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The surface reaction between 1-butene and silica-alumina at 30°C has been 
examined by calorimetric techniques. Equations have been developed for calculating 
the heat involved in the surface reaction. Heats of 8-10 kcal/mo!e were observed 
initially, increasing to 15-16 kcal/mole with increasing pressure of 1-butene. The 
heats are indicative of the polymeric nature of the product of the surface reaction. 
Dimers are formed initially at low nressure and the average degree of polymeriza- 
tion increases with increasing pressure. 

INTRODUCTION 

Calorimetric techniques have been used 
extensively to determine differential heats 
of adsorption of gases on solid surfaces 
(1-6). It is well-known that these heats 
decrease with increasing coverage of the 
solid surface as sites of lower energy are 
covered. Simultaneous determination of 
heats of adsorption and adsorption iso- 
therms have allowed estimates of the site- 
energy distribution on solid surfaces to be 
made. We have been particularly interested 
in the nature of the sites active in the 
isomerization and polymerization of l-bu- 
tene over silica-alumina. In a recent paper, 
Clark and Finch (7) have shown that 
1-butene is rapidly adsorbed on silica- 
alumina at 25°C and an irreversibly ad- 
sorbed polymeric complex is formed. 
Ammonia blocking techniques have shown 
that this complex is associated in some 
manner with activity for the isomerization 
reaction. The amount of polymeric complex 
increased with increasing partial pressure of 
l-butene and, assuming that one ammonia 
molecule occupied one active site, calcula- 
tion showed that the average degree of 
polymerization varied from dimer to pen- 
tamer for pressures ranging 8-50 mm. In 
the present work we have followed the 
formation of this polymeric complex calori- 
metrically to obtain additional information 

on the degree of polymerization and to 
extend the application of calorimetric data 
beyond the determination of heats of ad- 
sorption to the study of surface reactions. 

EXPERIMENTAL 

The thermocouple vacuum calorimeter 
used in this work is shown in Fig. 1 and 
is similar to those described by Beebe (8) 
and Garner and Veal (9). The calorimeter 
cell was constructed of quartz and was 28 
cm overall length and 21 mm i.d. at the 
widest point. The inner wall of the vacuum 
jacket was platinized to reduce radiation los- 
ses and the cell was attached to the gas hand- 
ling system by Viton A O-ring joints. Two 
36-gauge chromel-alumel thermocouples 
were introduced through Kovar seals in the 
upper Pyrex section using 40-60 lead-tin 
solder to obtain gas-tight seals. The internal 
wires were insulated with glass sleeving. 
The catalyst was held in a porous silica 
bucket suspended from the thermocouples. 
This bucket was formed from s&in Refrasil 
sleeving by placing it over a carbon man- 
drel and flaming with an oxy-hydrogen 
torch to close one end and form stiffening 
ribs. The bucket was held just above the 
midpoint of the catalyst bed and only one 
thermocouple was used during a measure- 
ment. The heat capacity of the calorimeter 
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was calculated from handbook values for 
silica and alumina and the known weights 
of each in the system. The volume of the 
section shown in Fig. 1 was 76 cm3 and 
combined with the 87 cm3 volume of t’he 
gas handhng manifold gave a total volume 
of 163 cm3. 

A conventional gas handling and storage 
system was used. A vacuum of lo-” mm was 
obtained with a mercury diffusion pump 
and mechanical forepump. Pressures were 
measured using a Texas Instruments Model 
141 bourdon type gauge with servo-nulling 
and automatic readout. The accuracy of 
the gauge was rtO.015 mm. 

The thermal emf was measured on a 
Keithley Instruments Model 147 nanovolt 
null detector using a Keithley Instruments 
Model 260 nanovolt source to level part of 
the emf. The cold junctions of the thermo- 
couples were kept in an ice bath. 

The catalyst was a sample of Houdry 

M-46 silica-alumina containing 87% SiO, 
and 13% ALO from the same batch used 
in the previous work (7). The BET surface 
area was 300 m’/g. The 3CLlOO mesh cat- 
alyst was activated at 500°C for 16 hr in a 
stream of dry air in a separate apparatus. 
It was allowed to cool and 0.75 g loaded 
into the catalyst bucket cf the calorimeter. 
Then the catalyst was given an additional 
heat treatment at 500°C for 2 hr under 
vacuum. After cooling to room temperature 
under vacuum, the calorimeter was sur- 
rounded by a well-insulated furnace con- 
taining an aluminum block 17.8 cm in 
diameter and 30.5 cm high drilled out to 
accommodate the cell. The block was 
heated by resistance elements and main- 
tained at 30” -+O.Ol”C by a thermatrol 
temperature controller. All experiments 
were done at this temperature. 

Phillips Research Grade 1-butene was 
used as received as were the ammonia and 
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FIG. 1. Thermocouple vacuum calorimeter. 
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ultrahigh purity argon obtained from 
Matheson Company. 

Single junction thermocouple vacuum 
calorimeters of the type used here are sub- 
ject to errors from thermal gradients and 
nonselective adsorption effects as has 
been pointed out by Garner and Veal (9). 
We have used the porous bucket to reduce 
nonselective adsorption effects and thermal 
gradients were minimized by introducing 
0.2 mm of argon into the cell before the 
first increment of 1-butene was admitted. 
The calorimeter did not have an <internal 
resistance element for absolute calibration. 
Therefore, we have chosen the adsorption 
of n-butane on carbon black (graphon) 
as a test of the calorimeter because of the 
uniformity of the graphon surface and the 
availability of literature values for the heat 
of adsorption. We have obtained values for 
the initial heat of adsorption of 10.1 kcal/ 
mole which compares well with the results 
of Beebe, et al. (10) who obtained a value 
of 10 kcal/mole. Ki,selev (11) has given 
an average heat at 50% coverage of 8-8.5 
kcal/mole and we have obtained a value 
of 7.5 kcal/mole. We believe that these 
results demonstrate the accuracy and re- 
liability of the calorimeter. 

METHODS OF CALCULATION 

Gravelle and Teichner (12) have studied 
surface reactions occurring during the 
oxidation of carbon monoxide on nickel 
oxide and have shown that the profiles of 
the calorimetric cooling curves were irreg- 
ular when more than one process was 
occurring. We have found irregularities in 
the calorimetric cooling curves obtained 
when 1-butene is adsorbed on silica- 
alumina. These irregularities are in the 
form of deviations from Newton’s law of 
cooling. Three typical experimental cooling 
curves are shown in Fig. 2. The curve for 
ammonia adsorption on silica-alumina rep- 
resents the case of rapid evolution of heat 
due to adsorption followed by Newtonian 
cooling. In the case of 1-butene, the rate 
of coolinq is considerably less and non- 
Newtonian indicating that heat is being 
supplied after any initial adsorption has 
ceased. The cooling curve obtained for l- 

butene adsorption on ammonia poisoned 
silica-alumina is Newtonian. There is no 
heat supplied after the initial adsorption 
and the rate of cooling in the presence of 
1-butene is the same as that found in the 
presence of ammonia. The heats responsible 
for non-Newtonian behavior were calcu- 
lated from a heat balance on the calori- 
metric cooling curves in the following 
manner, representing a modification of the 
method of Tian (13). 
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FIG. 2. Experimelltal cooling curves for ammonia 
(0) and I-butene (0) over silica-alumina and l- 
butene (A) over ammonia poisoned silica-alumina 
(ATN = normalized temperature change). 

At any point on the cooling curve after 
the initial heat of adsorption, the rate of 
change of temperature in the calorimeter, 
dT/dt, may be expressed as the sum of the 
instantaneous rate of cooling, (dT/dt) c, 
and the instantaneous rate of heating due 
to polymerization, (dT/dt)p. 

The cooling rate is expressed by 
law, 

= -a(T - To), (21 

(1) 

Newton’s 

where CY is the cooling coefficient and Tfl 
the baseline temperature before any heat 
release. The rate of heating due to poly- 
merization may be expressed by 



(3) 

where N, is the number of moles of mono- 
mer per unit volume, V is the volume of 
the calorimeter, Qp is the heat of poly- 
merization per mole of monomer and 6, 
is the heat capacity of the system. The 
reaction rate, dN,/dt may be rewritten as, 

dN, - 
dt 

- - & kP”G), (4) 
0 

where Ic is the rate constant and n, the 
order of the reaction. Substituting Eq. (4) 
into Eq. (3), we may write the net rate of 
temperature change: 

d2 
- = -a(T - To) - p(t), p = jgg$ 
dt 0 ‘C 

(5) 
The polymerization reaction was found to 
be first order so that we may write, 

P(t) = Poeekt (6) 

and 

dT 
dt= 

-a( T - To) - @Poeckt. (7) 

Integrating Eq. (7) and rearranging, we 
obtain 

where T,,, = T at t = 0. Typical values 
‘of T,,,-To were in the range 0.75l.O”C. 
Values of T and t are taken from the ex- 
perimental calorimetric curve and since all 
other terms are known, ,G is calculated. 
And from known values of /3, Q1, may be 
calculated from 
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volved is that of rapid adsorption as shown 
by St’one and Whalley (14). No secondary 
processes are involved which would alter 
the cooling coefficient as the pressure of 
ammonia is increased. The cooling co- 
efficient was determined from the slope of 
plots of In (T - To) vs t over the pressure 
range 0.2 mm-19.2 mm. The pressures, Pf, 
referred to are the pressures at the ter- 
mination of each incremental addition of 
ammonia. It was found that a increased 
with increasing pressure in the calorimeter. 
This is the result of improved thermal con- 
ductivity between grains and the reduced 
effect of nonselective adsorption as pressure 
increases. A plot of (Y vs Pf is shown in 
Fig. 3. Initially i(~ had a value of 0.23 
min-l at 0.2 mm and increased rapidly to 
a value of 0.41 min-l at 3.5 mm after 
which it remained constant up to 19.2 mm, 
the highest pressure used. 

When small increments of I-butene (0.2 
cm3 STP) were admitted to the calorimeter 
containing silica-alumina, there was an 
initial rapid uptake of 1-butene followed 
by a much slower uptake. Initially, 
Newton’s cooling law was obeyed. During 
the slow uptake, however, deviations from 
Newton’s cooling law were found. This 
deviation is caused by the additional heat 
of polymerization supplied to the system 

2.0, 1 

RESULTS AND DISCUSSION 

In order to solve Eq. (8) for p, the 
cooling coefficient, a, must be known over the 
range of pressure used in determining the 
heat of polymerization. We have used the 
adsorption of ammonia on silica-alumina _ . 
for this purpose since the only heat in- pressure (PI). 

t (MIN) 

FIG. 3. Variation of cooling coefficient (a) with 
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FIG. 4. Heat of polymerization of 1-butene over silica-alumina (I) at 30°C. 

during the slow uptake of 1-butene after 
the initial rapid evolution of the heat of 
adsorption. 

The magnitude of QP, the heat of poly- 
merization, which causes deviation from 
Newtonian cooling was calculated using 
Eqs. (8) and (9) and the known values 
of To, C,, V and CL The rate constant Ic 
was calculated from the first order Eq. (6). 
I’, was obtained by extrapolation of the l- 
butene uptake data back to t = 0. (T,,, - 
To) was obtained by extrapolation of the 
initial linear part of plots of In (T - To) 
vs t to t = 0. Knowing j? and k, QP, the 
heat evolved after the initial heat of ad- 
sorption, was calculated. This procedure 
was repeated for each cooling curve and 
the results for two samples of silica- 
alumina are shown in Figs. 4 and 5. 
Typical values of k, /3 and QP are shown 
in Table 1. 

In the initial increments, the heat evolved 
is in the range 8-10 kcal/mole. Subsequent 
increments show the increase in this heat 

to 15-16 kcal/mole at a coverage of 2-3 X 
1O-4 mole ads/g-catalyst. At higher cover- 
ages, the heats decline and are near 6 
kcal/mole at 4 X 1O-4 mole ads/g-catalyst. 

The magnitude of the heats expected 
for the polymerization of 1-butene and 
their variation with the degree of poly- 
merization, d, can be found from the fol- 
lowing equation: 

C& -+ ,‘E (GH&, 

AHd = y (AH,). 

AH, for high polymers is taken as 20.7 
kcal/mole (15). Values of AH, for various 
values of degree of polymerization are 
given in Table 2. 

The initial heats in the range S-10 kcal/ 
mole are indicative of the formation of 
dimers at these low pressures. The increase 
in the degree of polymerization from 
dimer to tetramer as indicated by an in- 
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FIG. 5. Heat of polymerization of I-butene over silica-alumina (II) at 30°C. 
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TABLE 1 
VALUES OF k, p, AND Qp FOR I-BUTENE POLYMERIZATION OVER SILICA-ALUMINA (II)G 

B 

mole ads QP 
Cooling* g-catalyst k(min+) kcal 

curve AP (mm) x 104 t(min) x 101 mole monomer Q, (av) 

1 2.43 0.35 6 19.5 14.2 15.0 
8 17.3 13.7 16.3 16.2 

10 16.1 13.2 16.8 
12 15.0 12.3 16.8 

2 3.54 0.51 6 20.1 11.2 11.5 
8 17.0 11.2 13.6 12.4 

10 15.0 9.2 12.6 
12 13.0 7.7 12.0 

3 2.92 0.42 6 10.0 7.9 16.5 
8 8.6 6.3 15.1 15.9 

10 7.4 5 7 16.0 
12 6.7 5.2 16.0 

a Weight catalyst = 0.60 g. 
* See Fig. 5. 

crease in the heat of polymerization to 
15-16 kcal/mole could be due to the in- 
creasing pressure in the calorimeter and is 
in agreement with the work of Clark and 
Finch (7). 

Further evidence that these heats are 
due to the formation of a polymeric com- 
plex of 1-butene was obtained by observing 
the heats evolved when 1-butene was ad- 
mitted to a catalyst which had been pre- 
viously saturated with ammonia at 200°C. 
This treatment has been shown to prevent 
the formation of the polymeric complex 
(7). In this case, the slow uptake of l- 
butene was not found and the related 
cooling curves exhibited Newtonian be- 
havior. The calculated heats are shown in 
Fig. 6 for two separate runs. The heats are 
low or absent except in the one case where 

TABLE 2 
VARIATION OF HEAT OF POLYMERIZATION OF 

l-BUTENE WITH DEGREE OF POLYMERIZATION (d) 

d AHd(kcal/mole) 

2 10.3 
8 13.8 
4 15.5 
.5 16.6 
m 20.7 

0 RUNI 

oRUN2 

A,.,(MOLES ADSlg CAT.)X104 

FIG. 6. Heat of polymerization of l-blttene ovel 
ammonia poisoned silica-alumina at 30°C. 

desired saturation with ammonia at 200°C 
was probably not quite achieved. 

The fall in heats of polymerization with 
further increases in pressure as shown in 
Figs. 4 and 5 is due to the influence of 
sites of progressively lower adsorption 
energies or to the general depletion of poly- 
merization sites. 

The fact that we can distinguish changes 
in degree of polymerization suggests that 
polymerization does not occur over an 
initial strongly adsorbed layer of 1-butene. 
If this were the case, then the heat released, 
Qa, should be uniform over the entire range 
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of adsorption attributable to polymer 
formation. 

The initial heat of adsorption of 1-butene 
is difficult to measure accurately. It does 
not exceed S-10 kcal/mole. If this low heat 
is a measure of the adsorption-bond 
strength, one would not expect the polymer 
subsequently formed on a site to be irre- 
versibly adsorbed as shown by Clark and 
Finch (7). However, the mode of adsorp- 
tion may be pictured as follows (16) : 

c: :c --f :c:c+ $40 kcal, (10) 
S+ + :C:C+ + S:C:C+ -48 kcal (11) 

Sf + c: :c 4 S:C:C” -8 kcal’ (12) 

S+ represents an adsorption site and C: :C 
represents an olefin. The endothermic heat 
of the first reaction (+40 kcal/mole) was 
estimated by Eyring (17) quantum me- 
chanically. The heat of the second reaction 
(-48 kcal/mole) was calculated assuming 
the overall observed heat of adsorption 
given by the third equation as -8 kcal/ 
mole. Thus, the bond strength would be 
measured by the second reaction (-48 
kcal/mole) which is sufficiently large to 
account for the observed irreversible ad- 
sorption at room temperature. Net endo- 
thermic heats of adsorption, if such occur 
with olefins, could be explained by a mech- 
anism of this type. If adyorntion occurred 
directly through the r-bond, irreversible 
adsorption would more likely be accom- 
panied by a large observed heat of adsorp- 
t,ion. In comparison with the heat of 
polymerization in the gas phase, the heat 
for the adsorbed phase will contain an 
additional amount for the heat of adsorp- 
tion. If we take a heat of adsorption of 
8 kcal/mole, as in Eq. (12), then the total 
heat for adsorbed tetramer will be approx- 
imately 2 kcal higher than for gas phase 
polymerization per mole of monomer, 17.5 
inotead of 15.5 kcal/mole of I-butene. 

Endothermic heats of adsorption have 
actually been calculated for I-butene on 
ahrmina based on Langmuir-Hinshelwood 
kinet>icq (18). These heats are considered 
to be the result of thermal activation of 
sites, the number of sites and amount of 
adsorption increasing as the temperature is 

increased. The thermal activation mech- 
anism certainly explains the endothermic 
nature of the calculated heat. But this 
calculated heat may be an artifact of the 
Langmuir-Hinshelwood model which tacitly 
assumes no change in number of sites with 
temperature. It is doubtful if the true 
nature of the net heat of adsorption endo- 
thermic or exothermic, can be determined 
in this way. 
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