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The vapor phase n-propanol-acetic acid esterification catalyzed by silica gel was
studied in a flow reactor between 170 and 230°C. Catalyst activities were determined
in a system in which the total pressure was always 1 atm and the partial pressures
of the reactants were varied with and without the addition of nitrogen, an inert
diluent. After the steady state activities are corrected for an unexpected increase
in activity associated with the introduction of nitrogen, there is satisfactory agreement
with the results reported by Fricke and Altpeter, who did not use a diluent. Six
more or less conventional mechanisms are rejected because the corresponding rate
laws predict the opposite of what was observed when nitrogen was introduced. An-
other mechanism, a more complicated one postulated by Fricke and Altpeter, takes
into account both the production and the poisoning of sites by the water which is
produced in the reaction, and can perhaps account for the nitrogen effect. The
number of active sites per unit area, the site density, is calculated for the Fricke-
Altpeter catalyst. The calculated site density is shown to be consistent with the

mechanism they postulate.
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Statistical factors depend-
ing upon the orientation of
adsorbed acetic acid and
activated complex, respec-
tively

INTRODUCTION

Vapor phase esterification is catalyzed
by silica gel. We began work with this re-
action because of our interest in determin-
ing the concentration of active sites on the
surfaces of solid catalysts, their site densi-
ties, in various heterogeneous catalytic
systems. QOur earlier experimental work
on the side density question was limited
to unimolecular decomposition [cumene
cracking (1, 2), n-butanol dehydration (3),
and cyclohexane dehydrogenation (4, §)]
and it secemed of interest to extend the
study to the more complicated esterification
reaction. We have already described our
methods in determining site density and re-
viewed the site density question (6, 7).

This is a report of our study of the re-
action between n-propyl aleohol and acetic
acid catalyzed by silica gel in a flow re-
actor. Fricke and Altpeter (8) studied this
reaction extensively and frequent refer-
ence to their work will be made. Some of
our results, particularly the effect we found
as a conscquence of using nitrogen as an
inert diluent, seem at first to be quite dif-
ferent from theirs. The apparent differences
between their results and ours can be ex-
plained, and the explanation may aid in
elucidating the reaction. We have been
able to make conclusions concerning site
density. Our conclusions with respect to
site density and the nitrogen effect tend
to confirm the model of the reaction pre-
sented by Fricke and Altpeter.

ExpErRIMENTAL METHODS

The silica gel (6-12 mesh; surface area,
616 m* g* (BET); pore volume (water up-
take), 0.41 ml g*) and its preparation, in-
suring a eclean surface (9), was desecribed
earlier (10). The gel used was prepared at
the same time as the gel used for the project
described in Ref. (10). The two batches
used in the present project, 1 and 2, differed
only in that the second batch had a slightly
greater contact with water vapor during

storage. Acetic acid and n-propyl alcohol
were both reagent grade. The water ini-
tially present in the acetic acid (~1
mole% ) was not removed, while the alechol
was dried over 3A Linde molecular sieve.

The flow catalytic reactor, with a Sage
pump for liquid feed, an inlet for introduec-
tion of nitrogen into the vapor feed stream,
and provisions for direct introduction of
product into a gas chromatograph, was de-
seribed in connection with a study of cyclo-
hexane dehydrogenation (4). Special care
was taken to introduce the hygroscopic feed
into the pump-driven syringe without con-
tacting air.

In a typical run 2.000 g of silica gel was
placed on a flat tray which was then placed
in the horizontal reactor. Before the cata-
lyst contacted reactant, nitrogen (purified
over hot copper and dried) flowed over the
catalyst for 30 min at 300°C. During this
pretreatment a few microliters of the feed
in the syringe were removed and injected
directly into the gas chromatograph, by-
passing the reactor, and analyzed for water.
At the end of the pretreatment the reactor
and the preheater attained the desired
temperature in about 20 min. The liquid
reaction mixture was fed at the rate of
1.81 X 107 ml liquid/sec. The liquid boiled
in the preheater and in some runs the vapor
was mixed with a nitrogen stream before
passing over the catalyst to reduce the
partial pressure of the reactants. The de-
sired dilution was achieved by adjusting
the nitrogen flow rate; the liquid flow rate
was never changed. The partial pressure
of the reactants was determined from either
the gas chromatogram or the flow rates; the
values agreed. The effluent gas was nor-
mally sampled at 45 min and at 30 min
intervals thereafter and analyzed for
water, using a column of 10% ethofat on
60-80 Chrome T held at 122°C. At the
end of the run the reactor was flushed with
nitrogen for at least 1 hr at 430°C. The
contents of the syringe were once again
sampled and analyzed for water, by-pass-
ing the reactor by direct injection of a few
microliters of liquid into the chromato-
graph. The average of the before-and-after
water analyses was taken as the amount of
water in the reactant feed stream. Percent-
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age conversion and activity were ecalcu-
lated by subtracting out the initial amount
of water from the water found in the prod-
uct. It was not possible to analyze the
product for ester on the chromatograph be-
cause of peak overlap, but under favorable
conditions positive qualitative identifica-
tion of the ester was made on the chromato-
graph.

In all runs the total pressure was atmo-
spheric, taken as 1 atm for our purposes.
Except where noted, 2.000 g of 6~12 mesh
was used, the catalyst stream was undi-
luted, and the reactor temperature was
230°C.

REsuLts

With 2.000 g of catalyst steady state con-
versions for equimolar mixtures at 230°C
were ~2.5 mole% with respeet to n-pro-
panol. Catalyst activity dropped signif-
icantly as a run proceeded. Activity as a
function of time in a particularly long run,
carried out to ascertain when a steady state
is attained, is given in Fig. 1. Steady state
activities are taken to be the average of the
results obtained after about 160 min. The
scatter in the steady state part of the ac-
tivity vs time plots of the runs indicated
the average error to be about *=5%.

In comparing 2.000g samples of 6-12
and 100-200 mesh catalyst in several runs
the steady state values of the activities
apparently belonged to the same popula-
tion. It was therefore concluded that parti-
cle size is not a factor. The 6-12 mesh cata-

lyst was used in the remainder of the work.
Likewise, there was no systematic variation
in activity when the catalyst weight was
varied from 0.5 to 3.0g and therefore it
was concluded that activities based on
runs in which 2,000 g catalyst are used are
valid.

Silica gel catalyzes the dehydration of
alcohols at sufficiently high temperatures.
At 230°C we found less water produced
using a reaction mixture of 75 mole% n-~
propanol and 25 mole% acid (0.16 mole%
water) than with pure n-propanol (0.47
mole% water). We do not understand why
there is less water produced when some
acetic acid is present, but it does seem
safe to assume that alecohol dehydration
does not complicate the results when the
acid concentration is at least 25 mole%.
Almost all of our results were in the range
in which the acid concentration in the feed
was at least 25 mole% and we did not
work above 230°C.

Activity as a function of reactant mix-
ture concentration, with no inert diluent,
at a total pressure of 1 atm, is given in Fig.
2. An Arrhenius plot of the activities for
equimolar reactant mixtures is given in
Fig. 3. The apparent activation energy is
~11 kecal mole? for Catalyst 1 and ~9
keal mole? for Catalyst 2.

The concentration of one reactant could
be varied while the other was held con-
stant by diluting the reactant stream with
nitrogen. In Fig. 4 activity is given as a
function of aleohol concentration with the
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Fia. 1. Activity at 230°C of Catalyst 1 as a function of time using an equimolar reactant mixture.
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Fia. 2. Activity of Catalyst 1 as a function of mole fraction of alcohol; total pressure, 1 atm, with no
nitrogen dilution. Upper curve, results of Fricke and Altpeter.

partial pressure of the acid held at 0.5 atm.
Figure 5 shows activities when the acid
concentration varies with the aleohol par-
tial pressure held at 0.5 atm. The experi-
mental results of Figs. 4 and 5 cannot be
analyzed until it is known how nitrogen
effects activity. In Fig. 6 the nitrogen effect
is shown.

DiscussioN

Although the results of the present work
seem at first to contradict some of the
results of Fricke and Altpeter (8), there are
complicating factors in making the com-
parison. In our experiments, unlike theirs,
the partial pressure of the reactants was
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¥1a. 3. Arrhenius plots between 170 and 230°C, using an equimolar reactant mixture; (A) Catalyst 1;

(@) Catalyst 2.
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Fia. 4. Activity of Catalyst 1 at 230°C as a function of alcohol partial pressure with the partial pressure
of acid at 0.5 atm; total pressure, 1 atm, with nitrogen used as diluent. The lower curve is the corrected

curve; see text.

reduced by introducing nitrogen and it is
precisely when nitrogen was introduced that
the more unexpected results were obtained.
For example, in Fig. 6 it is shown that the
lower the partial pressure of the reactants
in an equimolar mixture, the greater is the
activity of the catalyst. Any elucidation of
the mechanism must account for this most
unusual observation.

We now examine various mechanisms, in
each case assuming a rate limiting step.
The corresponding rate laws are given and
the mechanism is rejected wherever the rate
law cannot account for our results. We find
it convenient to ask first for each rate law

whether or not it can account for the rate
increase with a decrease in reactant partial
pressure shown in Fig. 6. The first five cases
can be considered together. Their rate laws
are derived in Ref. (17).

Case 1. Reaction between two adsorbed
molecules on the same set of sites. The rate
is then given by

k’ZKAKBpApB (1)
(1 + KAPA -+ KBpB)2

Case 2. Reaction between molecules ad-
sorbed on different sets of sites.

Rate =

k'zKAlKszApB

Rate = T Km0 (@ + Knpn)

(2)
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Fig. 5. Activity of Catalyst 2 at 230°C as a function of acid partial pressure with the partial pressure of

alcohol at 0.5 atm; similar to Fig. 4.



N-PROPANOL—ACETIC ACID

ESTERIFICATION 49

4.0F
L]
L]
'
[=]
=
o
03.0 0
H
»
L
-3
E
I3
° .
x \—/’//
p
2.0 L 1 i i
0 0.l 0.2 0.3 0.4
Py, atm.
N

Fic. 6. Activity of Catalyst 2, using an equimolar reactant mixture, as a function of nitrogen partial
pressure, with a total pressure of 1 atm; (@) partial pressure of nitrogen varied within one run; (Jll) value

for a second run.

Case 3. Reaction between an adsorbed
molecule and a gas molecule.

kl2KApApB . (3)
1 4+ Kaps + Ksps

An equation of this form can be used re-
gardless of whether the alcohol or the acid
is the adsorbed molecule.

Case 4. Reaction between two adsorbed
molecules on the same set of sites, but in-
hibited by an adsorption poison introduced
with a reactant. If there were irreversible
poisoning, the activity would drop to zero,
contrary to what is shown in Fig. 1. If the
poisoning is reversible, the rate is given by

k,‘zKAKBpApB .
(1 4+ Kapa + Kgps + Kip1)?

Case 5. Reaction between an adsorbed
molecule and a gas molecule, inhibited by
an adsorption poison introduced with a
reactant. Assuming again that such poison-
ing must be reversible, the rate is given by

]c’?KAKBpApB .
1 + KA])A -+ KBpB + KIpI

Although the reaction is between a gas
molecule and an adsorbed molecule, it is
still possible that both molecules adsorb.
Therefore, equilibrium constants for both

Rate =

Rate =

(4)

Rate =

(5)

molecules adsorbing on the active sttes are
included.

Each of the five postulated mechanisms
can be ruled out for the same reason. In-
spection of Egs. (1)-(5) indicates that a
simultaneous decrease In p, and pp causes
the numerator of the right side to decrease
more than the denominator because of the
constant term in the denominator if for no
other reason. Therefore, the rate decreases
with dilution of reactants, such as the dilu-
tion we carried out with nitrogen, regard-
less of the values of the pressures and the
constants. Such a behavior upon dilution is
contrary to the results shown in Fig. 6.
Questions concerning how much of the sur-
face is covered or whether one molecule
adsorbs better than the other are not
relevant.

Case 6. Reaction between two adsorbed
molecules forming an intermediate which
decomposes on a different kind of site.
Analysis of the first five cases suggests that
a simple model cannot account for the re-
sults. One might expect intuitively, how-
ever, that the formation of an intermediate
which decomposes on sites on which there
s adsorption competition with a reactant
could account for the peculiar results of
Fig. 6. Therefore, we analyzed this model.
The reaction scheme is
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Al + X %Axm, M

B(g) + X :r_*:BX(a\, an
AX(a) + BX(a) %—C + 2X, (I11)
C+Y %CY(&), (IV)

CY(@ £D@) + @@ +Y, V)

A+ Y %AY(B.). (VD)

No assumption is made concerning whether
or not the intermediate, C, enters the gas
phase. D and G are the products, water and
ester. In what follows B could just as well
be postulated to be the competitor. We as-
sume that Reactions (I)-(III) are in fast
equilibrium, that Reaction (IV) can be ne-
glected in formulating an approximate equi-
librium constant for the first three steps,
and that conversion is low enough to make
it possible to neglect the k., step.

Then
pc = K'paps. (6)
Since the k., step is neglected,
Y
IV~ kel Y] + KICY] + KICY]

— kupalY] + ku[AY].
In the steady state

@)

[Y] = Sy — [AY] — [CY] 8
and
dy] _
5= 0. 9)

Equation (7) then becomes

kpolY] + kupalY] — ku[A.Y].
kg =+ ko

In the steady state we have from reaction

(VI),

[CY] = (10)

kupaiSy — [AY] — [CY]}

[AY] = ; a
12
Then it follows from Eq. (11) that
[AY] = kupaSy — knpA[CY]_ (12)

kv 4+ kupa

MAHAFFY AND MELLEMA

From Reaction (V) we have

Rate = k[CY]. (13)

Combining Egs. (6), (8), (10), (12), and
(13),

Rate
= kgSY pApB

ks + ko (k_ N '
K fo Pa PAPB

(14)

ks + kq
kK’

+

If p, and pg are decreased simultaneously
by the same factor, the rate will, as seen
by inspection of Eq. (14), always decrease.

We have examined other mechanisms,
and except for the mechanism proposed by
Fricke and Altpeter, which we discuss be-
low, the same negative results as obtained
with Cases I-VI were obtained.

We now digress from the discussion of
the mechanism to discuss certain results
and coneclusions of Fricke and Altpeter.
First, our experimental results must be
compared with theirs. In our system, the
steady state was achieved in ~2.5 hr (see
Fig. 1) whereas in theirs it took about 20
hr to achieve the steady state. However,
they present data showing that the partial
pressure of water in the system and the
number of active sites are related. With
their much larger catalyst bed (a 6 in. bed
vs 2.000 g in our system), they made con-
siderably more water initially. It is there-
fore to be expected that the steady state
would be achieved much more slowly in
their system than in ours. The apparent
activation energies we obtained using an
equimolar mixture between 170 and 230°C,
9-11 kecal mole™, are in good agreement
with the value of ~9 keal mole™ we calcu-
late for a similar system of Fricke and
Altpeter between 200 and 260°C.

We show activity as a function of gas
phase alcohol concentration, with enough
acetic acid to make a total pressure of 1
atm, in Fig. 2. For comparison, the results
obtained by Fricke and Altpeter in a sim-
ilar system are shown. The shapes of the
curves are remarkably similar. Our activi-
ties were generally greater than theirs,
probably because the surface area of our
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catalyst (616 m® g*) was significantly
greater than the commercial catalyst (sur-
face area not given) which they used. Since
the product water itself affects the activity,
the agreement between the two curves is
particularly good.

In an attempt to understand the effect
of dilution with nitrogen, we have at-
tempted to correct the experimental curves
of Figs. 4 and 5. Thus, as an approximation,

Rate

tion of nitrogen dilution. Fricke and Alt-
peter postulate a Rideal-Eley mechanism,
with gaseous acetic acid monomer reacting
with adsorbed n-propanol. Water increases
the number of sites which are initially
present by forming surface silanol groups.
However, water also adsorbs in the second
layer, competing with reactant and thereby
acting as a poison. They show that the
rate law for such a mechanism is

+ K

it is assumed that the “true” activity in
Fig. 6 is a constant, the value obtained
when no nitrogen was present. The curves
then calculated are the lower curves on
Figs. 4 and 5. Almost all of the data of
Fricke and Altpeter are for pressures higher
than the range of Figs. 4 and 5, but their
results do suggest that activity increases
with either increasing acid or alechol
pressure, with a more rapid increase in the
acid case. Since our method of correction
is crude and our results also suggest a
more rapid inecrease in activity with in-
creasing pressure of acid than with increas-
ing pressure of alcohol, we conclude that
the results of Figs. 4 and 5 do not conflict
with those of Fricke and Altpeter. (They
also found that activity decreases linearly
with total reactant pressure below 1 atm.
If such an effect did not exist in our system,
then to compare with their results, our ac-
tivities for runs below 1 atm should be
proportionately decreased. If this operation
is carried out, our activities are even more
easily seen to increase with either acid or
alcohol pressure.)

In a further attempt to understand the
experimental results and to answer certain
basic questions, especially concerning site
density, we now examine the mechanism
and rate law postulated by Fricke and
Altpeter. Later we shall return to the ques-

ksp =

— EksKBqS{(Ll/—) + [Kpr/(l + Kwpw)”pApB_
1 BpB + K/wpw

(15)

where A = acetic acid and B = n-propanol,
and that this rate law is consistent with
their data.

We have shown (6, 7) that in a surpris-
ing number of catalytic systems that the
site density of the catalyst is at least a few
orders of magnitude less than what has
usually been supposed. But often when
mechanisms are postulated it is assumed
that the site density of the catalyst is high,
i.e., that the surface is within one or two
orders of magnitude of being completely
covered. Obviously, it is desirable to ascer-
tain the site density whenever a mechanism
is postulated. Fricke and Altpeter assumed
a high site density in the formulation of
their mechanism; they identified the active
sites with the surface silanol groups and
they related their catalytic results to cer-
tain gross properties of those groups. If the
site density is very low, there is then no
necessary relation between the gross prop-
erties of the silanol groups and the activity
of the catalyst. It is therefore of interest to
calculate from their data an approximate
value of the site density of their catalyst.
The method we use utilizes transition state
theory.

The rate of the surface reaction is given
by ksp of Eq. (15). Fricke and Altpeter
report values of Ekgp; assuming E is the
order of unity, it can readily be shown that

3.6 ¢, (kT/h)(1/g)e(AHaIRT)

: (16)

RT[ u

(21rka)3/2] [

8 (8m3L,I,T AI/Z(IcT)m]
ah3
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The first bracketed term in the denominator
on the right side of the equation is the trans-
lational partition function of the mono-
meric acetic acid gas molecule and the
second backeted term is its rotational
partition function. It is assumed in de-
riving Eq. (16) that the molecule loses
its transitional and rotational degrees of
freedom as it forms the activated com-
plex. If it can be assumed that the
number of sites did not change rapidly
with temperature at 230°C in their experi-
ments, an Arrhenius plot of the Eks¢ values
which Fricke and Altpeter report gives AH,
= 9.44 kcal mole. Then, if ¢ and of cancel
and the values for the moments of inertia
I, I,, and I, given by Loubser (12) are
used, Eq. (16) gives for ¢, a value of 2.3 X
10% sites g'. (The slightly different mo-
ments given by Tabor (13) give for ¢, a
value of 2.1 X 10% sites g*.) If the sur-
face area of the catalyst can be assumed
to be between 100 and 500 m? g, a value
of 10*-10" sites em™ is obtained. Thus,
the surface coverage is high, consistent with
the mechanism which Fricke and Altpeter
suggest, and their identification of proper-
ties of the active sites with gross properties
of the surface seems justified. West, Haller
and Burwell (74) have suggested that re-
actions catalyzed by silica gel will turn out
in most cases to depend upon impurities;
apparently the esterification reaction is
not such a reaction.

We now look again at the question of the
mechanism of the reaction. Every mecha-
nism we have discussed, except for the
Fricke-Altpeter mechanism, we rejected be-
cause the rate laws do not predict a rate
increase when the reactant mixture is di-
luted with nitrogen. Is it possible that the
Fricke-Altpeter mechanism, which takes
into account the dependence of site density
on the partial pressure of water, is con-
sistent with the nitrogen dilution effect?

We are not certain of the answer to that
question. The following analysis may, how-
ever, show that the Fricke-Altpeter mech-
anism can account for the nitrogen effect
in our experiments. With both methods of
reducing the partial pressure of reactant
the amount of reactant which passes over
the catalyst bed per unit time does not
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change as the partial pressure of the re-
actant mixture is reduced. Therefore, the
reactant residence time decreases as its
partial pressure decreases. Likewise, water
which is produced and water which is in
the feed stream also have a decreased res-
idence time. Fricke and Altpeter postulate
that second-layer water acts as an adsorp-
tion poison as it competes with reactant.
Perhaps with the right set of conditions a
decreased residence time for water—even
though its partial pressure does not de-
crease any more than the partial pressure
of reactant—would actually be the cause
of an inecrease in activity because of a de-
crease in its ability to adsorb competi-
tively. Further, if there were such an effect
it would be more likely to occur in a series
of experiments in which the longest res-
idence time is short, than in a series in
which all residence times are long. Our flow
rate was indeed about five times Ilarger
than the largest flow rate which Fricke and
Altpeter report. (Their smallest W/F value
was ~100g cat hr/mole reactant; when-
ever we used 2.000¢g catalyst, our W/F
value was ~20g cat hr/mole reactant.)
If this explanation accounts for the in-
crease in activity when nitrogen was used
to dilute, then the effect is not so much
a nitrogen dilution effect as a residence
time effect. It may also be possible that the
inert nitrogen molecules help sweep away
competitor water molecules. In any case,
it seems that the complex mechanism de-
gcribed by Fricke and Altpeter is more
likely to be the mechanism which can be
used to explain the nitrogen dilution effect
than any of the conventional mechanisms.
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