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1.

INTRODUCTION

An ester can be defined as the compound formed when an
acyl group {- C i g) replaces the active hydrogen of an alcohnl.
In organic chemistry esters are usually classified us derivatives
cf carboxylic acids. They are regarded as the organic equivalent
of an inorganic salt, since the ester can be derived by elimina-
tion of water from an acid and a hydroxy compound; however, the
resemblance is in form only, as the mechanisms are probably far
different.

Esters form a group of very important and useful com-
pounds. The lower esters are noted for their volatility and
soilvent properties and can be recognized by their dofinite fruity
odors. Besides their use as solvents, the lower esters are alsco
used in the production of artificial flavorings. Many plastics
and intermediates for the production of plastics are esters.

The number of reactions by which esters are produced
is long., They can be divided into two groups - those in which
two compounds react to give an ester and another compound, and
those in which two compounds react to give an ester aulone. The
first group are all replacement reactions such as: 1) direct
esterification, in wiiich an alcohol reacts with an acid, either
organic or inorganic, and 2} alcoholysis and acidolysis, in

which an alecohol or an acid replaces its like part in an ester
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molecule., The second group are addition reactions in which a com-
pound is added to an unsaturate; the formation of ethyl sulfate
from ethylene and sulfuric acid is an example of this.

Esters are usually prepared in the liquid phase under
various conditions of temperature and pressure. The esterifica-
tion of primary alcohols with organic acids is best known and has
been studied extensively. The reaction is slow, equilibrium is
attained only after refluxing for several days, and the limit of
conversion to ester for tle lower alcohols and acids is about
60 to 70 percent. The speed of the reaction is increased enor=
mously by the addition of a catalyst; acid catalysts are the most
common with hydrochloric and sulfuric acid being generally used;
however, the list of esterification catalysts is legend. The
1imit of conversion is increased by removing one or both of the
products of the reaction so as to discourage the reverse reaction
from occurring.,

Some lower esters have been prepared by vapor phase
esterification. A catalyst is necessary because the honogeneous
reaction is negligible as high as 300°C. Silica gel has been
most widely used as a catalyst but is not the only one. The
conversions are much higher in the vapor than in the liquid
phase. No commercial units have been described.

This work 1s an experimental and theoretical investiga-
tion of the vapor phase esterification of ethyl, n-propyl, and

n-butyl alcohol with acetic acid. The reactions have been carried

v e 3 e A B T VL S
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out in a flow system using a bench scale apparatus of stainless
steel. The catalyst, tungstic oxide, is carried by uniform
porous cylinders of alumina in the form of a packed bed. Equa-~
tions which correlate the data have been obtained from a study
of the kinetics of the reaction. Actually, this research is a
continuation of the work of Michael Stusiak {20) who constructed
the apparatus and made a kinetic study of the vapor phase esteri-

fication of ethyl alcohol with acetic acid at 160°C.

o
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LITERATURE SURVEY

in his study of the esterification of ethyl alcchol with
acetic acid, Stusiak {20) included a very extensive and thorcugh
search of the literature. He did not limit himself just to ethyl
azetate, but rather included the whole field of vapor vhase esteri-
fication. No new papers on the subject have appeared since he
finished, and rather than repeat his work here, the reader is
referred to Stusiak’s literature survey.

This literature survey shows that the work done so far
on vapor phase esterification can be lumped into three groups.
The first group centains about fifteen papers all devoted to the
determination of an equilibrium constant for the formation of
ethyl acetate from ethyl alcohol and acetic acids Essex and Clark
(6) finally solved this problem; they give the equilibrium con=-
stant as a function of temperature and the standard free enerqgy
change fcr the vapor phase reaction of ethyl alcohol and acetic
acid to ethyl acetate. The second group has six papers which are
concerned with suitable catalysts for vapor phase esterifications.
These catalysts are mostly metal oxides on carriers and they have
been used to esterify most of the low molecular weight aleshols
and organic acids. The third group contains two papers on the
kinetics of vapor phase esterification of ethyl acetate.

These last two papers are the most interesting. The

first was by Hoerig, Hanson, and Kowalke (10) who measured the
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rates of estarification of acetic acid and ethyl ¢lcokol vapors

. at 150, 190, 230, and 270°C. and one atmosphere in a flow system
using silica gel catalyst and an equimolar mixture of the reac-

5 tants. The authors made an attempt to determine the rate-
controlling step at 230°C. and came to the conclusion that mass
transfer through a gas film on the external surface of the catalyst
was not rate controlling, but that diffusion within the catalyst
particles might be.

Buckley and Altpeter (3) published the second paper.
Their catalyst was silica gel, the reactants were ethyl aleochol

E and acetic acid, and the apparatus was essentially that used by
Hoerig, Hanson, and Kowalke (10). Data were obtained at 200, 230,

. and 260°C, under total pressures of 1 to 2.33 atmospheres and at
three different nmclal ratios of acid to alcohol. The authors con-
cluded that the reacticn rate was limited by the rate at which
acetic acid was adsorbed when the mole fraction of the acid in the
feed was less than 0.7, and that the rate of adsorption depended
on the water content of the catalyst. A reaction rate equation
based on these conclusions was established by the methods of
Hougen and Watson (11) and used to correlate the experimental data.
The following assumptions had to be made before the final rate
equation correlated the conversion data: (1) alcohol was not
adsorbed; (2) alcohnl reacted with adsorbed acid by impact only;
(3) the number of active sites on the catalyst was a function of

the amount of water adsorbed; (4) the equilibrium constant for

TRt D P o i T : =
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adsorption of acetic acid was zero; and (5) diffusion within the
catalyst was not controlling.

In his work Stusiak (20) carried out the continuous vapor
phase reaction of ethyl alcohol and acetic acid to form ethyl
acetate and water in the same fixed bed reactor that was used in
this research. The bed contained 2170 grams of dry catalyst made
up of WOz carried on porous alumina spheres averaging C.523 em.
in diameter. The dried balls were impregnated with a solution of
tungstic acid in concentrated ammonium hydrcxide. The balls were
dried and heated at 450°C. in order to decompose the tunastate
compound. A catalyst particle had an apparent density of 1.6886
gm./cc., an absolute dencity of 3.860 gms./cc., a fractional void
volume of 0.5625 and contained 7.87% WOz by weight.

The variables studied were temperature, rate of reactant
feed, mole ratio in reactant feed, and pressure over a small range.,
For an equimolal feed, a pressure of one atmosphere, and 115C gms.
of catalyst per mole per hour, the fraction of acid converted at
140°C, 160°C, 180°C were 0,306, 0,395, and 0.645, respectively.
Conversions, from the previous two papers, using silica gel as a
catalyst, are 0.3, 0.45, and 0.6 at 200°C, 230°C, and 260°C,
respectively. With the tungstic acid catalyst higher conversions
at significantly lower temperatures are possible. The product was
water white and there were no indications of side reactions.

Kinetic data were obtained at 140°C, 160°C, and 180°C,

but onlv at 160°C was an attempt made to determine a rate-controlling

o
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step. Analysis of the data shcwed that a surface reaction is the
rate~controlling step. A mechanism was postulated and a rate
equation based on this mechanismm was established by graphically
differentlating the integral conversion curves to obtain the rate
of the reaction and then using least squares as suggested by Hougen
& Watson (11l). At 160°C, the rate is given by:
Pg
Py Pg K
r = 0.0128 (1)
[1 +3.327 p, + 1.075 pB]z

where P+ Pgr Ppr Pg are the partial pressures of acid, aleohol,
ester, and water, respectively.

An investigation into the effect of intraparticle diffu~
sion was made by referring to the paper by Smith and Amundson (19)
vhich shows that if the overall reaction is pseudo-first order
the ratio of the effluent +5 the influent partial pressure is given

by the expression:

-
log o T _3W ¥ Py Xl tann R VP - RVF o
Py R? o g tanh R VP
c P -
where W? = mass of catalyst, g./cc.
v = void fraction in the particle
DA = diffusion coefficient of acid in the medium
x = reactor depth
R = particle radius
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fp = particle density

g = flow rate to reactor

P = leA

k = reaction velocity constant

Py = effluent partial pressure of acid

Py = influent partial pressure of acid,
o

Experimentally it was found at a given mole ratio of reactants

and at a given temperature, loge E%; is a linear function of 1l/q
ar Equation 2 predicts. From the Sutherland equation a diffusion
coefficient may be computed and hence a velocity constant k may
be calculated using Equation 2. If one assumes the diffusivity

may vary arbitrarily it is found that the velocity constant as
calculated from the above is unaffected and hence that intra-
particle diffusion had a negligible ettect in this reaction. Using

this method the activation energy was found to be 10.3 K cal./g.

mole.

Mgk

A
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EXPERIMENTAL WORK

tatement of the Problem

This problem is defined as a study of vapcr phase catalytic
esterifieation. The important variables are reactor temperature,
total pressure, molar ratio of alcohol to acid, and feed rate.

The objectives of the project were:
1) to ascertain a rate-controlling step from the kinetics
of the reaction,
2) to establish a rate equation or a pseudo-rate equation

which will corrclate the conversion data.

Reactants

The reactants used in this work were four in number;
glacial acetic acid, ethanol, n-propanol, and n-butanol. The acid
was Du Pont C.P. glacial acetic; the ethanol was USI synthetic
abesolute alcohol, and the n-propanol and n-butanol were Eimer &
Amend “tested purity” analytical reagent alcohols.

Both the alcohol and the acids were subjected to a series
of chemical and physical tests to determine their purity and suita-

bility as reactants. These tests were:

A. Acids

1) During every running day the total acid content was

determined.

2) Determination of water content in each 5 gal. reservoir

of acid.,
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B. Alcohols

& 1) Every 5 gal. reservoir of alcohol was analyzed for total
alcohol contert.-
. 2) Determination of water content in each 5 gal. reservoir
of alcohol.,
3) Periodic checks for the contaminants: aldehydes, ketones,
and unsaturates.
4) Periodic determinations of density.
5) The boiling point range and refractive index of each

S-gal. reservoir of alcohol were determined.

Raferences as to how these tests were carried out will be found in
Appendix D, ”Analytical Procedures.” IlLaboratory Data for these
tests are on file with the Chemical Engineering Department,
University of Minnesota.

Table I summarizes this analytical work which was done
on the reactants. An examination of the table shows that the total
alcohol content of the alcohols was always at least 99.7%, the water
content was about 0.1%, leaving 0.2 unaccounted for. The physical
tests carried out on the alcolols also establish the fact that these
alcohols were very purce DBoth the refractive index and the density
determinations weré almost identical with values reported in the
literature. The boiling point range as reported in Table I is
uncorrected for atmospleric pressure and was determined with an
uncalibrated thermometer which explains the difference between the

determined boiling point and that reported in the literature;

A 5 PPN PTG 7 s e -
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however, the boiling point range was always less than 1°C. which is
% another proof of purity. Qualitative analysis indicated that no

aldehydes, ketones, or unsaturates were present. With this evidence
. of purity and the fact that the sum of the alcohol content and water
came to within 0.2 of 100%, the assumption was made that the alcohols
were contaminated with water alone and no attempt was made to purify
them further.

The acetic acid analysis averaged 99.7) by weight HOHC,

and 0.23% water. Since the sum of the acetic acid and water contents
was 50 close to 1009, and because the manufacturers’ analysis was so
conplete, no attempt was made to analyze the acid further. The

assumption was made that the only impurity in the acid was water.

The Catalyst

The catalyst was composed of tungsten trioxide carried on
porous alumina pellets approximately 1/8” in diameter and 1/8” long.
This matwrial was purchased from The Harshaw Chemical Company of

Cleveland, Ohio. Their description and analysis of the catalyst

A follows.
‘ Tungsten~Alumina Catalyst W-0101 T 1/8"
'se: Dehydrogenation, destructive dehydration, synthesis.
- Bnalysis: W05 10%
B . Al,05 885
Na0 0.4%
L.O.I. at 600°C, 1.0

Descriptive: Greenish~yellew 1/8” tablets weighing approximately

é{ 60 lbs./ft.3. Average side crushirg strength 10 lbs.

B e

N
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A description of tungsten trioxide will disclose the pro- 3
perties that might make it an important solid catalyst. It is an
acidic oxide reacily prepared by igniting the acid, H2WO4. It is
insoluble in water and all acids except hydrofluoriec, but is
goluble in solutions of carbonates and alkali hydroxides including
ammonium hydroxide. At room tenperature tungsten trioxide is
lemon yellow but changes to orange on heating., It is very stable
to heat exerting an oxygen pressure of only 1.555 x 10'14 mm. at
800°C, and is a weak oxidizing agent. When it is heated with
carbon a blue oxide forms above 1050°C.; when hydrogen is used a
mixture of brown oxides is obtained between 800° and 900°C. and
the metal at 1080°C.; with aluminum and zinc, reduction of the
oxide is directly to metallic tungsten.

Before the catalyst was used, the particle diameter,
particle length, particle density, absolute density, and fractional
voids within the particle were determined. The oven-dried weight
of the catalyst and the tungsten trioxide content of the catalyst
were also determined.

The particle diameter, DP' and the particle length, LP'
were determined by measurement with a micrometer. A randon sample
of 297 catalyst pellets was dried for 24 hours at 400°C., weighed on
an analytical balance, and then the diameter and length of each
pellet werc measured with a micrometer to 0,001 mm. An arithmetic
average of these measurements gave the values of particle diameter

and length, which were:

- e e - -~
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DP = 3,276 mm.

LP = 3.577 nm.

The individual pariicle measurements are on file in the Chemical
Engineering Department, University of Minnesota.

The particle density, Pp, was derived from the relation-
ship between the weight and the volume of the 297 pellets which

were measured to obtain the catalyst diameter and length.

The volume of a single pellet = % Dpz Ly
The volume of 297 pellets =z i=§97 D, 2
| e & gy Py B
The volume of 297 pellets = (0.7854)(11.39734) =
8,95147 cc.
The weight of 297 pellets = 13,4218 g.
Particle Density, pp = 13.4218/8.95147 = 1,4994 I*
i=297

The computations of 151 Dpi2 L, are on file in the Chemical

Engineering Department.

The absclute density, Por Was obtained with a pyvcnometer.
LK sample of drisd catalyst of known weight was kept under vacuum
in a small flask for an hour. Distilled water was admitted until
the catalyst was covered. The vacuum was broken and the pellets
transferred to a pycnometer which was immediately filled with
distilled water and weighed. The volume of the solid was calculated

from the weight of water necessary to fill an empty pycnometer at a

Mmnser =
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given temperature and the weight of water and catalyst that filled
it at the same temperature. The absolute density was calculated

from the weight ancd volume of the solid.

Temperature: 26.6°C,
Weight of dry sample of catalyst = 2.4661 g.
Density cf water at 26.6°C. = 0.9966515 g./cc.
Weight of water to fill pycnometer - without catalyst
= 10.3450 g.
Volume of water = 10.3450/0,9966515 = 12,37976 cc.
Weight of water to fill pycnometer with catalyst
= 39,6758 g.
Volume of water = 9,6758/0.9966515 = 9,70831 cc.
Volume of solid = 10.37976 - 9,.70831 = 0,67145 cc.

Absolute density of catalyst, pg = 2.4661/0.67145 = 3.673 g;

The absolute density was determined for four different samples
of the catalyst. The other three determinations are:

3.639 g./cc.

3.661

3.659

The absolute density, = average of the four determinations

e
= 3.660 g./cc.

The veid fraction within the particle ies the ratio of
the ”empty” volume of the particle to the total volume of the

particle.

W
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Total vol. cat. - solid vel. cat.
Total vol. cat.

Internal Void Fraction: ¥ =

1 _1
=Pp pc=pc=pp=l-f£
Y 1 P Pa
Pp
14994 _ 1 _ 4.4097 = 0.5903

Y=1-737560

The oven~dried weight of the catalyst was determined by
taking 9 random samples of the catalyst of about 10 g. each and
heating to constant weight in an oven at 400°C. The weight loss
of the samples was averaged and this value was used to determine
the weight of the catalyst on an oven-dried basis: The average
loss on heating at 400°C. was 2,037 on an oven-dried basis.
Pertinent data on this procedure is on file in the Chemical
Engineering Department.

The tungsten trioxide content of the catalyst was deter-
mined by a gravimetric method suggested by The Harshaw Chemical
Company, manufacturers of the catalyst. Their method is almost
identical to that of XKolthoff and Sandell (13) for analyzing tungsten
in steel. Two random samples of the catalyst of about 1 gram each
were analyzed simultaneously and the results averaged to give a
tungsten trioxide content of 9.69%; this is based on tie original
sample being dried to constant weight at 600°C. Pertinent data on
the procedure and results are on file in the Chemical Engineering

Department, University of Minnesota.

v or e



TRPEPE

B 81 s

e

T P

Wb PR 8

17.

One batch of tungsten trioxide catalyst of the Harshaw
Chemical Company was used for all ssterification experiments. A
quantity of the air-7dried catalyst weighing 2272.0 g. was poured
into a 2” stainless steel pipe, which acted as the reactor in this
research, to make up a randomly packed catalyst “2d. The catalyst
was weighed on a semi-analytical balance capable of loads up to
5000 g. with a precision of 0.5g.; caligrated weights were used and
corrections were made for air buoyancy in order to know ths be
weight with some accuracy. Inside calipers were used to determine
the bed diameter while a meter stick was used for bed length;
these two measurements gave the bed volume. The bulk density of
the bed, P Was simply the ajr-~dried weight of the bed divided
by bed volume. The loss on heating at 400°C. for the catalyst
was the method used to determine the oven~dried weight of the bed.
Table II surmarizes the properties of the bed along with those

of the catalyst.
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Table II.

Properties of the Catalvst:

Particle Diameter, Dp = 3,276 mm.
Particle Length, LP = 3,577 mm,

n

Particle Density, 1.4994 g./cc.

fp

Absolute Density, 3.660 g./cc.

i

fe
Internal Void Fraction, y = 0.5903

Composition:
Loss on Heating at 400°C.: 2.03%

Tungsten Trioxide Content: 9.89%

Properties of the Bed:

Diameter, D = 5.25 cm.

Depth, h = 100,0 cm.

Volume of bed, V = 2165 cc.

Air-dried weight of bed: 2270,0 g.
Oven~dried weight of bed: W = 2225.9 g.

Bulk Density, = 1,0494 g./cc.

Py
External Void Fraction, a = 0,3001,

18.
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The Apparatus

The apparatus consisted of a reactants pumping section,
vaporizer-supserheatcrs for the alcohol and.acid, an isothermal
reactor, a product condenser, and a Dowtherm circulating heater.

A flow diagram is given in Figure 1 and photographs are presented
in Stﬁsiak's work (20).

The punmping section comprised containers (A, B, Figure 1)
for the alcohol and acid, pumps and flowrators (C, Figure 1).

The reservoirs for the alcohol and acid were constructed from Type
316 stainless steel and had a capacity of five gallons. Drying
tubes at the top of the tanks kept cut moisture. Two Model PPI-NM
Low Volume (Precision) multi-purpose gearless pumps manufactured
by Eco Engineering Company delivered the reactants to the pre~
heaters. The pumps were made from Type 316 stainless steel and
were close coupled to Model 20EM Craham variable speed transmissions,
Liquid reactants were metered with Fischer & Porter precision flow-
rators calibrated at room temperatures between 26.1°C. to 29.&°C.
The calibration is on file in the Chemical Engineering Department,
University of Minnesota. Type 316 stainless steel semi-needle
valves were installed in the liquid lines between the flowrators
and the pumps; these valves were manipulated by means of a gear
train for fine adjustment of flow rate. Between the flowrators
and preheaters another Type 316 stainless steel semi~needle valve
was installed; the purpose of this valve was to damp out any float

fluctuations in the flowrators caused by small pressure fluctua-

(24
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tions in the reactor and preheaters which in turn were caused by
slug flow in the product condenser. Provision was made in the
pumping section for passing nitrogen through the system before and
after a run.

The vaporigzer=-superheaters (H, Figure 1) were electrically
heated and built identically. sch was constructed from a 44-1/2”
length of 3/4” N.P.S, Type 316 stainless steel pips. Sheet asbestos
(1/8”) was wrapped twice around the pipe. Two heaters, each made
of twenty~nine feet of No. 18 Nichrome IV wire delivering 1060
watts at 115 volts, were wound over the asbestos on each preheater.
One heater which covered the lower half of the preheater acted as
a liquid vaporizer; the other heater which covered the top half of
the preheater acted as a superheater. The heaters were mounted
vertically inside 6” sheet metal cylinders capped with 3/8” transite
plate and filled with vermiculite.

The tubular reactor (D, Figure 1) was built from a four=
foot length of 27, Tvve 316 stainless steel pipe. Heat was added
by circulating Dowtherm A through a jacket (I, Figure 1) electri-
cally welded to the pipe. The jacket was 5” standard black pipe
45” long and was insulated with magnesia pipe covering. The ends
of the reactor were sealed with stainless steel threaded caps which
increased the length of the reactor by 2-1/2”. A satisfactory seal
was obtained by silver soldering the oricinal threads and recutting
with a sharp die. The top cap of the reactor had a 3/4” connection

for the preheaters, whereas the bottom cap had a 1/8” connection for
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the product condenser. The inside diameter, D, of the ;eactor was
neasurad carefully at both ends with calipers; a valune of 5.25 cm.
was obtained. A stainless steel plate perforated with 3/32” holes
was placed about 4.25 in. from the bottom cap to act as a catalyst
support. For a description of the properties of the catalyst bed,
the reader is referred to the catalyst section.

A product condenser, (J, Figure 1) was made from 13 feet
of 3/8” O.D., 20 gage stainless steel tubing. This tubing was
wound into a coil of 1l turns, the coil was 10” long and 4” in
diameter. This coil was enclosed in a can about 7” in diameter
and 1’ deep; water at about 4°C. ciiculating through this can acted
as the cooling medium. Between the reactor and the condenser a
stainless steel valve was placed to be used both for sealing the
reactor when it was not in operation and for throttling for runs
above atmospheric pressure.

A brief descrintion of the Dowtherm circulation heater
will be given in order to explain its construction and the various
parta. Three feet of 3” standard black pipe and two 3” T’s were
connected. A 2000 watt, 115 volt Type MO Thromalox immersion
heater was screwed into the bottom T and a pressure gauge into the
top T« An auxiliary heater supplying 1060 watts at 115 volts was
made from 29 feet of No. 18 Nichrome IV wire wound round the 37
pipe which had bsen previously coated with No. 1 Sauereisen cement.
A second auxiliary heater also supplying 1060 watts at 115 volts
also was made from 29 feet of Nichrome IV wire., This heater was

wound around the 3/4” inlet pipe to the Dowtherm pump. Dowtherm A
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was circulated with a heavy cduty, single suction centrifugal vump
(G, Figure 1) manufactured by Dean Brothers Pumps, Inc. The hot
liquid entered the jacket of the reactor at the bottom and left at
the top. The capacity of the circulating system was about four
gallons. An expansion tank (E, Figure 1) fabricated from 207 of
57 pipe wae inztzlled hotwson the outlet of the jacket and the

inlet of the heater.

Temperature Measurement and Control

Four temperatures were measured during any experimental
run. These temperatures were obssrved with iron-constantan iherino-
couples in Type 316 stainless steel pressure~tight wells located as
shown in Figqure 1. The couples were Type 3D35S “Midgets” produced
by Brown Instrument Company. Temperatures at the outlets of the
two vaporizer-superheaters and at the inlet to the Dowtherm jacket
were recorded separately with Leeds & Northrup Micromax recorder-
controllers. Inasmuch as these instruments lacked cold junction
compensation, an ice-water mixture in a Dewar flask was used as a
reference junction. The leads from the thermocuples to the cold
junction were rubber-covered iron constantan wire and those from
the cold junction to the recorder-controller were rubbsr-covered
copper wire. The temperaturs at the inlet to the reactor was
measurad carefully at short intervais during a run with a Leeds &
Northrup No. 8657=-C double range potentiometer-indicator. During
the experimental work, the recorders were checked periodically

against this same instrument.
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Tho four temperatures mentioned above were influenced by
a total of 8 heaters. These were three in the Dowtherm section
{a 2000 watt immersion heater, and two 1000 watt auxiliary heaters);
four in the preheater section {two 1000 watt vaporizer and two 1000
watt superheaters); and a 600 watt cone heater between the preheater
and the reactor. Of these eight hLeaters, the imoersion heater, the
two superheaters and the cone heater were capable of automatic
operation while the remainder were manually operated.

The Dowtherm temperature and the superheater temperatures
were regulated in the followinyg manner. The recorder-controllers
were connected to Leeds & Northrup No. 10764 M,E.C. control units
and the M.E.C. units were connected to Leeds & Northrup No. 10224-25
driving mechanisms which operated three variacs that supplied power
to the Dowtherm immersion heater and to the two superheaters. The
superheaters were easily supplied by Type V-10M Variacs, but a
Type V-20M Variac was required by the irmersion heater. Tempera-
tures a’ the locations previously mentioned were regulated by con-
trolling the power delivered by the Variacs. TFor all runs, power
to each superheater and to the Dowtherm immersion heater was
controlled manually with the “manual setter” on each respective
M.E.C. unit until the recorder-controller indicated that the itempera-
ture was at the control point. When such was the carce, the control i
unit was switched to automatie oparation and kept there until a
run was ccmpleted.

The four manually controlled heaters had much simpler

reasons for oxistence. The auxiliary Nowtherm heater wrapped
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around the inlet pipe to the Dowtherm pump, which was supplied by
a Type V-10M Variac, was designed to shorten the time necessary
to get the Dowtherm to cperating temperature at which time it was
shut off; while the other Dowtherm auxiliary heater, which was
plugged into a 115 volt wall outlet and operated continuously
during a run, was made to take some of the heating load off the
Dowtherm irmersion heater, The vanorizer heaters, as their name
connotes, were there to vaporize the feed streams; Type V-10M
Variacs were used to regulate their power input. These variacs
were adjusted before a run to give enough power to the vaporizers
so that the feed would be vaporized and slightly superheated;
the final esuperheat temperature being controlled by the superheaters.
When the apparatus was tested with nitrogen, the tempera-
ture at the inlet to the reactor was 10-15°C. lower than the tem-
perature at the cutlet, This difference was eliminated by enclosing
the tops of the preheaters and the connecting lines to the reactor
in an aluminum box heated with a 600 watt cone element. The
temperature of the box was controlled with a Fenwal thermal switch
connected in series with the element.
Temperatures at other points were checked by Stusiak (20).
A thermocouple well made out of 1/4” copper tubing was located
near the outlet of the Dowtherm jacket. The Dowtherm was heated
and the inlet and outlet temperatures of tlic jacket were measured
gsimultaneously. The difference between them was at no time greater

than 1°C. 'The temperature at the perforated plate, that is, at

T T b IR i3 e X
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the bottom of the catalyst bed, was measured by inserting a thermo-
couple through the hole in the bottom cap of the reactor. This
temperature and the inlet temperature of the jacket checked within
1°C., when nitrogen was passed through and the system was at a
steady state. Temperatureswithin the bed were not measured, but
were assumed to be equal to the temperature of the Dowtherm ir the

jacket.

Pressure Measurement and Control

Pressures were measured with a 4~1/2” Type 1Cl Mastergauge
with tube, tip, and socket of Type 316 stainless steel produced by
the Jas. P. Marsh Corporation. The gauge was inserted in the line
betwcen the tops of the preheaters. Pressure could be controlled

with the valve between the reactor and the product condenser.

Operating Procedure

The following procedure was adopted for opsrating the
reactor. MNitrogen was passed thru the catalyst bed while the
reactor and v=aporizer-superheaters were being heated. When the
Dowtherm reached its operating temperature, the M.E.C. unit con~
trolling the power to the immersion heater was switched to automatic
operation. By this time the vaporizer~-superheaters were near their
control points so the nitrogen was shut off and the feeding of
reactants bequn. Preliminary investigation had shown that with a

reasonable amount of power input to the vaporizers, ihe liquid

. "k‘h’in BraEN
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holdup in the vaporizers never r..ceeded approximately 150 ml.;
therefore, the initial feed rates were adjusted just as high as
possible in order to very quickly obtain a liquid holdup of over
150 ml. When this state had been obtained, the feeds were cut
back to the values desired for the particular run and the super-
heaters were switched to automatic control. With this method of
operation the liquid level in the vaporizer quickly fell to a
steady state value and correspondingly the superheater temperature
came to the control point rapidly. The alternate method of
adjusting the feeds to the values desired right from the start
was found very unsatisfactory; the time necessary to obtain the
needed liquid holdup in this method is very long thereby causing
a very slow attainment of steady state in the preheaters. Tempera-
tures and feed rates were checked frecuently during a run. About
one hour after the feed streams were turned on, sampling of the
product was begun. This was continued at 1/2 hour intervals until
at least 5 samples gavo the same results. These results irere con-
sidered to be the steady state value for that run. The feeds were
then adjusted to new operating conditions and another run started.
Within an hour the reactor would again be at the steady state.
When a running day was completed the feeds were stopped
and the preheaters were drained. Power was left on while nitrogen
was passed through the bed for about one hour or until material no
longer formed in the consenser. Finally, the power was turned off

and the valve between the reactor and product condenser was closed.
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Analysis of the Product 2

By far the most common method used to determine the
conversion to ester was to analyze the product for acetic acid.
This consisted in titrating a weighed sample of reactor product
with sodium hydroxide to a phenolphthalein endpoint. At least
5 steady state samples, *aken at 1/2 hr. intervals, were used to
calculate ester conversion.

In order to be sure that the acetic acid analyeis is a
valid measure of ester conversion and to check for side reactions,
the product was periodically subjected to a complete material
balance and mass flow rate balance. The material balance con=
sisted of analyzing the product for alcohol and water by methode
based on the use of Karl Fischer reagent, and for acid and ester
by saponifying and neutralizing with sodium hydroxide. During
everv run a mass balance was determined by weiching a timed quan-

tity of product in order to obtain the product flow rate.
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EXPERIMENTAL RESULTS

Laboratory Data and Sample Calculations

This research included a study of the vapor phase esteri-
fication of three esters: ethyl acetate, n-propyl acetate, and
n-butyl acetate. For each ester three different opsrating tem-
peratures, T, were considered and at each temperature ihe mole
ratio of alcohol to acid, R, was varied. Tinally, at a constant
temperature and mole ratio of alecohol to acid, the acid feed rate
in moles per hour, FAO, was varied, The three variahles, T, R,
and FA , were the only independen: variables considered; no
attempt was made to vary the total operating pressure or to intro-
duce water and ester as feeds.

Since the weight of the catalyst, W, was a constant for

all experiments, ths guantity W/PA varied as FA varied; and as
o o

‘.'.'IPA varied. the conversion in moles of ester formed per mole of
acidofed, X, also varied. Therefore, the laboratory data can be
grouped into a series of runs; any one series will be for one ester
at a constant temperature, a consant mole ratio of alcohol to
acid, and at varying values of W/FA « The values of W/FA for
each series of runs varied between 235 and 1300, Table Igl shows
how temperature, T, and mole ratio, R, varied for each ester, while
Tables IV, V, and VI have the laboratory data arranged into their

respective groups. Under each series designation are listed the

run nunbers, the operating temperature, T, the operating pressure,

> §
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P, the role ratic of alcchol to a_:id, B, the values of WIF& , the
mass velocity, G, and the conversicon, X. Because the valueg of R
were so0 nearly a constent for any series of runs, only an arithmetic
average value is reported for the series; this same line of reason-
ing was followed for the values of F. Under "Laboratory Lata”

in Appendix A, all pertinent informetion concerning the runs is
listed.

The fraction of the acid converted or the m=sics ester
formed per mele acid fed, X, was calculated from the composition of
the feed, the gravimetric feed rate, and the analysis of the nroduct
for acid content. A detailed explanation of the method used te
determine the acid content of the product will be found in Sppendix
D, Amalytical Procedures, uvnder the heading, "fnalysis of the
Product.” A sample calcelation for the conversion, X, bascd on

one hour of operation, follows:

Sample Calculation: Ethyl Loetate: Fun £55.

Temperature of reactor (T*C.) 150
Pressure of reactor (atm.} 29,9643
Rate of flow of acid {(g./hr.) 131.0
Rate of flow of alcohol (g./hr.) 100.5
Y¥ass rate of flow {g./kr) 231.5
Hormality cof sodium Mrrdroxide soclution C.4792
Composition of acid (wt. %) 99 7¢%

Corposition of alcchol (wt..) 9.87%

i Jloeiry
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Molecular weight of acetic acid 60.052
rolecular weight of ethyl alcchol 46,058
Cross-sectional area of reactor {sg.ft.) 0.0233
tiass of Catalyst (g.) 2225.9
For one tour of operation:
: _ {131.0)(0.9978) _
g. moles of acid fed, E‘Ao = $6.052 2.175%
_ (109.5){0,998) _
d. moles of alcochol fed, PBO = 2t.068 = 2.1772
. W _ 2235.3 _
g. oatalyst | g. mole acid fed, F— = 21768 1022.7
o
: 2.1772
o . ~ IR E—————
moles of alcoohol § uoles of acid, R 2. 176E 1.0003
2 5 ib. _ {231.5) e
mss velocity, O, T y(sq.FL.7 - (453.61(0.0233) ~ 219
total wolume of base used (ml.) 143.24
total weight of produect samples {gm.) 11.4671
‘ .. (145.25) (8.£792}(231.5) _
g.moles of unreacted acid: (1000) (11.4671) = 1.40352
66 - 1.2052
Practional comnversion of acid, ¥ = $:1765 = 13082 €.355

2.1775¢6

Figures 2, & and 4 are derived from the data in Tables

I¥, ¥, and ¥1. In the figures, X is plotted agasinst W/F, ; they

v

Q

show the effect of %/ F, om X for the wvarious operating terperatures

&

[ o]

and molar ratios of alcohol tc acid for each ester.
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Ester

Ethyl Acetate

n=Propyl Acetate

neButyl Acetate

Takle 111,

Operating

Temperature

180°C,

160°C.

140°C,

1g0°C.

160°C.

149¢C,

180°C.

160°C.

150°C.

31,

Mole Ratio
Alcohol to Acid
R

1.4992
1,0007
0,7502

1.5008
1.0005
0.7502

1.5005
1.0001

1.5001
1.0000
0.,7495

1.5009
0.9997
0,7501

1.5008
1,0006

1,0000
0.7506
5.4998

1.0001
0.7498
0.5003

0.9999
0.7501

vl il
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Table IV.

Ethvl Acetate

Series I; T = 180°C,; R = 1.4992; P = 0,9841 atm.

Run No. W/PA G X
o
30 1312,.8 20.8 0.841
31 1154,4 23.8 0.795
32 1022.8 26,6 0.760
33 861.7 31.6 0.684
34 730,8 37.4 0.€634
35 580,4 47.0 0.540
36 468.7 58,2 0.172
37 324.3 84.1 0.341

Series II; T = 180°C,; R = 1.0007; P = 0,9621 atm.

Run No. W/FA G X
o
17 1313.0 17.0 0.708
18 1154.5 19.4 0.673
10 1021.8 21.9 0,645
11 860,8 26.0 0.589
12 730,8 30.7 0.532
13 580,9 38.6 0.444
14 469,2 47,8 0.349
15 324,.6 639.0 0.299
16 23747 94.4 0.223

Series III; T = 180°C,; R ~ 0.7502; P = 0.96738 atm.

Run No. W/FA G X
o
49 1313.8 15.2 0.532
50 1155.2 17.3 0.507
51 1022,9 19.5 0.488
52 861.8 23.2 0.455
53 730.5 27.4 0.422
54 580.6 34.4 0.358
55 469,1 42.6 0.311
56 324.1 61.6 0.256
57 236.7 84.3 0.196

>3 V0 b
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Table IV. (continued)

Ethyl Acetate

Run No. WIPA

o

s 23 1314.1
24 1155.5

22 1022.9

25 861,7

26 729.8

27 580.8

28 469.3

29 324.7

G
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Series IV; T = 160°C.; R = 1.5008; P = 0,9729 atm.

X

0,497
0.455
0.413
0.360
0.316
0.272
0.220
0.154

Seriee V; T = 160°C.; R = 1.0005; P = 0,9663 atm,

Run No. WIPAo

1316.6
1157.5
1024.1
862.7
730.0
580.2
468,56
324.1

3
O U LODN = 00N

G

17.0
19.4
21'9
26.0
30.7
38.6
47.8
69.0

Series Va; T = 160°C.; R = 1.0005; P

; Repeat Runs

j Run No. WIF,

Ky o
9 1025.1
19 1022.4
20 1023.0
21 1022.9

8 39 1021.9

; 58 1022.7

b 59 1022.7

- . 72 1023.1

E: 73 1023.4

w{. £

Ei o .

X

{‘34
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X

0.444
0.396
0.364
0.306
0.277
0.226
0.130
0.137

= 0.9663 atmo

X

0.358
0.365
0.362
0,364
0.371
0.3585
G.372
0.377
0.365

T
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Table IV. {continued)
Ethyl Acetate |
Zeries VI; T = 160°C.; R = 0,7502; P = 0.9730 atm. :
Run No. W/FA G X
o
40 1312,8 15.2 04340
41 1154.4 17.3 04315
47 1154.6 17.3 0,812
38 1021.9 19.5 0.310
48 1022.4 19.5 0,297
42 861.1 23,42 0,264
43 730.3 27.4 0.239
44 580.,5 34.4 0,202
45 468.7 42.6 0,176
46 324.3 61.6 0.139
Series VII; T = 140°C,;,R = 1,5005; P = 0,9734 atm,
Run No. W/FA G X
o
66 1313.5 20.8 0.299
67 1086.3 25.1 0.256
68 861.6 31,7 0.214
69 650.4 42.0 0.173
70 468,6 5Ce2 0.1382
71 324.2 84.2 0.098
Series VIII; T = 140°C; R = 1.0001; P = 0,972« atm.
Run No. W/PA G X
o
60 1313.5 1741 0.244
61 1089.3 20,6 0.217
62 862.0 26,0 0.190
63 650.6 34,5 0.148
64 468.4 47.9 0.120
65 324.1 69.2 0.091
< ¥ : ;



| S s 6

35,

Table V.

n-Propyl Acetate

Series I; T = 180°C.; R = 1.5001; P = 0.9696 atm.

Run No. W'/'FA G X

. o

!

i 44 1300.8 24 .4 0.806
45 1151.2 27.6 0.769
43 1031.7 30.8 0.717
47 882.3 36.0 0.658
48 758.1 41.8 0.60%
49 599.1 53.2 0.529
50 485.3 65.3 0.444
51 328.8 96.5 0.366

' Series II; T = 180°C.; R = 1.0000; P = 0.9682 atm.

i Run No. WIF, G X
i 0

16 1300.3 19.5 0.585
17 1150.6 22.0 0.661
9 1030.6 24.6 0.645
- 10 861.4 28.8 0.601
11 759.3 33.4 0.563
12 600.0 42.3 0.492
i 13 485.6 522 0.431
f 14 328.9 77.1 0.323
: 15 232.7 109.0 0.230

Series I1I; T = 180°C.; R = 0.7495; P = 0.9629 atm.

Run No. W/P& G X
)
36 1298.8 17.1 0.574
37 1149.4 19.3 0.559
38 1030.1 21.5 0.529
% 39 81,5 25.2 0.486
b 40 75843 29.3 0.461
% 41 599,.2 37.0 0.404
g R 42 485.4 45.7 0.349
vl 43 328.7 67.5 0.264
i
&
&
g
§§
s ,m#!gaﬁﬂr*“““”?"‘ - =
B <
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Table V. (continued)

n-Propyvl Acetate

Series IV; T = 160°C.; R = 1.,5009; P = 0,9663 atm.

Kun No. W/PA G X
o
27 1299.1 24.4 0.488
28 1149.7 27.6 0.441
29 1032.7 30.7 0.405
30 883.2 35.9 0.356
31 759.7 4]1.8 0.325
35 599.2 52.9 0.26€
32 485,.6 6543 0.227
33 328.9 96.4 0.164

Series V; T = 160°C.; R = 0.9997; P = 0,9702 atm.

Run No. W/FA G X
o
7 1299.1 19.5 0.430
8 1150.0 22.1 0.398
18 1030.3 24.6 0.366
2 880.9 28.7 0.329
3 758.8 33.4 0.298
4 599.6 42,3 0.252
S 485.5 52.2 0.220
6 326.8 77.1 0,160

Series Va; T = 160°C.; R = 0.9995; P = 0.9716
Repeat Runs

Run No. WIFA G X
o
1 1030.0 24,6 0.377
34 1030.6 24,6 0.371
52 1630.8 24 .6 0.371
53 1030.7 24.6 0.372
68 1029.9 24.6 0.374




Run

25
26
19
20
21
22
23
24

Run

80
Gl
67
63
54
65

Run

54
55
56
57
58
59

Table V. {(continued}

n-Propvl Acetate

37.

Series VI; T = 160°C; R = 0,7501; P = 0.9614 aim.

No. WIPA
o
1299.3
1149.8
1030.3
881 .0
757.8
598.9
485.9
329.1

G

17.1
19.3
21.5
2542
29.7
37.0
45.7
67.5

Series VII; T = 140°C.; R = 1.5008; P

No. Wl:A
o

1298.7
1088.6
881.8
670.,0
485.5
328.8

G

24.4
29.1
36.0
47.3
65.3
96.4

<
o

0.371
0.348
0.314
0.285
0.263
0.229
0.198
0,140

= 0.,9760 atm.

X

0,269
0.237
0.198
0.165
0.125
0.030

Series VIII; T = 140°C.; R = 1.0006; P = £.3541 atm.

No. WIEA
()

1299.1
1088.9
881.2
569.8
485.4
328.7

G

19.5
23.3
28.8
37.9
52.2
77.1

X

0.252
D,213
0.179
0,148
0.114
0.075
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Tabla VI.

n-Butyli Acetate

38.

Series iI; T = 180°C.; R = 1.0000; P = 0.9726 atm.

Run No.

15
16

9
10
11
12
13
17
14
18

WIl'A
o
1299.3
1150.0
1030.7
881.5
758.8
600.0
485.7
397.6
328.9
275.1

G

21.8
24.6
2745
32.1
3743
47.3
58.4
71.38
86.2
108.0

0.778
0.746
0.727
0.683
0.643
0.578
0.514
0.4338
0.360
0.333

Series II; T = 180°C.; R = C£.7506; P = 0,9800

Run No.

37
38
39
40
41
42
43
44
53

W/RA
o

1301.5
1151.8
1032.1
882.8
757.9
599.8
485.9
329.1
232.5

(O]

Series III; T = 180°C.; R = 0.4998; F

Run No.

x5
46
47
48
49
50
51
52
54

WIP‘A
o

1300.0
1150.5
1030.2
881.1
75843
599.4
485 .4
328.8

232.5

G

15.8
17.8
19.9
23.3
27.0
34.2
42.2
6243
88.1

X

0.631
0.611
0.589
0.560
0.532
0.485
0.432
0.349
0.262

= 0.9660 atm.
X

0.480
0.482
0.444
0.417
0.405
0.373
0.343
0.273
0.219
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Table VI. (continued)

n-Butyl Acetate

Series IV; T = 16C°C.;

Run No.

=

DU WD o

WIFA
)

1299.5
1150.0
1031.3
88l.1l
757.9
599.4
485.6
328.9

39.

R = 1.0001; P = 0.9663 atm.

. G

21.8
24,6
2745
32.1
37.3
47.3
58.3
86.1

Seriee IVa; T = 160°C.; R = 0.9998; P
Repeat Runs

Run No.

36
55
56
69

WIFA

o]
1030.2
1030.2
1030.3
1030.0
1029.9

Series V; T = 160°C.;

kun No.

20
21
22
23
24
25
26
27

ot L N

WIFA'
o
1298.6
1149.2
1029.9
881.6
758.4
599.3
485.1
328.6

R = 0.7498; P =

G

18.8
21.3
23.7
27.8
32.3
40.8
30,4
74.4

X

0.516
0.483
0.447
0.388
0.370
0.321
0.280
0.206

= 0-9671 atm.

0.9658 atm,

0.436
0.441
0,448
0.447
0.449

0.448
0.416
0.387
0.313
0.317
0.259
0.232
0.171
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Table VI. (continued)
n-Butyl Acetate
4
Series Vi; T = 160°C.; R = 0.5003; P = 0.9657 atm.
Run No . w/ FA C X
o
28 1298,4 15.8 0,383
29 1149.0 17.9 0.349
30 1029.7 19.9 0.321
31 881.3 23.3 0.298
32 758.1 27.1 0.270
33 599,1 34.3 0.234
34 485,.6 42,2 U.206
35 328.9 62.3 0.149
Series VII3 T = 150°C.; R = 0,9399; P = 0.9561 atm.
Run No. WIFA G X
- o
57 1299.7 21.8 0.385
58 1089.4 26.0 0.336
59 881.6 32.2 0.282
v 60 670.1 42.3 0.242
61 485,.6 58.4 0.184
62 328.9 86,2 0.134
Series VIII; T = 150°C.; R = 0,7501; P = 0.9665
Run No. WIPA G X
o
63 1299.6 18.8 0.356
64 1089.4 22.4 0.312
65 88l1.1 2747 0.265
66 669.6 365 0.228
87 486.0 5043 0.176
68 329.1 74.3 0.124
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FIGURE 3
CONVERSION CURVES FOR PROPYL ACETATE
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Material Balances
Under ”Analysis of th; Product” in the preceding chapter,
the fact was mentioned that the product was periodically subjected
to a conplete material balance in order to check lor side reactions.
The material balance consisted in analyzing the product:
1) for water by using Karl Fischer reagent, 2) for alcohol, by 4

first driving all alecohol in the product to water by using
Borontrifluoride~Glacial Acetie Acid Esterification Catalyst,
and then anélyzing for the water by using Karl Fischer reagent;
3) for acid by neutralizing the product with sodium hydroxide;
and 4) for ester, by first saponifying the neutralized product,
and analyging for the acid formed with sodium hydroxide.

The water balance on the product consisted of determining
the product’s total water content; since the water content of the
feeds was known, the water content of the product brought about by
chemical reaction ie then determined. This watsr content can then
ba converted into moles/hr. of water leaving tihe reactor which should

be equal to the moles/hr. of ester or HzO leaving the reactor as

s i b

determined by titrating the product for acid. The moles/hr, of
water leaving the reactor as determined by titrating the product
for acid was labeled the theoreticil water content cf the product;
the results cf the water balance were reported as the percentage
of this theoretical water in the proauct.

The alcohol balance on the product consisted in converting
all alcohol in the »product to ester and water by using a Boron-

trifluoride Glacial Acetic Acid reagent. KXarl Fischer Reagent

o
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was then uscd to determine the amount of water in this treated
product; this water came from three sources: 1) the water formed
by regular reac*or conversion, 2) the water formed by reaction of
the alcohol in the product with Boron-triflucride Glacial Acetic
Acid Esterification catalyst, and 3) the water that was originally
present in the feeds. By subtracting away the known water content
of the feeds, the moles/hr. of water formed by chemical reaction
is determined. If there are no side reactions the moles/hr. of
water formed by chemical reaction should be equal to the moles/hr.
of alcohol feed to the reactor as determined by the alcohol flow=
rator. These results were reported as % alcohol recovery by
esterification which {s the ratio of the moles/hr. of alcohol fed
as determined by Xarl Fischer analysis to the moles/hr. of alcohol
feed as determined by the alcohol flowrator,

The ester balance on the product consisted of saponifying
with an excess of sodium hydroxide a sample of the product which
had been previously analyzed for acetic acid. After the saponifi-
cation was campiete, the amount of base still left in the sample
was determined by first making the sample a2cid with atandard hydro-
chloric acid and then back titrating with standard sodium hydroxide.
For a balance the moles of base used up in the saponification plus
the moles of base used to analyze the sample for acetic acid should
equal the moles of acetic acid in the sample based on no conversion
in the reactor. These results were reported as percent acid

recovery through saponification which is the ratio of the moles of
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base used up in saponification and neutralization of the product
sample to the moles of acid in the product sample based on no reactcr
conversion.
Sample calculations and detailed analytical procedures
for these analyses oi the product are given in Appendix D, Analytical
Procedures, under the heading “Analysis of the Product.” Laboratory
data and results are on file in the Chemical Engineerina Department.
Table VII summarizes the results of the material balance to which
the product was subjected. Satisfactory balances were obtained in
21l cases. A glance at the table will show that the results are
all about 100%, the ideal value; there was some scattering - a
deviation of & 2% - but this is to be expected since the reactor
cycles a bit about a steady state, and along with the errors
inherent in the analytical procedures, a 2% error is quite possible.
The results of the material balances on the product seem to indicate
that no side reacticns were occurring.
At lsast once during every run a timed quantity of the
product was weighed to obtain the product flow rate. This product

flow rate was then compared with the feed rate; the results are

listed in Appendix A under the heading wbbserved' The agreement

between feed rate and product flow rate is entirely satisfactory,
being within 2%. This excellent agreement shows that all the
product was being condensed, that no non-condensable compounds
resulting from cracking or dehydrogenation were being produced,

and that the flowrators were on calibration throughout the experi-

mental work:

-
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Catalyst Activity

In order to prove that the catalyst did not change acti-
vity during the laboratory werk, a series of repeat or check runs
were made. The first run ever made with the catalyst (Zthyl Acetate,
Run #1) was defined as the primary standard run, and all subsequent
check runs were referred back tc it. Two secondary standard runs
were set up; one for n-propyl acetate (Run #1), and one for
n-butyl acetate (Run ;1) by making propyl acetate: run #1, and
butyl acetate: run 71, and then checking the catalyst againsi the
primary standard, ethyl acetate: xun #1. Thesc secondary standard
rung allowed for a catalyst check during a series of propyl or
butyl acetate runs without changing the reactor over to ethyl
acetate. However, it should be made clear that all during the
cxperimental work the catalyst was checked against the primary
standard; after a series of propyl o butyl acetate runs, during
which there would be checks against the seccondary standards, the
catalyst was always compared with the primary standard run. Table
VIII summarizes these check runs; it lists the conversion for the
primary standard run, the two secondary standard runs and the check
runs, along with the number and kind of runs made between check
runs. Examination of the table shows that the runs could be checked
and that the catalyst maintained a coistant activity. During the
total of 210 runs which were made, the catalyst was checked 9 times
times against ethyl acetate: run #1; the conversions for these runs

varied from 0,355 to 0.377, a spread of 6%; also the conversion for

[l RS
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the first run made (Ethyl Acetate, runr #l} was 0.364 while that of
i the 210th run (Ethyl Acetate, run #73, a check run) was 0.365. The
agreement between the 5 secondary check runs for propyl acetate and

the 5 secondary check runs for butyl acetate is just as good.

Hemogeneous Reaction, Liquid Phase Reaction, and Inertness of

the Carrier

No runs were made without catalyst in the reactor because
it has been established that the rate of the homcgeneous reaction
is negligible (3, 9, 10). Moreover, no effort was made to deter~

. mine the extent of conversion during sampling and analysis. Buckley
and Altpeter (3) have shown that it is very small and can be dis-
regarded. However, the catalytic properties of the activated
alumina catalyst carrier were tested; the reactor was lcaded with
2682 g. of oven-dried 1/4” spheres of porous activated alumina of
quality XF-101 bought from Aluminum Ore Company by M. Stusiak (20)
for his esterification studies with this reactor. Ethyl alcchol
> and acetic acid were fed to the reactor and the conversion checked

by titrating for acid in the usual manner. The reactor was run at
6 hour intervals for a total of 48 hours; the results of these

runs follow:

£ Total Hours Running Conversion
F 0 0.775
£ 5 0.586
- 12 0.19:
% 18 0.168
; ‘ 2 0.124
o 30 0.068
2 36 0.069
42 0.029
5 48 0.010
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The conversion after 48 hours is practically negligible so that the
tungsten oxide is the catalyst and the alumina is only acting as a
carrier. The high conversions obtained initially were probably due
to the fact that the catalyst was cven-dried; therefore, acting as

a dehydrating agent, and causing the homogeneous reaction to proceed
more rapidly since the water formed would be removed. The Harshaw
catalyst used in this research did not show any initizl fluctuations
in conversions; most likely, because it was loaded in the air dried
state. Of course, the catalyst used in this research was carried on
1/8” pellets of activated alumina rather than 1/4” balls; however,

it is difficult to believe that this would make much difference.

Product Appearance

Finally, something should be said aboui the appearance of
the product. During all the runs the product remained water~white;
on occasion the first few milliliters of product stream were faintly

brown, but this quickly cleared up.

In summary, the following assunptions seem justified as
the kinetic analysis of the data is approached.
1) Esterification is the onlv reaction occurring; side
reactions are improbable,
2) All product was being condensed and the mass flow rates
could be checked.

3) The catalyst activity remained a constant.

o
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4)

6)

The homogeneous reaction is negligible along with the

reaction in tl:e liquid phase.

The tungsten trioxide is a necessary part of the

catalyst.

The reactor is isothermal in operation.
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KINETIC ANALYSIS

Rate Steps in Heterogencous Catalvsis

When a gaséous reaction is catalyzed by porous particles
the following physical and chemical rate steps are always present
(11).

1) The transfer of reactants from the gas stream to the
exterior surface of the catalyst and of the products
from the exterior surface to the gas stream.

2) The diffusion of reactants and produnrts in the pores of
the catalyst.

3) The activated descrption of product.

4) The chemisorption of reactants on the surface of the
catalyst.

5) The surface reaction of adsorbed reactants.

A mechanism that defines the rate of reaction exactly
requires quantitative expressions for the rate of every step that
contributes to the mechanism. However, it is well known that the
relative importance of each step in determining the overall rate
of a reaction varies widely. For many reactions only the slowest

single step of the five types listed need ke considered. If the

The slowest single step is termed the rate~determining or rate-
controlling step.
The five steps will be considered separately to mee if

a rate~contrclling step can be found. The selection or exclusion

-
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of steps will be determined by the results of this research and

by reference to the paper by Yang and Hougen (22).

Step 1: Diffusion

It is evident from Figures 2, 3, and 4 that the rate of
reaction is guite sensitive to temperature. On the other hand, the
rate of mass transfer through an external film on the catalyst
particles is affected only slightly by temperature. From Figures
2, 3, and 4, therefore, one might suppose that mass transfer is
not the rate~controlling step.

When surface reactions proceed slowly, film resistances
are small and can be neglected. When the experimental accuracy is
not greater than 5% the film resistance can be neglected if for a
given component Ap/p is less than or equal to 0.05. For this
research the slowest and fastest experimental rates, determined by

graphical differentiation were as follows:

Ester Rate Mass Velocity
Je« moles G 1lbs,

{g.catalyst)(hr.) (hr.)(sq.ft.)
Ethyl Acetate 0.000913 (180°C,) 84,1
0.000128 (140°C.) 17.1
Propyl Acetate 0.000833 (180°C.) 96.5
0.000155 (l40°C.) 19.5
Butyl Acetate 0.001000 (180°C.) 103.0
£.00020C {150°C.) 18.8

Because these rates are low they also tend to reject mass transfer

as the rate-controlling step.

—
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Equations for mass and heat transfer can be used to
estimate film resistances for each component of a reaction. Graphs
from the papar by Yang and Hougen (22) were used instead. In their

paper the authors plotted the reaction rate number,

—
(Vap r Mm pf) (L )2/3
Py M ay P DAm

against the modified Reynolds number \E&,G/p for varisus values of
Ap/p. In this work, the ratio, Ap/p, was evaluated for acetic acid
for the six rates and mass velocities menticned previously.
Calculations of the six cases follow:

where:

1) arface area / single catalyst pellet, (cm%)

]
(]

ap

T
=5D2+nDPl'p

2
3 g el
ay surface area of pellets [/ unit mass, (g. e

2, .4
Lbep Dpoep

= e T
3) Mm mean molecular weight of gas mixture, (mole)

o\
~

n

(Mol.wt.Acid) y, + (Mol.wt.Alc.)(yB) + {Mol.wt.Ester) Vs
+ (Mol.wt.H0) vy

Ypr Ygr Ygr Vg = mole fraection of acid, alcohol, ester,
and water, respectively.
4) Py = Pressure factor (atm.) = total operating pressure.

moles
{g.cat.)(sec.)

5) r = rate of reaction,

ed
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7)

8)

10)

# 11)

57.

= partial pressure of acetic acid in gas mixture

{moles acetic acid)(l etm.)
{total moles)

= mass flow rate: 72337?735757 based on an empty column,

= viscosity in poises for gas mixture - cal~ulated by a
method suggested by Hougen & Watson (11, page 874)
based on theTheory of Corresponding States.

= density of gas mixture(;%gr); density of individual gases
from ideal gas laws, p = g%; density of gas mixture
Yy Pyt VB PRt YR PR Y s fr

-2
Ce

= mean diffusivity (

:2 ) of acetic acid in gas mixture.

m

Diffusivityv of acetic acid in each component of the mixture
estimated by Gilliland Equation (15). Diffusivity of acetic
acid in the gas mixture estima‘ed by a method suggested by
Curtis & Hirschfelder (5) where:

L=y, ¥g Vg Vg

Dy Ui Dar D
m
DAB' DAR’ DAS = diffusivity of acetic acid in the individual

ccuponents of the mixture.

For the six cases the value of AQAIQA was less than 0,005

which shows that not only is diffusion not the rate-controlling

: step, but alsc that the film resistance can be neglected without

incurring an errcr of more than 0.5%.
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Step 2: Intravarticle Diffusion

If the interior surface of a catalyst particle i3 readily
available to all compone<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>