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The kinetics o’ v:ipor phase esterification of ~propyl alcohol with acetic acid over 
a silica gel catal’ .t were studied in a differential reactor to determine the apparent 
rate controlling : ‘p for the reaction and the role of water as a catalyst promotor. 
The surface reac,;m, which probably occurs between alcohol adsorbed on the hy- 
drated surface and acitl in the gas phase, is the rate controlling step, and water pro- 
motes the reaction by hydrating the surface. Acid is apparently excluded from the 
surface becausr of t,hr preferential adsorption of the longer chain alcohols. 

The purpose of this study was to investi- 
gate the vapor phase esterification of acetic 
acid with n-propyl alcohol over a silica gel 
catalyst in a differential flow reactor. Esteri- 
fication of methanol (1)) ethanol (W, S), 
n-propyl alcohol (4), and n-but’yl alcohol 
(5) with acetic acid in the vapor phase over 
silica gel has been studied in integral flow 
reactors, but the apparent. rate controlling 
steps thus determined are inconsistent. The 
basic cause of the difficulty is apparently 
the fact that water acts as a cat’alyst pro- 
mot.or, since water apparently increases 
the concentration of hydroxyl groups on the 
surface (6). Since water is a reaction prod- 
uct, the water conccntrat’ion (and catalyst 
activity) varies in an integral reactor. Thus, 
the effect of water on tlte catalyst activity 
and the rate controlling step must be dcter- 
mined simultaneously from integral rcact’or 
data by trial integrat)ion of assumed func- 
tional relations. 

In this investigation, a differential reac- 
tor was used so that the clffccts of water on 
catalyst activity and on t!le rate controlling 
step could be determined separately. The 
experimental program w:~s designed to de- 
termine explicitly the effects of acid and 
alcohol partial pressures, water partial pres- 
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sure, and total pressure on the reaction 
rate. Using the results of this study, we 
could then recorrelate earlier results to 
develop a consistent pattern of rate con- 
trolling steps for the normal alcohol series 
and we could compare the implied modifi- 
cation of the surface by water to results of 
NMR (6), infrared (7-9) and adsorption 
(10, 11) studies of t,he effect of water on 
silica gel. 

?\IE:THODS 

The vapor phase csterification of +propyl 
alcohol with acetic acid over silica gel was 
studied at one to seven atm total pressure 
over the temperature range from 200” to 
260°C using the differential flow reactor 
system shown in Fig. 1. Acid and alcohol 
were metered separately with constant dis- 
placement pumps, vaporized, mixed, heated,, 
contacted with the catalyst, condensed, and 
collected in dried receivers. The reactor \Tas 
a 2 in. NPS jacketed stainless-steel pipe 78 
in. long containing a catalyst bed approxi- 
mately 6 in. deep that was supported on a 
stainless steel screen located 18 in. from 
the reactor entrance. Temperature of the 
reaction zone was controlled to within 
~0.5”C by circulating Dowtherm A through 
the jacket, and pressure was controlled 
manually to within +2%. If reaction 
products were to be added to the reactor 
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FIG. 1. Flow Diagram of Reactor System: 1, feed storage; 2, feed burets; 3, constant displacement 
4, vaporizers and superheaters; 5, reactor; 6, catalyst bed; 7, Dowtherm circulation; 8, pressure 
valve; 9, condenser; 10, sample receiver; 11, nitrogen purge; 12, pressure gauge. 

pumps ; 
control 

feed, water was premixed with the acid feed 
and ester with the alcohol feed. 

Specially dried glacial acetic acid and 
n-propyl alcohol were used. The catalyst 
used in this study was a 6-8 mesh quartered 
sample of silica gel purchased from Joliet 
Chemicals, Inc. that was guaranteed to 
show no loss in activity for this reaction if 
not heated above 300°C. 

Product sampling was begun after 
thermal steady state had been established. 
Samples were taken at approximately 
fifteen minute intervals and were analyzed 
immediately. When results of three succes- 
sive analyses agreed within experimental 
error and exhibited no trend, steady state 
was assumed to have been attained, the run 
was terminated, and the average results 
of the last three analyses were taken as 
the product composition. The reactor was 
then purged with dry nitrogen for one hour 
before starting the next run. 

The conversion of the limiting reagent 
was determined from a material balance 
for water when using anhydrous (about 
Q.l% water) feeds. The water concentration 
of reactant and product streams was deter- 
mined by Karl Fisher titration, which was 
conducted automatically using a Beckman 

KF-2 aquameter. Each sample was ana- 
lyzed in duplicate as rapidly as possible by 
titrating to an end point, adding excess re- 
agent, and backtitrating with a very dilute 
solution of water in methanol. Extreme care 
was exercised to prevent contamination of 
the samples with the atmosphere. Karl 
Fisher titration has been found in one 
study (12) to give results equivalent in ac- 
curacy to a more complicated chromato- 
graphic analysis for a similar system. 

When water was added to the reactor 
feed, the conversion was determined by 
analyzing the reactor product for unreacted 
acid. Weighed aliquots of the sample were 
diluted with water and titrated with 0.15 N 
standard NaOH solution using a Sargent- 
Malmstadt potentiometric titrator. Sam- 
ples were analyzed in duplicate. 

RESULTS 

Since low conversion data were to be 
taken, the effects of the homogeneous re- 
action, catalysis by the reactor, and side 
reactions could be magnified. Also, since 
the effect of water on catalyst activity was 
to be studied, other factors affecting cata- 
lyst activity had to be eliminated. 

Some preliminary runs were made with 



VAPOR PHASE ESTERIFICATION 35 

no catalyst in the reactor and the conver- 
sions were zero, within experimental error. 
Similar results have been reported for ester- 
ification of ethanol (2) and methanol (1) 
with acetic acid. Also, in one study (Is), 
no homogeneous reaction was found to oc- 
cur in a mixture of ethanol and acetic acid 
vapors below 450°C. However, the results 
of a more recent study (14) do not, support 
this. Ko side reactions, with or without 
catalyst, were noted at temperatures below 
275°C. At 275”C, dehydration of the al- 
cohol began to be noticeable. Therefore, the 
upper operating temperature for the study 
was set at 260°C. Resistances to heat and 
mass transfer between the bulk stream and 
the catalyst surface were shown to be neg- 
ligible by calculation and by experimentally 
measuring the effect of flow rate on reaction 
rate at constant catalyst-to-feed ratio. It 
was demonstrated that particle size of the 
catalyst does not affect t’hc reaction rate 
and the calculated Thiele Modulus was 
quite high. Also, after an initial decline, the 
catalyst was found not. to be suhjcct to 
progressive fouling or poisoning in t,liis sys- 
tem, as shown in Fig. 2. Therefore, the 
catalyst activity could be considered to be 
constant after about 20 hr exposure in the 
rractor. Since the reaction temperatures 
were below the critical tempcraturts for 
all components involved, condensation in 
the catalyst pores could occur at higher 
pressures. To prevent this, the pressure was 

limited to about 50% of the saturation 
pressure of acetic acid, the component with 
the lowest vapor pressure at all reaction 
temperatures, and the lower temperature 
limit for the study was set at 200°C. 
Finally, acetic acid dimerizes in the vapor 
phase, and the acid partial pressure in all 
runs was corrected for this by using the 
equilibrium relation for dimerization as 
determined by Essex and Clark (15). Only 
the monomeric acicl was assumed to par- 
ticipate in the reaction. 

Esterification runs with no water added 
to the feed were made at 200, 230, and 
260°C. The majority of the data were 
taken at 230°C. The cffccts of acid partial 
pressure, alcohol partial pressure, and total 
pressure over the ranges from 0.4 to 2 atm, 
0.4 to 4 ntm, and 0.98 to 7 atm, respectively, 
were determined explicitly. The effect of 
acid mole fraction at, constant pressure on 
the rate was also determined for fractions 
ranging from 0.2 to 0.75 at pressures of 
0.98, 1.0, and 2.0 atm. 

To determine the effect of water on the 
reaction rate, the relation between conver- 
sion and catalyst-to-feed ratio (W/F) was 
determined for several levels of water con- 
centration, holding the reactant ratio con- 
stant at. 1.0 and t,he sum of the partial pres- 
sures of acid and alcohol constant at about 
1.0 atm. A set of such curves for dat.a at 
230°C is shown in Fig. 3. 

The effect of water on the react,ion rate 

FIG. 2. Act,ivity decline of fresh catalyst during esterification of equimolar reactant mixture at 230°C and 
0.98 atm. 
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FIG. 3. Integral conversion curves fo;esterification of equimolar reactant mixture at 230°C and 1.0 atm, 
reactant-pressure[with water mole fract’ion in fecdlof: 0, N, = 0; 0, N, = 0.0917; 0, N,v = 0.167: A, 
N,!=;0.231;j+, N, = 0.334; v, N, =.0.502. 

was determined by taking slopes of the 
X us W/F curves. These slopes, which are 
the reaction rates, were plotted as shown 
in Fig. 4, and the best curves were drawn. 
As can be seen, water increases catalyst 
activity very strongly. For example, the 
rate increases almost 200% when the water 
pressure is increased from 0 to 1.0 atm at 
230°C. 

Data was taken at conversions of the 
limiting reagent ranging from 3 to 7% in 
most, cases with no water added to the feed 
so that the reaction rate corresponding to 
arithmetic mean conditons in the reactor 
could be calculated as 

r=& 
where r = reaction rate ; AX = fractional 
conversion of limiting reagent; W = cata- 
lyst mass; F = flow rate of the limiting 
reagent. 

However, the mean water partial pres- 
sure for these runs varied from 0.01 to 0.11 
atm, and the variation in catalyst activity 
over such a range is too large to ignore. 
Therefore, the experimentally determined 
rates were corrected to zero water partial 
pressure by using a factor developed from 
the general expression for the reaction rate. 

O 025 05 0 75 IO 1.25 

pw. ATM 

FIG. 4. Effect of water on t,he esterification rate of equimolar react,ant mixture at 0.98 atm reactant 
pressure. 
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The general expression for catalytic reac- 
tions may bc written as 

rate = (kinetic t,erm) (L) (driving force), 
(adsorption term)” 

(2) 

nherc L = concentration of active sites on 
the catalyst, surface; n = number of ad- 
jacent act’ive sites that participate in the 
reaction. Since all terms except L in Equa- 
tion (2) are affected very little or not at 
all by small variations in water partial 
pressure, the ratio of the general rate ex- 
pression at zero water partial I)ressurc to 
the expression at some small water ljartial 
pressure can be taken as 

lo/r = L’/L, (3) 

where r,, = reaction rate at zero water par- 
tial pressure; L’ = concentration of active 
sites at zero water partial pressure. Since 
t.he increase in reaction rate is nearly linear 
wit’h increase in water partial pressure to 
approximately 0.1 atm, the concentration of 
active sites can be approximated by 

L = L'[l + a&.], (4) 

which wa3 used to correct the rate data. A 
later recalculation using the actual func- 
tional relation determined for the effect of 
water yielded only very slight differences. 
I1at.a presented in Figs. 5-10 were corrcctcd 
in this manner. The curves pretentcd in 
Figs. 5-11 were calculated using the final 
correlation corresponding to reaction be- 
tween adsorbed alcohol and acid in the 
vapor phase as the rate controlling step. 

The effect of alcohol pressure on reaction 
rate is shown in Figs. 5 and 6. The rate is 
virtually constant with increasing alcohol 
concentration abort about 0.30 atm, indi- 
cating that the surface brcomcs saturated 
with alcohol at very low ljressures. Tlrc rc- 
a&on rate is proportional to the acid par- 
tial pressure, as shown in Fig. 7; therefore, 
either acid adsorl)tion is very weak or the 
reaction takes l)lace between adsorbed al- 
cohol and acid in the gas phase. This i:: 
further illustrated in Fig. 8, since the rate 
is very nearly proportional to acid molt 
fract’ion 0Ver a wick range at constant 
pressure. To distinguish clearly betw-ccn rv- 
action of adsorbed species and reaction of 
one ntl::orbcd and one unadaorbed specie.<, 

where CY = initial slope of rate z’s water it is necessary to determine the effect of 

part,ial pressure relation, p,,. = mcan water total pressure on the rate. This cffcct is 

ljartial pressure. Substitution into Equa- shown in Figs. 9 anal 10. \2’itliin the csperi- 

tion (3) yields mental range, the rate increases without 
limit with increaring total l)ressure : how- 

FIG. 5. Dependerlce of reaction rate upon alcohol pressure at 230°C and various acid pressures: 0, p.4, = 
0.40 atm; l , pAI = 0.63 atm; A, PA. = 1.0 atm. 
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F~Q. 6. I>ependence of reaction rate upon alcohol pressure at pA1 = 0.63 atm and various temperatures. 

used experimentally is limited to about 
50% of the saturation pressure of the acid. 

By inspection of the experimental rate 
curves, all steps can be rejected as rate con- 
trolling, except the surface reaction or acid 
adsorption. Rate expressions for acid ad- 
sorption controlling with (1) Langmuir ad- 
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FIG. 7. Dependence of reaction rate upon acid pres- 
sure at pB = 0.8 atm and various temperatures. 

sorption of both reactants, (2) Temkin 
adsorption of both reactants and alcohol 
preferentially adsorbed, and (3) Temkin 
adsorption of acid and Langmuir adsorption 
of alcohol were derived and applied to the 
data. Also, it has been shown that none of 
these expressions yields the best correlation 
for esterification of methanol (1) or ethanol 
(2) with acetic acid. Furthermore, acid ad- 
sorption controlling would require that the 
rate decrease continuously with increasing 
total pressure. This is not the case, as can 
be seen in Fig. 9 and Fig. 10. Therefore, 
acid adsorption was rejected as the rate 
controlling step. 

There are several types of surface re- 
action possible, but the expression that 
yields the best correlation of the data: 

r0 = C[PA,PBI/(l + &,) (6) 

where C,KB = constants ; “?I = mean par- 
tial pressure of monomeric acid; pB = 

mean partial pressure of alcohol is an ex- 
pression that can be derived for reaction 
between acid and alcohol adsorbed an ex- 
clusive sites, for reaction between adsorbed 
alcohol and acid in the gas phase, or for 
reaction between adsorbed acid and alcohol 
in the gas phase. It is not possible to dis- 
tinguish between these from the kinetic 
data alone ; however, data from other ki- 
netic and adsorption studies can be used 
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FIG. 8. Dependence of reaction rate upon acid mole fraction at T = 0.98 atm. 

as a guide in selecting the most probable difficult. If the reaction is between adsorbed 
mechanism. acid and alcohol in the gas phase, it has 

There is no justificat,ion for assuming been pointed out (16) that the activated 
that acid and alcohol are adsorbed on dif- species can be postulated to be the conjugate 
ferent sites. In fact, just the opposite is acid which is the reactive species for liquid 
probably true; therefore, reaction between 
acid and alcohol adsorbed on exclusive sites 
was rejected. 1 

Selection between the other two is more 
I 

24 - 

I 

FIG. 10. Dependence of reaction rate upon total 
FIG. 9. Dependence of reaction rate upon total pressure at 230°C for various acid mole fractions: 

pressure for equimolar reactant mixture at various 0, Na = 0.33; A, NA = 0.39; 0, NA = 0.5; 0, 
temperatures. NA = 0.64. 
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phase esterification. However, consideration formed and are not available. After con- 
of the results of esterification of other sys- sidering these factors, reaction between ad- 
tems presents difficulties. Vapor phase sorbed alcohol and acid in the gas phase 
esterification of methanol with acetic acid was chosen as the most. probable apparent 
(I) is apparently a surface reaction between mechanism. Equation (6j can be rearranged 
adsorbed species. Also, it has been shown to give 
(17) that the degree of adsorption of alco- 
hol increases with increase in alcohol chain P*,Pd~o = l/C + KBIClPl3, (7) 
length. Therefore, if adsorbed acid is in- 
volved in the esterification reaction of 

where K, = equilibrium adsorption con- 
stant for alcohol. A correlation of the initial 

n-propyl alcohol, then the mechanism 
should be reaction between adsorbed spe- 

rate data by Eq. (7) is shown in Fig. 11. 

cies, since n-propyl alcohol is more readily 
The complete rate expression for the re- 

act’ion must contain some functional re- 
adsorbed than methyl alcohol, all other 
things being equal, and surface reaction be- 

lationship capable of representing the in- 

tween adsorbed species does not fit our 
crease in rate resulting from the presence 

data. Reaction between adsorbed acid and 
of water. Results of independent adsorption 

alcohol in the gas phase is difficult to ac- 
studies are helpful in selecting a proper re- 

cept as a mechanism, since this would re- 
lation. It’ has been reported that dehydra- 

quire t,hat n-propyl alcohol be adsorbed to 
tion of silica gels decreased surface hy- 

a lesser degree than methyl alcohol in the 
droxyl concentration markedly, and that 
rehydration restored the concent.ration to 

presence of acetic acid, a behavior that is 
opposite to that observed for adsorption of 

nearly the initial level (9). According to 
Zhdanov (18), the hydration reaction is 

0 /\ 
-s<o-\;i- + /-j,() --+ 

OH ?” 

I I 

-ki-O-&i- (Xl 

I I 

-- 

alcohols in the absence of acetic acid. 
Therefore, reaction between adsorbed acid 
and alcohol in the gas phase was rejected 
as a possible mechanism. 

The third possibility, react.ion between 
adsorbed alcohol and acid in the gas phase, 
would seem to be the best choice. As the 
alcohol chain length is increased, adsorp- 
tion is expected to increase, possibly exclud- 
ing the acid from adsorption. This inter- 
pretation would explain why the apparent 
mechanism changes from reaction between 
adsorbed species for methanol to reaction 
between one species adsorbed and one in 
the gas phase for n-propyl alcohol without 
postulating that the adsorption behavior of 
alcohol in the presence of acid be the oppo- 
site of the adsorption behavior of pure 
alcohol. Acceptance of this mechanism pre- 
sents severe problems in proposing a rea- 
sonable activated species ; however, product 
analyses and isotopic studies required to 
specify an activated species were not per- 

Results of many adsorption studies (8), 
(11)) (19)) (20)) emphasize the influence 
of hydroxyl concentration on adsorption of 
polar molecules on silica gel. Finally, 
Filimonov (21) observed that surface hy- 
droxyl groups can act as adsorption sites 
for molecules having electron donor atoms. 
Therefore, it was reasonable to assume that 
the sites for surface reaction are hydroxyl 
groups and that water increases the rate 
by increasing the hydroxyl group concen- 
tration. If this were true, the concentration 
of active sites would be 

L = N(L’l4) + fb)l, (9) 

where + = concentration of gross adsorp- 
tion sites; f(p,) = an adsorption isotherm 
for the adsorption of water on silica gel. 
The term L’/+ is justified by the fact that 
some hydroxyl groups remain on the sur- 
face even after harsh dehydration treat- 
ment (22). 

Using constants determined from the 
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FIG. 11. Correlation of reaction rate according to 
Rq. 7. 

initial rate data at zero water concentrat,ion, 
attempts were made to fit various isotherms 
to t,he rate data for higher water concen- 
t,rations, such as shown in Fig. 4. The best 
fit. was obtained by considering that water 
is adsorbed in two layers and that adsorp- 
tion on each layer follows a Langmuir iso- 
therm. The first adsorbed layer produces 
act,ive sites and water is adsorbed on the 
second layer in competition with the re- 
actants. The resulting form of the complete 
rate expression is 

where E -11 catalyst, effectiveness factor; 
k, = surface reaction rate constant; 
Kv,,A’,,. = equilibrium adsorption constants 
for water for the first and second layers 
adsorbed, respectively. 

The constants tletermined from t.hc initial 
rates were trcatetl as first approximations. 
Final values for the constants of Equation 
c 10) at each cxl)crimental temperature 
were detcrmincd by analyzing each set, of 
isothermal data using a nonlinear correla- 
tion procedure, the “Princeton-IBM Non- 
Linear Estimation Program.” Each data 
point was treated a~ an integral reactor 
dati m and the parameters of the rate cx- 
presaion were clcterminctl to min’mize the 
slirn-of-~(~1I:lr(‘; of errors in 

(11) 

Values of the constants determined frcm 
t.he data are given in Table 1 and are shown 
in Fig. 12 as Arhennius relations. The dc- 
termined rate expression was then used to 
generate the calculated curvfs shown in 
Figs. 3-11. 

IhSCUSSION 

Since the rate equat,ion correlates the data 
successfully, interpretation of the results of 
the correlation may provide an underst.and- 
ing of t,he basic nature of the reaction, if 
the choice of mechanism is correct. Adsorp- 
tion behavior assumed for each component 
involved does not represent true behavior; 
however, thermodynamic yuant.ities asso- 
ciated with the assumed adsorption behav- 
ior are consistent with the assumption of 
molecular adsorption, i.e., enthalpies are 
exothermic and ent.ropy changes are 
negative. 

Independent studies (7,9,10) have shown 
that silica gel can adsorb two layers of 

TABLE 1 
CONSTANTS FOR Eu. (10) 

T JJ’l+ EksKs+ KW K’W KB Ek,+ (x lOa) 

200 0.2533 0.0225 3.717 2.447 21.05 1.069 
230 0.2533 0.0293 1.849 1.530 14.82 1.977 
260 0.2533 0.0360 0.7813 0.9883 10.93 3.294 
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FIG. 12. Arhennius relations for constjants for 
Eq. 10. 

water; the first layer is strongly chemi- 
sorbed with strong surface bonding, and 
the second layer is less strongly adsorbed 
and retains much of the characier of free 
water. The heat of adsorption has been 
shown to decrease linearly from -28 to 
-16 kcal/g mole for the first layer and 
from -16 to -10 kcal/g mole for the 
second layer (10). By comparison, the heats 
of adsorption derived from the kinetics 
data are -12.9 kcal/g mole and -5.3 
kcal/g mole for the first and second layers, 
respectively. The quantitative agreement 
with the adsorption results is poor, but the 
results are consistent. As further support, 
the entropies for adsorption derived from 
the kinetic data are -19.6 Cal/g mole”K 
and -9.7 Cal/g mole”K for the first and 
second layers, respectively. This indicates 
that the first layer is much more strongly 
adsorbed than the second. 

The enthalpy and entropy of adsorption 

of n-propyl alcohol derived from the data 
are -7.6 kcal/g mole and -9.7 Cal/g 
mole”K. Since the enthalpy and entropy of 
condensation of n-propyl at 230°C are 
-4.5 kcal/g mole and -9.0 Cal/g moleoK, 
it appears that it is weakly adsorbed on the 
surface, retaining much of the character of 
liquid alcohol. Even more striking is the 
fact that entropies of adsorption for water 
and n-propyl alcohol are the same, indi- 
cating that the same type of bond may be 
formed in the two cases. 

Adsorption enthalpies and entropies de- 
rived from Hinshelwood type correlations 
seldom agree, of course, with direct mea- 
surements, and little confidence can be 
placed in the numerical values. However, 
the results are thermodynamically consist- 
ent for the proposed mechanism. There- 
fore, the derived thermodynamic quantities 
serve as additional support for the proposed 
mechanism. 

Acetic acid should also be adsorbed by 
silica gel. However, it is known that ad- 
sorption of alcohol increases as the chain 
length increases, and steric hindrance by 
longer chain alcohols may effectively pre- 
vent the adsorption of acid. 

From the above comparison with ad- 
sorption data, it is reasonable to conclude 
that esterification in this case takes place 
by reaction of adsorbed n-propyl alcohol 
with acetic acid from the gas phase. Also, 
water apparently promotes the reaction by 
increasing the surface concentration of hy- 
droxyl groups, which are most probably 
the active sites for the reaction. This model 
fits high conversion data, also. It was used 
successfully to recorrelate the integral re- 
actor results of Heath (4) for the n-propyl 
alcohol and acetic acid reaction. This model 
reproduced Heath’s results as well as the 
model he proposed, as can be seen from 
Fig. 13. Since the present model is less 
complex, requires fewer constants, and is 
apparently more consistent with adsorption 
studies than Heath’s, it is preferred. 

The alcohol structure has a profound ef- 
fect on esterification. Only normal alcohols 
can be esterified, and the rate of esterifica- 
tion drops sharply with increasing chain 
length. The surface reaction is the apparent, 
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FIG. 13. Recorrelation of Heath’s data (4) for equimolar reactant feed at, 230°C and various total pres- 
sures: - - - Heat,h’s correlation; - recorrelation, this work. 

rate controlling step for esterification of 9. ANDERSON, J. H., AND WICKERSHEIM, K. A., 

met.hanol (I), ethanol (3), and n-propyl Surface sci. 2, 252 (1964). 

alcohol; but the mechanism changes from 10. KUROS~KI, S., J. Phys. Chem. 58, 320 (1954). 

a dual site mechanism for methanol to a 11. DZHIGIT, 0. M., KISELEV, R. V., AND MUTTIK, 

single site mechanism for n-propyl alcohol. G. G., Kolloid., Zh. 23, 553 (1961). 

One interpretation that. explains this change 18. OLMO, A. B., GARCIA DE LA BANDA, J. F.. AND 

is that steric hindrance by n-propyl alcohol 
T~ZANOS, E. H., An. Real Sot. Espan. Fis. 

prerent.s adsorption of acid, which changes 
&uim., Ser. B. 63, (2), 179 (1967) (cf. C.A. 
67, 9438Og). 

tile apparent mechanism and lowers the IS. KEARBY, K. K., AND SWAN, s., JR., Ind. Eng. 
react.ion rate. Chem. 32, 1607 (1940). 
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