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Determinations have been made by a gas-chromatography method of the molar
adsorption heats of 31 model dialkylbenzenes on a silica-alumina catalyst of the
Houdry type. It has been demonstrated that there exists a dependence between the
heats and the length, structure, and mutual position of the substituents in the ben-
zene ring. A correlation has been found between the adsorption and the reactivity
of the dialkylbenzenes on the silica-alumina eatalyst.

InTRODUCTION

It has been established (1-5) in the
course of catalytic conversions of model
compounds of the dialkylbenzene series in
the presence of a silica-alumina catalyst
of the Houdry type that the following basic
reactions take place: (a) dealkylation with
subsequent removal of the side chains and
formation of the corresponding monoalkyl-
benzene and benzene; (b) stepwise intra-
molecular isomerization involving a change
in the mutual position of the substituents
in the benzene ring; (¢} fragmentation to
dialkylbenzenes with a smaller number of
carbon atoms in the side chains; (d) de-
hydrocyeclization with the participation of
one or both side chains as a result of which
indane, tetralin, naphthalene, and anthra-
cene struetures are formed, and (e) dispro-
portionation which is observed only in the
case of diethylbenzenes. It became clear in
the process of these investigations that the
degree and character of the changes of the
initial dialkylbenzenes are largely in-
fluenced by the length, structure, and mu-
tual position of the substituents. The ex-
perimental results obtained were in
agreement with thermodynamic calcula-
tions (6) made earlier about the reactions
of dealkylation, isomerization, and dis-
proportionation in the dialkylbenzene
series.

With a view to a fuller interpretation of
the structural effects observed, it has been
interesting to determine the adsorption
heats of different series of standard dialkyl-
benzenes under conditions close to those
prevailing in the reactions. Such a possi-
bility, as has been shown by M. Kraus and
P. Strnad (7) and in an earlier work of
ours in collaboration with 1. Topalova and
N. Petsev (8), is offered by the method of
gas-adsorption chromatography.

In the present work this method has been
applied in determining the adsorption
heats of 31 individual dialkybenzenes.

EXPERIMENTAL

Apparatus. The retention volumes of the
dialkylbenzenes investigated were deter-
mined by means of a Fractovap chromato-
graph, Model B, equipped with a high-
temperature unit HI-750. The maximum
working temperature of the apparatus,
maintained with a precision of =1°C, was
550°C. The chromatographic column was
a U-shaped brass tube 28.5 em long, 1d.,
4 mm. The carrier gas used was high-purity
nitrogen (99.999%). The flow rate of the
carrier gas in all experiments was 20
ml/min.

Catalyst. The chromatographic column
was filled with 1.87 g industrial-type silica-
alumina Houdry catalyst, with particles
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TABLE 1
PuysicaL CONSTANTS OF IJIALKYLBENZENES INVESTIGATED
Hydroearbon bp °C/mmHg np® g Ref.
1-Methyl-4-ethylbenzene 154/709 1.4964 0.8612 9
1,2-Diethylbenzene 177/706 1.5031 0.8823 10
1,3-Diethylbenzene 47/6 1.4951 0.8640 11
1,4-Diethylbenzene 83/29 1.4950 0.8620 9
1-Methyl-4-n-propylbenzene 175/705 1.4930 0.8560 9
1-Ethyl-4-n-propylbenzene 58/5 1.4967 0.8721 9
1,4-Di-n-propylbenzene 81/7 1.4914 0.8624 12
1,3-Di-n-propylbenzene 86/ 1.4923 0.8963 9
1-Methyl-4-n-butylbenzene 58/6 1.4900 0.8593 13
1-Methyl-3-n-butylbenzene 79/10 1.4917 0.8575 9
1-Methyl-2-n-butylbenzene 70/10 1.4950 0.8711 14
1,4-Diisopropylbenzene — 1.4966 0.8602 Schuchardt
1,3-Diisopropylbenzene — 1.4954 0.8567 Carlo Erba
1-Ethyl-4-n-butylbenzene 93/12 1.4990 0.8787 15
1-n-Propyl-4-n-butylbenzene 106-108/13 1.4920 (.8610 —
1,4-Di-n-butylbenzene 106-108/6 1.4915 0.8591 16
1,3-Di-n-butylbenzene 99-101/6 1.4935 0.8644 17
1,4-Di-sec-butylbenzene 88-89/4 1.4890 0.8598 14
1-Methyl-4-sec-butylbenzene 57/7 1.4900 0.8665 18
1-Ethyl-4-sec-butylbenzene 2/7 1.4920 0.8636 18
1-Iso-propyl-4-sec-butylbenzene 78/5 1.4892 0.8626 19
1-n-Propyl-4-sec-butylbenzene 77-19/5 1.4883 0.8633 —
1-Methyl-4-tert-butylbenzene 73.5-74.5/13 1.4953 0.8639 20
1-Ethyl-4-tert-butylbenzene 67-69/5 1.4942 0.8632 21
1-Isopropyl-4-tert-butylbenzene 95-97/10 1.4918 0.8606 22
1,4-Di-tert-butylbenzene mp 75-77 — — 9
1-Methyl-4-n-amylbenzene 101-103/18 1.4902 0.8544 14
1-Ethyl-4-n-amylbenzene 116-118/16 1.4913 0.8549 —
1-n-Propyl-4-n-amylbenzene 126-130/15 1.4900 0.8520 —
1-n-Butyl-4-n-amylbenzene 145/16 1.4892 0.8528 —
1,4-Di-n-amylbenzene 122/5 1.4968 0.8513 23

45-65 mesh in diameter. The composition
of the catalyst was as follows: Al,O,,
10.65%, S10,, 86.91%, MgO, 0.7%, and
oxides of iron, lead, and zine, 1.74%. The
specific surface area of the catalyst in the
form of eylinders sized 4 X 4 mm, deter-
mined after the adsorption of benzene
vapor at 20°C, was 235 m?/g.
Hydrocarbons. Twenty-nine out of the
total of 31 dialkylbenzenes investigated
were synthesized by us mainly by the
Wiirtz-Fittig method or by Clemmensen re-
duction of the respective ketones. The ke-
tones were obtained by acylation of
monoalkylbenzenes in the presence of an-
hydrous aluminium chloride at a temper-
ature of about 0°C by the Friedel-Crafts
method. The dialkylbenzenes were thor-

oughly purified by rectification in a column
whose effectiveness was 36 theoretical
plates. Their purity was checked <chro-
matographically and by their infrared
spectra. The physical constants and the
literature sources used in the synthesis of
the dialkylbenzenes arc shown on Table 1.

Procedure. The catalyst was first heated
for 2 hr at 550°C in flowing nitrogen, after
which it was brought to the working tem-
perature. Equal amounts of a given hydro-
carbon were injected with a microliter in-
jector of the Hamilton type. The retention
volumes of the hydroecarbons on the cata-
lyst did not depend on the sizes of the
samples, which were different for the in-
dividual hydrocarbons, and were calculated
by the formula (24):
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where:
tr 18 corrected retention time;
W is space velocity of the gas in the
soap bubble flow meter,
Py is pressure of the gas in the flow
meter;
T; is temperature of the gas in the flow
meter;
T is temperature of the column;
P, is pressure at the inlet of the column,
P, is pressure at the outlet of the column;
and
m is the amount of adsorbent in the
column.

The molar adsorption heats were calcu-
lated using the formula:

Q = 2.303 RS, (2)

where R is the gas constant and S is the
slope of the plot of log(Ve/T) vs (1/T). It
was found that within the temperature in-
terval investigated this dependence was
linear for all the dialkylbenzenes. By way
of example, Figs. 1 and 2 show the plots
for 1-n-butyl-4-n-amylbenzene and 1-iso-
propyl-4-tert-butylbenzene. The error of
the adsorption heats was determined by the
method of least squares and was found to
be +0.92 keal/mole.
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Fig. 1. The dependence log (1;5) = f(%) for
1-n-butyl-4-n-amylbenzene.
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Fic. 2. The dependence log (%f-‘) =7 (IT) for
I-isopropyl-4-tert-butylbenzene.

REsuLTs AxD Discussion

Table 2 shows the retention volumes re-
lated to 1g of catalyst, together with the
heats of adsorption. The data indicate that
the heats vary from 5 to 10 kecal/mole. As
with the monoalkylbenzenes (8), there is a
general rise with increase in molecular
weight. This is shown in Fig. 3, where the
molar adsorption heats are plotted against
the number of carbon atoms in the dialkyl-
benzenes. Figure 3 also shows that for a
given molecular weight, the heats change
appreciably with the structure and the
mutual position of the two alkyl groups.
For instance, with the C,, dialkylbenzenes
these differences reach 3 keal/mole.

The influence of the length of the normal
side chains can be surveyed more fully in
the following series: (a) 1,4-dimethylben-
zene, 1-methyl-4-ethylbenzene, 1-methyl-4-
n-propylbenzene, 1-methyl-4-n-butylben-
zene, and l-methyl-4-n-amylbenzene (Fig.
4a); (b) 1-methyl-4-n-butylbenzene, 1-
ethyl-4-n-butylbenzene, 1-n-propyl-4-n-
butylbenzene, 14-di-n-butylbenzene, and
1-n-amyl-4-n-butylbenzene (Fig. 4b); (c)
1-methyl-4-n-amylbenzene, 1-ethyl-4-n-
amylbenzene, 1-n-propyl-4-n-amylbenzene,
1-n-butyl-4-n-amylbenzene, and 14-di-n-
amylbenzene (Fig. 4c¢); (d) 1,4-dimethyl-
benzene, 14-diethylbenzene, 14-di-n-
propylbenzene, 1,4-di-n-butylbenzene, and
1,4-di-n-amylbenzene (Fig. 4d).

The general principles underlying the in-
fluence of the moleecular weight on the
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TABLE 2
RETENTION VOLUMES AND ADsORPTION HEATS OF DDIALKYLBENZENES ON A SILICA-ALUMINA
CAaTALYST
Retention volumes, ml/g
Temp, °C Adsorption
heat in
Hydrocarbon 200 250 300 350 400 keal/mole
1-Methyl-4-ethylbenzene 73.8 28.6 23.2 21.1 16.0 6.4
1,2-Diethylbenzene 83.6 34.8 25.1 30.7 21.6 6.7
1,3-Diethylbenzene 66.6 28.6 25.1 14.8 21.6 6.3
1,4-Diethylbenzene 70.6 31.2 20.4 20.0 21.6 5.5
1-Methyl-4-n-propylbenzene 72.2 30.4 27.9 33.8 20.4 5.3
1-Ethyl-4-n-propylbenzene 132 .4 43 .8 30.2 30.7 171 8.4
1,4-Di-n-propylbenzene 134.0 56.3 49.2 43 .4 23.8 7.4
1,3-Di-n-propylbenzene 119.4 47.3 43.6 43 .4 20.4 7.1
1-Methyl-2-n-butylbenzene 85.2 52.8 32.5 31.7 22.7 5.4
1-Methyl-3-n-butylbenzene 95.0 42.0 30.6 36.9 21.6 6.1
1-Methyl-4-n-butylbenzene 91.8 48.2 32.5 36.9 20.4 6.2
1,4-Di-isopropylbenzene 98.2 45.5 26.9 26.5 17.1 6.9
1,3-Di-isopropylbenzene 64.2 41.1 22.6 11.2 16.0 6.1
1-Ethyl-4-n-butylbenzene 124 .2 68.0 46.4 36.9 21.6 6.9
1,4-Di-n-butylbenzene 250.8 104.5 39.1 36.9 21.6 9.2
1,3-Di-n-butylbenzene 177.8 72.4 449 13.8 19.3 8.9
1-n-Propyl-4-n-butylbenzene 140.4 69.7 56.6 42 .4 21.6 7.4
1,4-Di-sec-butylbenzene 98 .2 57.2 26.4 23.1 21.6 6.9
1-Methyli-4-sec-butylbenzene 61.0 36.7 16.6 15.9 13.7 6.3
1-Ethyl-4-sec-butylbenzene 86.8 44 .7 27 .4 22.1 12.6 7.5
1-Isopropyl-4-sec-butylbenzene 124.2 52.8 26.4 23.1 23.8 7.8
1-n-Propyl-4-sec-butylbenzene 133.2 51.0 26.4 321 19.3 81
1-Methyl-4-tert-butylbenzene 52.0 31.2 16.6 21.1 18.2 6.1
1-Ethyli-4-tert-butylbenzene 93.4 44.7 22.6 14.8 12.6 8.2
1-Isopropyl-4-tert-butylbenzene 150.2 55.4 25.4 14.8 9.8 10.0
1,4-Di-tert-butylbenzene 160.0 95.5 41.0 26.5 249 7.5¢
1-Methyl-4-n-amylbenzene 111.2 8.1 28.3 28.6 26.3 6.4
1-Ethyl-4-n-amylbenzene 151.8 58.1 30.2 24 .4 22.7 8.2
1-n-Propyl-4-n-amylbenzene 250.8 95.5 40.1 36.9 23.8 9.0
1-n-Butyl-4-n-amylbenzene 315.8 121 .4 69.1 28.6 26.3 10.0
1,4-Di-n-amylbenzene 429 .4 108.2 71.3 60.3 34.2 10.7

e In ether solution.
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Fia. 3. The dependence of the adsorption heats
on the number of carbon atoms in the molecules of

the dialkylbenzenes.

values of the molar adsorption heats are
also valid for the four series. Moreover, in
series (b) and (c), the increase of the
molecular weight by one methylene group
has a considerably greater influence than
in the (a) series. In the (d) series there is
a relatively greater deviation from the
linear character of this dependence at the
transition from 14-dimethylbenzene to
1,4-diethylbenzene.

The dependence between structure and
heat of adsorption is more complex. With
the isomeric 1-methyl-4-butylbenzenes (1-
methyl-4-n-butylbenzene-6,2; 1-methyl-4-
sec-butylbenzene-6,3; and 1-methyl-4-tert-
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FiG. 4. a, b, ¢, d. Influence of the length of the
normal side chains on the values of the molar ad-
sorption heats. In all cases R=CHj,, C.,H;, n-C;H;,
n‘C;HQ, ’/L—(j;,]‘{n.

butylbenzene-6,1) there are no essential
differences in the molar adsorption heats
depending on the structure of the side
chain. In the isomeric 1-ethyl-4-butylben-
zenes, there is a clearly expressed trend of
a rise in the heats at the transition from
normal to tertiary butyl group (1-ethyl-4-
n-butylbenzene-6,9; 1-ethyl-4-sec-butylben-
zene-7,5, and 1-cthyl-4-tert-butylbenzene-
8,2). Such a trend is also apparent between
1-n-propyl-4-n-butylbenzene-7,4 and 1-n-
propyl-4-sec-butyl-benzene-8,1. Utterly dif-
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ferent in character is the dependence
between the 1,4-di-n-butyl, 1,4-di-sec-butyl,
and 14-di-tert-butylbenzenes in which the
values of the adsorption heats change as
follows: 9,2, 6,9 and 7,5.

There is no consistent influence of the
mutual position of the substituents in the
benzene ring on the adsorption heats. The
differences are frequently within the limits
of the errors of the method, and are some-
times of opposite sign. For instance, all
paraisomers investigated by us, with the
exception of p-diethylbenzene, show higher
values of adsorption heats than the respec-
tive metaisomers. The opposite is observed
with diethylbenzene; the metaisomer has
higher values of molar adsorption heats
than the paraisomer. Such a correlation be-
tween the meta and paraisomers has also
heen observed by Kraus and Strnad (7) in
cthyltoluenes. Furthermore, our adsorption
heat for 1-methyl-4-ethylbenzene (6,4) on
silica-alumina agrees well with that found
by Kraus and Strnad (6,2) for the same

dialkylbenzene on  alumina impregnated
with aluminium fluoroborate.
The adsorption heats of the ortho-

isomers in the case of xylenes and diethyl--
henzenes are higher than those for the
para and metaisomers. In the case of the
isomeric butyltolucnes, however, the ortho-~
isomer has the highest adsorption heat.
As already noted, the heats of adsorption
increase linearly with molecular weight.
The reactivity of the dialkylbenzenes, es-
peeially towards dealkylation, shows a
similar dependence (1-6). The structure
and the mutual position of the substituents
in the benzene nucleus have a definite ef-
fect on the adsorption heats and on the
character and degree of the catalytic con-
versions of the dialkylbenzenes over silica-
alumina. It is difficult to make a strict cor-
relation between the adsorption and the
reactivity of the dialkylbenzenes, due to
the complex character of the processes in-
volved and to the limited number of
standard hydroearbons investigated. Never-
theless, the data obtained in this respect
do testify to the explicit role of the adsorp-
tion in the ecatalytic conversions of di-
alkylbenzenes on silica-alumina.
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