hour over 
4.8 g catalyst) and 0.79 hr (10 ml cyclo- 
hexane per hour over 6.2 g catalyst) at at- 
mospheric pressure. Contact time was cal- 
culated on the basis of W/F ratio (W is the 
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TABLE 2 

The Total Catalytic Activity Values for the Conversion of Cyclohexane at 225, 300, and 350°C 

Cat. G 
(hr) 

Temp. 
(“0 

3.08 6.17 

Number of platinum atoms/g support, N x 10-l~ 

9.25 18.50 27.75 30.84 43.17 61.67 92.51 144.90 

Total catalytic activity, A,, x IO-l9 moleculeskec g 

A 0.79 300 10.58 - 11.22 15.45 17.36 - 7.83 - - - 
(49.9) (53.0) (72.9) (82.0) (36.9) 

A 0.79 3.50 14.61 - 16.08 19.94 18.20 - 14.61 - - - 
(69.0) (75.9) (94.2) (85.9) (69.0) 

A 0.123 22s - - - 21.28 - 22.64 - 32.44 30.28 22.37 
(15.6) (16.6) (23.8) (22.2) (16.4) 

B 0.123 22.5 - 10.03 - 12.60 - 12.88 - 16.13 16.67 - 
(7.3) (9.2) (9.4) (11.8) (12.3) 

Note. The figures given in parentheses are the percentage conversion of cyclohexane. 

weight of the catalyst and F is the weight 
rate of the reactant per hour). Pyrex glass 
beads (4 mm diameter) were placed above 
the catalyst bed to a height of 5 cm. The 
reactor tube was inserted into a cylindrical 
furnace and heated electrically to the requi- 
site temperature. Using thermocouples the 
temperatures were monitored along the 
length of the catalyst bed and the tempera- 
ture required for a particular run was main- 
tained constant. 

Prior to each run the catalyst was re- 
duced in situ with hydrogen at 500°C for 3 
hr. The reactant liquid was fed into the re- 
actor by a constant feed infusion pump that 
could be operated for different feed rates. 
The liquid products collected for the first 15 
min of each run (which normally covers 1 
hr) were discarded. The products were ana- 
lyzed using AIMIL gas chromatograph con- 
sisting of l-m column of carbowax on Chro- 
mosorb. The products identified were 
benzene and hydrogen which indicates that 
the Pt/A1203 is selective for the dehydro- 
genation process. The conversion of cyclo- 
hexane varies depending on temperature, 
contact time, and platinum loading. The 
percentage conversion under various con- 
ditions are given in Table 2 in brackets. Sta- 
bility of the catalyst under our reaction con- 
ditions without addition of hydrogen to the 
feed (26) was verified by repeating the run 
at 300°C at a contact time 0.79 hr after the 

use of catalyst for 15 hr. Constancy in the 
percentage conversion of cyclohexane as- 
sures the stability of the catalyst. 

The stability along the run was verified 
by collecting the catalysate for every 5 min 
and analyzing the product. The percentage 
conversion is plotted against average time 
of cuts. The constancy of conversion after 
the first 15 min justifies the procedure 
adopted in this study. 

The existence of carbonaceous deposit 
on the used catalyst is established by esti- 
mating the carbon. The carbon deposit is 
low, varying from 0.1 to 0.7% C in the tem- 
perature range studied. 

Theory of Ensembles 

The theory of active centers was first 
proposed by Taylor (17) and later adopted 
by several authors like Balandin (I8), Sch- 
wab and Pietsch (19), and Morris and Rey- 
erson (20). This theory, though important 
describes the active center in a qualitative 
manner. Kobozev’s theory of active en- 
semble (20) provides methods for the deter- 
mination of the composition and properties 
of the active center based on experimental 
data for different processes over metal-sup- 
ported catalyst. Kobozev proposed that the 
active part of the catalyst consists of a few 
atoms having right configuration and which 
are located on the surface of the support. 
This concept was extended to alloy catalyst 



by Dowden (22), Stephan et al. (23), and 
Schaik et al. (24). 

According to the theory of ensemble if 
atoms of a metal are applied to the block 
surface of the support the atoms getting 
onto definite portions of the support surface 
need excess energy for surmounting the ge- 
ometrical barriers and for motion over the 
entire surface. Thus, the surface of a sup- 
port is divided into closed sections from an 
energy point of view, in which at a given 
temperature nonactivated motion of the at- 
oms of the applied metal takes place. Kobo- 
zev called these sections migration regions, 
denoted by &. The applied atoms arrange 
themselves on the surface of the support in 
the form of isolated aggregation or ensem- 
bles consisting of a certain number of atoms 
localized by the regions of migrations. 

Surface area of 1 g of the support is A, 
and number of catalyst atoms applied to the 
surface of 1 g of the support is N. Number 
of migration regions in 1 g of the support is 
Zo. Then average area of migration region 
(A, m* region-i) will be 

(1) 

The concentration of a catalyst on the sur- 
face of its support is expressed through the 
fractional surface coverage, 13,. 

8 = (NDA)cat. occupied . 
c 

AS 
(2) 

The average number of catalyst atoms (Y) 
at the given fractional coverage per migra- 
tion region with the area A will be 

N v = -. 
zo 

(3) 

The values of the parameters A, &, and Y 
for the system under study are given in Ta- 
ble 1. 

al = rle-N/zO. (10) 

It is evident from this expression that spe- 
cific activity decreases exponentially with 
increase in the concentration of catalyst 
atom (21). Taking the logarithm of equation 

Composition of an active center for a 
process can be determined by making use N 

of the law of distribution of the catalyst at- 
log al = log rl - 2.303 Z, (11) 

oms. On the basis of equal probability of from the straight-line plots of log a1 vs N 
catalyst atom getting into a certain region of the value of Z. and rl can be calculated. 
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migration, the probability of formation of 
an n-atomic ensemble in one region (F’,,) can 
be determined by Poisson’s (25) distribu- 
tion. 

(4) 

The number of n-atomic ensemble, Z,, is 
given by 

z, = ZOP, (5) 

or 

z, = Z, -$ @ ~~‘~0. (6) 

Total catalytic activity, A,, (molecules/set 
9 g) is defined as the number of reactant 
molecules reacting per second on all the 
catalyst atom on the surface of 1 g of a sup- 
port. Specific activity, a, (molecules/set 
atom) is defined as number of molecules re- 
acting per second on one atom of the cata- 
lyst. The expression for A, and a, are 

A, = 2 r,Z 
n (7) 

f-,-G 
u,=C- 

n N’ 
(8) 

where r, is the activity of one n-atomic en- 
semble, i.e., the absolute efficiency of an 
active center. 

Substituting (6) in (8): 

e-NlZo (9) 

where II = 1, a monoatomic ensemble is the 
active center and the equation reduces to 
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3-s 
CATALYST Ct (hr) 2.5 

A- 
i2 \- 

l 0.790 
A- 8 0.123 

, B -, A 9,123 . 
0 

-1.5 
10 20 30 LO 

NUMBER OF PLATINUM ATOMS NXlCi’6 

FIG. 1. Dependence of the total catalytic activity on FIG. 2. Log specific activity as a function of Pt at- 
the Pt content. oms. 

RESULTS AND DISCUSSION 

From the percentage of platinum in the 
two different alumina supports, the number 
of platinum atoms per gram of the support 
(N) has been calculated and given in Table 
2 for the various catalysts. The total cata- 
lytic activity (A,) for the conversion of 
cyclohexane is evaluated at 225, 300, and 
350°C and given in the same table. A,, and 
log a, values for the conversion at 250°C are 
plotted against N in Figs. 1 and 2, respec- 
tively. In the plots of A,, vs N, the curves 

NUMBER OF PLATINUM ATOMS NXlO 

exhibit maxima (Fig. 1) whereas in the plot 
of a, vs N, an exponential decrease is ob- 
served (Fig. 2) indicating the existence of 
monoatomic ensemble for the dehydro- 
genation process. The absolute efficiency 
and the number of migration regions for the 
formation of benzene are calculated using 
least-square regression analysis (26) and 
the values are given in Table 3. The govern- 
ing equations for the regression analysis are 
given below with the correlation coefficient 
(CC) and standard deviation (SD) values. 

TABLE 3 

Composition of Active Centers Determined According to the Theory of Active Ensembles 

Temp. 
(“Cl 

Contact 
time (CJ 

(W 

Catalyst Active Absolute efficiency” 
center (molecules/ensembles . set) 

Number of migration 
region,” Z, X lo-r9 

250 0.79 A ml 9.48 2.05 
300 0.79 A ml, 22.95 1.79 
350 0.79 A [WI 24.43 1.64 
225 0.123 A Iptll 13.38 6.66 
250 0.123 A ml1 28.32 6.60 
225 0.123 B Iptll 8.05 5.91 
250 0.123 B IW, 18.22 5.03 

0 By the least-square method. 
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Catalysts - A C, = 0.79 hr 
TEW 2dC 

Temp. (“C) Governing equation cc SD CATALYST B 

250 
300 
350 

225 
250 

225 
250 

Log a, = 0.977-2.108 x 1O-2o N 0.963 0.09 
Log a, = 1.361-2.415 x lo-*” N 0.976 0.08 
Log a, = 1.387-2.641 x lo-*O N 0.991 0.06 
Catalysts - A C, = 0.123 hr 

Log a = 1.1264X18 x lo-*’ N 
Log an = 1.452-6.569 x lo-*’ N n 
Catalysts - B C, = 0.123 hr 

Log a = 
Log a:: = 

0.906-7.355 x lo-*’ N 0.974 0.06 
1.261-8.618 x IO-*’ N 0.981 0.07 

Effect of Support (C, = 0.123 hr) 
A and Z. are higher for 04 The values of 0.8 12 1.6 2.0 cat- 

bles 1 and 3); consequently absolute effi- 
ciency values are also higher for catalysts 
- A. This is attributed to the higher surface 
area of the support. 

alysts - A compared to catalysts - B (Ta- AVERAGE NUMWR OF ATOMS PER REGION 

FIG. 3. Probability of formation of atomic ensembles 
depending on the average number of atoms per region. 

experimental observation it is proved that a 
monoatomic ensemble is the active center 
in the dehydrogenation process. The dehy- 
drogenation of cyclohexane presumes to 
occur almost exclusively on the metal com- 
ponent with single-center mechanism im- 
plying a series of r-u shift as proposed by 
Ruize-Vizcaya et al. (27). 

Effect of Contact Time 

The absolute efficiency value for cata- 
lysts - A is lower at 0.79 hr than at 0.123 
hr. The low value at higher contact time 
may be due to the predominance of the re- 
verse reaction. A separate study of the hy- 
drogenation of benzene confirms this. 

Effect of Temperature 

Increase of temperature from 225 to 
350°C decreases the number of migration 
regions. As a result of this the average area 
of a migration region (Table 1) and the abso- 
lute efficiency increase (Table 3). 

The probability of the formation of 
atomic ensembles (P,) is plotted against the 
average number of atoms for the formation 
of benzene from cyclohexane in Fig. 3. 
When n takes the value of unity in the Pois- 
son’s distribution equation 
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