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COMPARISON OF DATA WITH VALUES GIVEN IN THE
LITERATURE (5)2

—15° C,—— ~—25°C.— ——30° C.——

Fig.2) @ (Fe2 ) Fe2 &

TasrLe III.

Weight 9% Alcohol

2.33 62.0 62.8 60.8 61.2 60.2 60.8
5.94 55.3 54.6 54.0 53.6 53.4 52.3
15.93 43.1 42.4 41.8 41,1 41,2 40.3
29.67 33.8 33.9 33.1 32.6 32.8 32.1
43.64 29.1 29.7 28.5 28.8 28.2 28.2
61,10 27.4 27.2 26.7 26.3 28,3 26,0
75.68 25.8 25.86 25.0 24.9 24.6 24.7
92.72 23.6 24.2 22.9 23.3 22.5 22.5

@ The values under v (3) were taken (by graphiecal interpolation) from the
data of the International Critical T'ables, derived from the measurements of
Traube (11), Bircumshaw (1), and Morgan and Neidle (7).

A steel base was attached to the apparatus and a split
rubber stopper was placed around the filling tube. The ap-
paratus was supported in the bath by a clamp attached from
the stopper to a ring stand and was checked with a plumb
line to make sure it was in a truly vertical position. The
cylinder, containing the hydrometer and liquid mixture, was
also placed in the bath and supported by a clamp attached to
the ring stand.

The stirrer was started and the heating coil turned on. At
intervals of approximately 15° C. the height of the capillary
rise, the hydrometer reading, and the difference in height of
the mercury levels were recorded. The temperature range
covered was from room temperature to several degrees above
the atmospheric boiling point.
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The height of the rise of the liquid in the capillary was
measured with a cathetometer (by difference). Before each
reading the cathetometer was leveled. Three or four readings
were taken, and the arithmetical average of the differences
was considered the value of 2 (capillary rise). The difference
in level of the mercury in the manometer was also determined
with the cathetometer.

Acknowledgment

The authors are indebted to T.<F. Young for his valuable
suggestions during the course of this work. They also wish
to thank W. M. Langdon for the determination of the compo-
sitions of the mixtures studied.

Bibliography

(1) Bircumshaw, L. L., J. Chem. Soc., 121, 887 (1922).
(2) Firth, J. B., Ibid., 117, 268 (1920).
(3) Harkins, W, D., and Brown, F. E., J. Am. Chem. Soc., 41, 499
(1919).
(4) International Critical Tables, Vol. IV, p. 447, New York,
McGraw-Hill Book Co., 1928.
(5) Ibid., Vol. IV, p. 467.
(6) Keyes, D. B., Univ. Illinois Eng. Expt. Sta., Circ. 35 (1938).
(7) Morgan, J. L. R., and Neidle, M., J. Am. Chem. Soc., 35, 1856
(1913).
(8) Murray, B. L., “Standards and Tests for Reagents and c. P.
Chemicals”, 2nd ed., New York, D. Van Nostrand Co., 1927.
(9) Noyes, W. A, and Singh, B., J. Am. Chem. Soc., 58, 802 (1936).
(10) Perry, J. H., Chemical Engineers’ Handbook, 1st ed., p. 377,
New York, McGraw-Hill Book Co., 1934.
(11) Traube, J., J. prakt. Chem., 31, 177 (1885).
(12) Young, T. F., private communications.

Vapor-Phase Esterification of
Benzoic Acid with Ethyl Alcohol

esterification. His survey cites the progress made in

manufacture and indicates the need for research to
find the proper catalyst for the reaction and to establish the
optimum conditions for a given esterification. In studying
ester formation both in the liquid and vapor phase, the system
ethyl alcohol-acetic acid has been most commonly used.
Other aliphatic or aromatic systems have not been extensively
investigated up to the present time.

The formation of ethyl acetate from ethyl alecohol and
acetic acid has been the subject of much research. Frolich,
Carpenter, and Knox (8) and Edgar and Schuyler (6) used
zirconium oxide as a catalyst; Mill'gan and Reid (Z6) and
Reid (18) used silica gel; Sandor (20) investigated vanadium
pentoxide, cobalt oxide, cesium oxide, and silica gel; Mailhe
(15) compared thorium oxide, zirconium oxide, and titanium
oxide; a patent (4) described the use of magnesium oxide
and manganese dioxide. Dreyfus (§) described the use of
alkali and alkali metal compounds as catalysts, and Winkler
and Hinshelwood (22) used hydrogen chloride to catalyze the
formation of ethyl acetate at 450° C.

Esters of ethylene glycol and acetic acid in the vapor
phase were prepared catalytically by Turova, Pollack, and
Dzioma (21), using activated carbon impregnated with phos-
phoric acid.

Brown and Reid (2) passed vapors of ethyl and butyl
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aleohols over tungstic oxide, alumina, thoria, and silica gel
to prepare the respective esters. Lazier (12, 13) described
the production of several esters by passing alecohols over
mixtures of various oxides. He used, among others, oxides
of zine, chromium, manganese, magnesium, cesium, vanadium,
tungsten, uranium, copper, cadmium, and lead. Legg and
Bogin (14) passed butyl alecohol over fused and crushed
cupric oxide.

Sabatier (19) showed that the reaction velocity for esteri-
fication was greater with aliphatic acids than with benzoic
acid and its analogs in both the liquid and wvapor state.
Jaegar (9) claims reaction and formation of ethyl benzoate
from benzoic acid and ethyl aleohol at 200° to 350° C. when
passed in the vapor phase over a mass containing at least
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one “permutogenetic” or base-exchange material. Negative
results for the esterification of B-naphthol and salicylic
acid with methyl aleohol were reported by Chelberg and
Heisig (3) using a silica gel catalyst activated by Patrick’s
method. However, Korolev (17) found this reaction to be
catalyzed by silica made by precipitating silica with hydro-
chloric acid and drying at 40° C. for 2 weeks.

The catalytic mechanism is still subject to much discussion,
and several investigations have been made to explain the
catalysis on the basis of adsorption of vapors. Klosky (10),
Alvarado and Pearce (1), and Ott and Pierce (17) investi-
gated the relation of adsorption to the catalytic effect for the
formation of ethyl acetate. Information on the vapor-phase
catalytic formation of esters of aromatic acids is incomplete.
It was therefore decided to study this particular reaction in
the vapor phase, using the simplest aromatic acid. Ethyl
alcohol was chosen as the esterifying aleohol because the
solubility of benzoic acid in it is favorable. The difficultly
reducible oxides are good dehydrating agents for vapor-phase
work and were therefore used in this investigation.

Experimental

MateRrIALs. Benzoic acid of U. 8. P. grade was used as ob-
tained. Sublimation was found to be unnecessary since the
yields were the same with sublimed and unsublimed acid.

Ethyl alcohol was distilled twice from calcium oxide and once
from sodium.

The titanium tetrachloride and the salts used were all of c. .

grade.

The silica gel, 4-8 mesh, was furnished by the Davison Chemical
Company.

CaraLysts. Titanium hydroxide was precipitated on the

carrier by hydrolysis of titanium tetrachloride. All other
catalysts were prepared by soaking the carrier in a saturated
solution of the salt for 30 minutes, adding ammonium hydroxide,
filtering, and igniting the catalyst mass,

ApPPARATUS. A diagram of the apparatus is shown in Figure 1.
The solution was displaced by mercury and vaporized in the
first part of the quartz tube. The vapors then passed over the
catalyst and were condensed in a water-cooled condenser. The
reaction temperature was measured by a thermocouple enclosed
by a glass shield.

ProceEpURE. The reaction solution was a mixture of 5 moles
of alcohol to 1 mole of benzoic acid. At least 20 cc. of vaporized
solution were passed through the apparatus before the first
sample was taken, After any change during a run at least 10
30. were displaced before a sample was taken under the new con-

itions.
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The vapor-phase esterification of benzoic
acid with ethyl alcohol was investigated
using as catalysts eleven difficultly re-
ducible oxides suspended on silica gel. The
maximum value of the conversion of ben-
zoic acid to ethyl benzoate was 87 per cent
with titanium oxide as a catalyst.

A decrease in space velocity resulted in an
increase in per cent yield of ester, and a
plot of space velocity against per cent con-
version of benzoic acid showed a limiting
value at zero space velocity which differed
for most catalysts.

Each catalyst had a characteristic tem-
perature giving maximum ester formation
and minimum carbonization. The reac-
tion temperature was found to be between
370° and 450° C.

The analysis was accomplished by titration for the free acid
and hydrolysis for the ester. Some aldehyde resin was formed
during hydrolysis, but it was found that these resins did not
affect the accuracy of the analysis.

The optimum temperature for each catalyst was determined,
and the variation of ester formation with a variation in rate was
investigated at the optimum temperature. Since the first sample
of the rate run duplicates the conditions under which the sample
was taken at that temperature in the temperature run, it was
possible to note any change in activity of the catalyst.

Results

A thermal run showed no ester formation in the tempera-
ture range used in these tests, but as Table I shows, silica gel
does exert considerable catalytic effect. In the tables space
velocity is expressed in liters of vapor per hour per liter of
catalyst at the reaction temperature. Table I also shows the
results of typical measurements made on
other catalysts. Table II lists the optimum
temperatures for each catalyst tested and
percentage conversions at three different space
velocities. These space velocities represent
the upper and lower limits of flow obtainable
with accuracy by this method. The variation
from catalyst to catalyst is due to the fact
that it was extremely difficult to reproduce
the rates exactly. All of these results are
from a reaction mixture of 5 moles of alco-
hol and 1 mole of ethyl alcohol.

All catalysts tried caused esterification, but
not all gave conversions better than silica
gel itself. Zirconium oxide, barium oxide,
manganous oxide, and titanium oxide on silica
gel were better than silica gel; magnesium
oxide and chromic oxide were about the same;
aluminum oxide, strontium oxide, and beryl-
lium oxide were definitely poorer. There was
a marked difference in the maximum tem-
perature which could be used for each cata-
lyst. Above 430° C. with silica gel a dense
cloud was formed which could not be con-
densed, and the yield was small. Titanium
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nearest approach to this value
TaBrLE I. ErrFeCT oF FoUR CATALYSTS . in our work was a conversion
S Acid 8 Acid i i
Vefoacei(tay % Acid ?c}) Sicc{e Velpoactisy % Acid (:/28 Si(ge O,f 87 per ce'znt obtained with
Temp., ¢ C of Acid to Ester Reactions Temp., °C. of Acid to Ester Reactions titanium oxide as catalyst at
Silica Gel Titanium Oxide: 390° C.
370 123 2 5 370 270 84 . .
ggg g; 3 1 ggg %gg gg i Figure 2 shows a graph of
390 137 47 390 70 &7 10 space velocity against per-
3;8 igi 22 centage of benzoic acid esteri-
: . ) i fied for some of the better
—~————Magnesium Oxide———— ~—————8trontium Oxide—— .
410 295 5 5 390 278 12 7 catalysts. The maximum
%0 304 £ H petd 8 e 7 value of esterification as ob-
430 04 3 410 284 i is de-
439 304 4 2 4 284 18 16 tained from these plots is de
430 76 57 10 410 71 26 9 pendent upon the amount of
side reactions, and the
. oye 80
oxide on silica gel gave the same effect at 450
about 400° C.; with calcium oxide on silica 60 =1 :
gel this difficulty did not appear below a T L Cea0
460° C. This cloud formation was also o 70 5 T
accompanied by a heavy carbonization of g 20 820 i — 0\:
the catalyst. In general, the temperature %
range for the esterification reaction can be o rE]
placed between 370° and 450° C. for the % 60 . MgO
catalysts tried in these experiments. U T ot
Freas and Reid (?) found that, in the Q %0 CraOs—" E =
liquid phase for an equimolecular mixture z
of ethyl aleohol and benzoic acid, heating e Zr0, 410
= |~ 2
for 96 hours at 200° C. was necessary to Z 6o =
reach equilibrium. The equilibrium corre- v
. . x S0 39
sponded to 66.17 per cent conversion of acid, & 2 5
and the equilibrium constant calculated from 70 MnQr —— 102"
their data is 3.826. From their data it was ‘i 7 S
estimated that the equilibrium for a 5 to so

1 mole mixture of benzoic acid and ethyl
aleohol in the liquid phase corresponded to
94,82 per cent conversion of the acid. The
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Fiaure 2.

TaBLE II. EFrFECT OF TEMPERATURE AND SPACE VELOCITY
oN CONVERSION
% Acid to
Optimum Space Velocity % Acid Side
Oxide Temp., ° C. of Aeci to Ester Reactions
Zr0: 410 290 56 .
145 60 ..
73 62 5
ZnO 430 304 14 ..
152 17 o,
76 24 8
MgO 430 304 39 5
152 49 5
76 57 10
Al:Os 430 304 25 o,
152 31 ..
76 39 ..
CrsOs 430 308 41 2
154 45 12
77 53 13
Ca0 450 302 27 1
151 43 4
75 54 6
BaO 450 302 23 25
151 32 24
75 50 23
8r0 410 284 16 16
142 20 14
71 26 9
BeO 390 216 30 ..
138 36 .
69 38 1
MnO 390 278 68 8
138 79 2
70 82 8
TiOs 390 278 84 ..
139 85 6
70 87 10

SPACE VELOCITY OF BENZOIC ACID

VaRIATION OF ESTERIFICATION WITH SpacE VELOCITY

best value obtained by extrapolation is about 90 per cent
esterification.

Complete tests were not made on all catalysts to determine
how the activity changed with use, but the experiments did
indicate that there was only a slight decrease in activity if the
temperature was below that at which carbonization occurred.
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