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Kinetics of the reesteritication of et.hyI acet,ate with methanol, 1-propanol, and 
2,2-dimethylpropanol and of ethyl formate and ethyl isobutyrate with 1-propanol was 
investligated. The reaction was carried out at, 120°C in gaseous phase using sulfonated 
styrene-divinylbenzene copolymer as cat,alyst.. The results of kinetic analysis performed 
by means of the method of initial reaction rates as well as confront,ation wit,h t.he mecha- 
nisms accepted for similar reactions in solutjions show that the reaction proceeds by a 
bimolecular mechanism, both reaction componenm being adsorbed on t,he stirface of 
t,he catalyst. The constancy of adsorption coefficients of ethyl acetat,e or 1-propanol 
det,ermined by kinetic analysis of t)heir reactions with series of subst,ances of different, 
reactivity indicates that. physical meaning can be ascribed to these coefficients. 

The question whether the surface of 
catalyst can be regarded as homogeneous 
or whether its heterogenity has to be reck- 
oned with still remains one of the controver- 
sial problems of kinetics of heterogeneous 
catalytic reactions [for detailed discussion 
see (I)]. The frequent consistency of the 
Langmuir-Hinshelwood kinetic model with 
experimental data cannot be taken as 
evidence of its theoretical justification. With 
the majority of catalysts used, one has, in 
fact, no possibility to verify whether cata- 
lytically (and not adsorptionally) active 
sites are equivalent and whether the cir- 
cumstance that the Langmuir-Hinshelwood 
model fits experimental data is not only 
an approximation. Consequently, we found 
it useful to perform kinetic analysis of a 
catalytic reaction using a catalyst which 
would posses sites of single kind and ac- 
tivity. For this purpose we have chosen 
a sulfonated styrene-divinylbenzene copoly- 
mer containing the -S03H groups bound 
to the benzene ring as the only sites of 
catalytic activity. 

It turned out that reesterification of esters 

of organic acids with alcohols in the gaseous 
phase [Eq. (I)] is a suitable acid catalyzed 
model reaction. This reaction takes place 
within the region of thermal stability of ion 
exchangers with sufficient rate. 

RC;OR’ + RZzH + RC;ORz + R’-;H. (I) 

It was the aim of the present study to 
appreciate physical meaning of the so-called 
adsorption coefficients by studying reaction 
kinetics of a certain compound with several 
differently reactive components. If Lang- 
muir-Hinshelwood kinetics is valid, in all 
cases the same values of adsorption coeffi- 
cient, within the range of experimental 
error, of a common reaction component 
should be obtained. 

For this purpose we performed kinetic 
analysis of reesterification of ethyl acetate 
with methanol, 1-propanol, and 2,2-di- 
methylpropanol and, in addition, extended 
our study to the reaction of ethyl formate 
and ethyl isobutyrate with 1-propanol. The 
data obtained were treated statistically and 
for equations giving the best correlations 
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the values of rate constants and adsorption 
coefficients were calculated. This made it 
possible to draw also some conclusions 
concerning mechanism of gas-phase re- 
esterification of esters on acid ion exchange 
resins. 

Ion exchangers containing acid functional 
groups have been already employed as 
heterogeneous catalysts in a great number 
of cases leg., reviews (S)], however, mostly 
only for preparative purposes. There are 
only a few kinetic studies of reactions on 
the surface of ion exchange resins, and, 
furthermore, these deal predominantly with 
the reactions in liquid phase, the course of 
which is strongly influenced by the nature 
of solvent and by swelling of ion exchanger 
and in which mass transport plays an im- 
portant role. Kinetics of decomposition in 
gaseous phase of formic acid and of esterifica- 
tion of acetic acid with ethanol and butanol 
were studied by Andrianova (3, 4) and that 
of the hydration of ethylene oxide and 
isobutylene was investigated by Metzner 
and collaborators (5-8). Kinetic study of 
isomerization of n-butenes was performed 
by Kallo and Preszler (9). Dehydration of 
isopropanol and esterification of acetic acid 
with isopropanol was in terms of Langmuir- 
Hinshelwood type equations described by 
Got’tifredi et al. (10, 11). Langmuir-Hinshel- 
wood relations were also applied by Johanson 
and co-workers (l&l/t) to the description 
of gas-phase reactions on ion exchangers; in 
addition they have compared adsorption 
coefficients found by kinetic analysis with 
those obtained by measuring adsorption of 
reaction components. The mutual agree- 
ment, though approximate, led the authors 
to conclude that these quantities have the 
same physical meaning and, as a conse- 
quence, that this finding may be taken as a 
further support of the validity of the Lang- 
muir-Hinshelwood model. 

NOMENCLATURE 

space velocity (mole/hr kg) 
rate constants of adsorption of 
compounds A and B, respec- 
tively 
rate constant of surface reaction 

k drsR rate constant of desorption of 
product R 

K’3 equilibrium constant of surface 
reaction [Eq. (II-3)] 

KA, KH, KD adsorption coefficients of com- 

r 

Q 

Qcrit 

X 

P 

Indices 

A 
B 
c 
D 

pounds A, B, and D, respec- 
tively 
number of moles 
initial partial pressure of start- 
ing compounds A and B, respec- 
tively (atm) 
initial reaction rate (mole/hr 
kg) 
sum of squares of deviations 
between experimental and cal- 
culated reaction rates 
critical value of sum of squares 
of deviations 
conversion 
correlation coefficient 

starting ester 
starting alcohol 
ester formed 
alcohol formed 

EXPERIMENTAL METHODS 

Materials 

Ethyl acetate, ethyl formate, methanol, 
1-propanol, and 2,2-dimethylpropanol, com- 
mercial products of analytical or technical 
purity (Lachema), were dried by standing 
over anhydrous magnesium sulfate and then 
purified by rectification. Using this pro- 
cedure pure compounds were obtained, 
except I-propanol which was contaminated 
bv a small amount of 2-butanol. To remove 
this impurity the alcohol was partially de- 
hydrated in gas phase on acid ion exchange 
resin (see below) at 120°C. The reaction 
brought about the quantitative dehydration 
of the secondary butanol, while 1-propanol 
reacted only to about 209&. After drying, 
rectification yielded pure 1-propanol. Ethyl 
isobutyrate was prepared by esterification 
of isobutyric acid with ethanol in liquid 
phase using a little amount of sulfuric acid 
as catalyst. After isolation and drying, the 
ester obtained was purified by rectification. 
In all the alcohols and est,ers under study 
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the content of water was checked using 
Fischer method (the water content was 
below 0.3%). Gas-chromatographic analysis 
did not reveal any admixtures in the com- 
pounds studied. 

Nitrogen (oxygen content lower than 200 
ppm) from pressure cylinder was dried by 
potassium hydroxide and its flow rate was 
measured by differential capillary flow 
meter. 

Sulfonated macroreticular styrene-divinyl- 
benzene copolymer containing 25oj, of 
divinylbenzene (Research Institute of Syn- 
thetic Resins and Varnishes, Pardubice) was 
used as catalyst; it was dried at 90°C (14 
Torr) before use. Particle size 0.16-0.3 mm 
was used. The BET specific surface area in 
dry state, measured by means of nitrogen 
adsorption, amounted to 49 m2/g, the aver- 
age pore diameter beigg, according to the 
producer, around 100 A. The capacity (i.e., 
number of acid groups accessible from the 
gas phase) in dry state, determined by 
measuring ammonia adsorption (15) at 
125”C, was 2.31 meq/g. The catalyst was 
thermally stable within the range of tem- 
peratures chosen, no appreciable weight 
loss being detected by thermogravimetric 
analysis on heating dried sample of the 
resin up to 150°C for 60 hr. 

Apparatus and Procedure 

A glass flow reactor was used. After 
placing into the reactor, the catalyst was 
heated to reaction temperature (12O’C) for 
l-2 hr in a stream of dry nitrogen. Liquid 
reactants were charged at constant rate 
into an evaporator by means of a 5-ml 
syringe, operated by a synchronous electro- 
motor provided with adjustable gears. In 
the evaporator the vapors were mixed with 
nitrogen and then led through the catalyst 
bed (O.Ol-l.Og) placed in the U-shaped 
reactor. The reactor (g-mm i.d.) was pro- 
vided with a thermocouple well (5-mm o.d.) 
and was placed in a silicone oil bath kept at 
120 f 0.5”C. Liquid reaction products were 
separated from the stream of nitrogen by 
condensation in a trap cooled to -778°C. 

Analytical Methods 

Liquid reaction products were analyzed 
gas chromatographically (Chrom II chro- 

matograph (Laboratorni p%troje, Prague) 
with flame-ionization detector) using nitro- 
gen as carrier gas. Products of reaction of 
ethyl acetate and ethyl isobutyrate with 
1-propanol were separated on dinonyl seb- 
acate (15%) on Celite (340-cm column 
length, 88”C), products of reaction of ethyl 
acetate with methanol and 2,2-dimethyl- 
propanol and of ethyl formate with l-pro- 
panol on polyethylene glycol 400 (15%) on 
Celite (340-cm column length, 80°C). Chro- 
matograms were evaluated on the basis of 
chromatographic peak areas. For each com- 
pound a calibration curve was constructed. 

Kinetic Measurements 

Initial reaction rates were determined 
graphically as slopes of the dependence 
x vs. W/F at x = 0; in most cases these 
dependences were linear within the range 
of the conversions used. Conversion 2, 
related to ester, was defined as the ratio of 
molar amount of the formed ester to tota 
molar amount of the starting and the formed 
ester: x = Q/(m + nA). Preliminary experi- 
ments carried out with varying feed rate 
at constant space velocity revealed that the 
influence of external diffusion is negligible. 
Catalyst activity remained sufficiently cow 
stant during the reaction so that it was 
possible to determine conversions at several 
(usually three) space velocities 011 each 
sample of catalyst. 

For each of the reesterification reactions 
under study 30 initial reaction rates at 
varying initial partial pressures of reactants 
were measured, the partial pressures being 
changed within 0.02-0.81 atm and the total 
pressure being 0.1-0.9 atm (lowering of 
the pressure was achieved by diluting vapors 
of reactants with nitrogen, which is not 
adsorbed on the catalyst). 

RESULTS AND DISCUSSION 

Selection of Catdyst, Model Reaction, and 
Reactzon Conditions 

In preliminary investigation of the cata- 
lysts suitable for studying kinetics of acid 
catalyzed bimolecular reaction in gas phase 
we tried a number of commercial ion ex- 
change resins, copolymers of styrene-di- 
vinylbenzene type and polycondensates 
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TABLE 1 

DEPENDENCE OF CONVERSION ON P.IRTICLE SIZE 
OF DUOLITR C 10 CATALYST IN ESTERIIWXTION 

OF ACISTIC ACID WITH ETHANOL 

Molar rat.io of reacting compounds 1: 1; temp 
120°C; W/F of acetic acid 0.22 hr kgentply.,t mole-‘. 

FracGon 
Particle size 

(mm) 

Conversion 

(%) 

1 1.25-1.60 8.0 
2 0.40-0.80 9.3 
3 0.25-0.40 10.7 
4 <0.25 23.5 
5 Powder0 63.1 

a Obt,ained by fine powdering of fraction 4. 

of phenol-formaldehyde type, containing 
-SOsH or -PO (OH) 2 groups. Esterification 
of acetic acid with ethanol in the gas phase 
at 12O’C served as test reaction with the 
result that on most of the catalysts used 
(in dry state) the reaction practically does 
not proceed. Only Dowex 50 W-X 8, Allasion 
CSH, and Duolite C 10 were active, how- 
ever, the conversion was strongly dependent 
on the size of particles. This finding indicates 
that internal surface is utilized only to a 
small extent and that there is a danger of 
limitation of the rate by internal difusion. 
In the case of Duolite C 10 this dependence 
is shown in Table 1. Therefore, in the follow- 
ing stage, attention was paid to macro- 
reticular ion exchangers and a set of samples 
containing -S03H or -PO(OH), groups was 
investigated. From a certain degree of 
cross-linking (the divinylbenzene content 
above 8%), activity of these samples is not 

affected by particle size. Of these samples 
sulfonated styrene-divinylbenzene copoly- 
mer containing 25% divinylbenzene (see 
Experimental Methods) was selected, due 
to its suitable activity, as catalyst for 
intended kinetic study. The dependence 
of conversions of the two test reactions 
on the catalyst particle size is presented 
in Table 2. The results show that macro- 
reticular ion exchange resins have suffi- 

ciently accessible internal surface even in 
dry state [cf. (16)]. It can be further con- 
cluded that the results of kinetic measure- 
ments performed on common types of 
exchangers should be regarded as disputable. 

Using a selected catalyst, we began to 
study kinetics of the esterification of acetic 
acid with ethanol. However, we have found 
that the reaction rate increased with COW 

version (Pig. 1, curve l), probably due to 
modification of the catalyst by water. It 
was reported (17, 18) that water may 
hydrate the -SOaH groups of an iou ex- 
changer or of sulfonated polystyrene films 
to different degrees. Thus the mobility of 
a proton of the -SOsH group and also the 
catalytic activity may change. This as- 
sumption is substantiated by results illus- 
trated in Fig. 1 (curve 2); water at partial 
pressure of 0.1 atm in the feed increases the 
conversion, and esterification, therefore, does 
not follow a simple kinetics. Further dis- 
advantage of the above reaction lies in 
spontaneous esterification of the acid due 
to its own acidity. The conversion, during 
the period of the preparation of starting 
mixture of acetic acid and alcohol, kinetic 

TABLE 2 
I)EPENDENCE OF CONVIGRSION ON P.MWICLE SIZE OF ~I.WRORETICIJL.\R C.IT.\LYST 

(see Experimental Methods) 

Temp, 120°C; molar ratio of components, I : 1; for esterificat,ion, W/F (acid) = 1.06 x 10-a hr kge,ta,,,st 
mole-l; for reesterification, W/F (ester) = 0.34 X 10e3 hr kg,,tslr,t mole-‘. 

CHiCOOH + CsHsOH 
___. 

Particle size Conversion 
(mm 1 (%I 

HCOOGH; + CaHTOH 

Particle size Conversion 
(mm) (cm 

0.4-0.5 16.9 0.16-0.315 14.4 
0.2-o 315 13.6 0.09--O 16 15.6 
0.09-o. 16 13.0 0.063-o. 09 14.0 

Powdera 15.2 Powder<’ 14.7 

Cl Obiained by fine powdering of <0.063-mm fraction. 
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0 

FIG. 1. Effect of water on esterification of acetic8 
acid with ethanol; dependence of conversion on 
reciprocal value of space velocity. Molar ratio of 
reactants 1:l; temp 120°C; (1) partial pressure 
(atm) of: react.ants, 0.8; nikogen, 0.2; (2) part,ial 
pressure (atm) of: reactants, 0.8; water, 0.1; nitro- 
gen, 0.1. 

measurement, and analysis of reaction 
product, may amount to as much as 2%. 
Furthermore, at reaction temperature, acetic 
acid molecules are dimerized to a great 
extent, which makes it difficult to determine 
partial pressures and introduces further 
confusion to the problem of reaction mecha- 
nism (e.g., whether monomer and/or dimer 
adsorb and react). 

All the above reasons compelled us to 
choose reesterification of organic acid esters 
with alcohols [Eq. (I)] as the model reaction, 
because in this case similar phenomena are 
not operative. In addition, reaction heat is 
practically negligible since formed and cleft 
bonds are of the same kind. We have further 
found that neither by standing of mixture 
of ester and alcohol at ambient temperature, 
nor by passing their vapors at 120°C through 
the reactor packed with glass balls the 
reaction takes place. On the other hand, 
dehydration of alcohol may be an undesired 
side reaction. On reacting ethy1 acetate with 
I-propanol (1: 1 molar ratio) at 120°C t0 

407~ conversion approx 0.4% olefines and 
1% ether is formed. The amount of the 

above substances increases with increasing 
temperature, and that is why we have used 
temperature 120°C at which formation of 
these side products does not interfere with 
the determination of initial reaction rates. 

Since the values of equilibrium constants 
of esterification of a certain acid with mem- 
bers of homologic series of alcohols do not 
substantially differ from one another [e.g., 
(19)], equilibrium constants of reesterifica- 
tion have to acquire values close to unity. 
Therefore, in the determination of initial 
reaction rates, the conversion has to be low 
enough to suppress the influence of reverse 
reaction. For instance, in the case of 1: 1 
molar mixture of ester and alcohol, we kept 
conversions below 5oj,. 

Kinetic Analysis 

In the kinetic analysis, we made use of 
the method of initial reaction rates. Statis- 
tical treatment of the data was the same 
as in previous studies of our Laboratory 
(20-23). 

Kinetic data were interpreted by means 
of different rate equations for reesterification 
reaction. On deriving these equations we 
started from concepts accepted for mecha- 
nism of acid catalyzed esterification and 
hydrolysis in liquid phase (24) ; reesterifica- 
tion of esters with alcohols is, in fact,, general 
case of esterification and hydrolysis. For the 
most frequently occurring case where these 
reactions proceed with the cleavage of the 
acyl-oxygen bond, two mechanisms were 
proposed by Ingold (24). After having been 
rewritten for reesterification, these have 
the following forms : 

Monomolecular (A~cl) mechanism : 

RCOOR’ + H(+) $ RCOO(+)HR’ 
RCOO’+‘HR’ ?=? RCO’” + R&H, 

(II-l) 
(11-2) 

RCO’+’ + RZOH F? RCOO(+lHR2, (11-3) 
RCOO’+‘HRZ ti RCOORZ + H(+). (11-4) 

In the bimolecular (AAC2) mechanism, the 
second and third steps (11-2, 11-3) take place 
simultaneously 

RCOO’+‘HR, + RnOH ~1 RCOO(+)HRz + RIOH. 
(III) 

From the viewpoint of heterogeneous catal- 
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ysis, the first (II-l) and the last step (11-4) on equality of acidic sites of the catalyst, 
(addition and splitting-off of proton) may the equations for initial reaction rates listed 
be regarded as chemisorption of ester on an in Table 3 [Eqs. (l)-(9)] were derived. These 
acid site of solid catalyst or as its desorption equations describe cases where any of the 
from this site, respectively. The other steps above-mentioned steps may be rate-deter- 
correspond to surface reaction of chemi- mining. We have further presumed that, 
sorbed ester with alcohol from gaseous phase while ester is chemisorbed on acidic sites, 
(or physically adsorbed), which proceeds in alcohol may be adsorbed on other sites of 
either two steps (11-2, 11-3: A~cl mecha- catalyst, e.g., physically adsorbed on poly- 
nism) or one step (III: AAc2 mechanism). mer skeleton of catalyst. As the assumed 

Based on these concepts and presumption analogy between heterogeneous and homo- 

1’ABLE 3 
SURVEY OF KINETIC EQU,ITIONS DRRIVMJ T = f(k;, Ki, p-4, psi 

Eq. 
“0. 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 

(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
(16) 
(17) 
(18) 
(10) 
(20) 
(21) 
(‘w 
(23) 
(24) 
(25) 
(26) 
(27) 
(2% 

Way of 
adsorptionc 

Rate- of compound 
determining 

step” A 

adsA 
sr-II-2 
sr-II-3 
desR 
S-111 
desR 
X-II-3b 
desR* 
x-III* 
adxA 
adsB 
sr 
sr 
sr 
sr 
sr 
sr 
sr 
sr 
sr 
sr 
sr* 
sr* 
sr* 
adsA 
adsB 
sr-IVSa 
sr-IV-Bb 

1 

I 

1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
2 
0 
0 
0 
1 
1 
1 
2 
2 
1 
2 
2 
1 
I 
1 
1 

B 

0 
0 
0 
0 
0 
0 
I 
1 
I 
1 
2 
0 
0 
1 
1 
2 
1 
1 
2 
1 
2 
2 
1 
2 
1 
1 
1 
1 

.f(ki, Ki, PA, Psj 

k,dhApA 
k,Kap.d( 1 + &PA 1 
k,pB 
kde.aK’~p~I(l + K’ap~) 
ksKApApB/tl + Kap.4) 
hesn 
kK~p~/(l + KBPB) 
~~,,RK’~(KB/K~)PHII~ + (KB + K’~KB)PBI 
khKAK~p~p~l(l + KAPA)(~ -t KBPB) 

k,d-ApA/(l + &PB? 
k adsBiDB/(l + KAPA? 
k,Kap~PB/(l + KAPAY 
k5K.~p~p~lD + (KAPA)“~I~ 
ksKBpApd(l + KBPB) 

krK~p~p~/(l + KBPB)’ 

k,KBpApB/[l + (KB~H)“~]* 
ksK~Kr,p~p~/(l + K~p.4 + KBi%3)2 

k,KaK~pftp~/(l + PAPA + KBPBP 

k,KAKBpApB/[l + KAPA + (KBPB)~‘T 

IC,KAKB~APB/[~ + (KAPA)“’ f KBPB~’ 
Jc~KAKB~A~B/[~ + (KAPA)“’ + (KBPB)~‘~]’ 

krKAKBpAptt/(l + KAPA)[~ 4- (KBPB)~‘~]* 

k,KAKBpApB/[l i- (K~p~)~‘~l~(l + K~psi 

ksKAKBpApR/[l + (KA~A)“*I*V + (KBPRW 

kadrApA/(l + KBPB) 

kad6BpB/(1 + KA~A) 

k,Kapa/(l i- K~p.4 i- KBPBJ 

k,KBpB/(l + K~p.4 + KHPB) 

Corresponds to 
mechanism in 
homogeneotls 

medillm 

-4AI.l 
-4&l 
-4M.l 
‘4ALl 

C1 Symbols denote: adsA = adsorption of ester, adsB = adsorption of alcohol; desR = desorption of 
est,er formed, sr = srlrface reaction of alcohol with ester (Roman and Arabic numerals refer t.o Eqs. II, III, 
and Scheme IV). 

* Alcohol adsorbed on different sites than ester. 
c 0 = compound is not. adsorbed and reacts direct#ly from gaseous phase; 1 = compound is adsorbed 

without dissociation; 2 = compound is adsorbed with dissociation. 
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geneous reaction is not quite warranted, we 
have also used a set of other equations 
expressing other possible kinetic models, 
e.g., alcohol adsorbed and ester reacting 
from gaseous phase or both the components 
chemisorbed, one or both of them with 
dissociation. Equations describing these 
cases, derived on the basis of Langmuir- 
Hinshelwood conceptions, are also presented 
in Table 3 [Eqs. (lo)-(24)]. 

We have further considered the AAIJ 
mechanism presuming the splitting of the 
alkyl-oxygen bond, though it is highly 
improbable (24). According to this mecha- 
nism, reesterification consists of a four-stage 
hydrolysis [steps (la), (2a), (3b), (4b) in 
Scheme IV] and four-stage esterification 

mechanism (p2 < 0.5) as well as all equa- 
tions for the A~r,l mechanism did not fit 
experimental data. Of equations for the 
AAc2 mechanism and of other equations in 
Table 3, those presuming adsorption of 
some of the reactants or desorption of some 
of the products to be a rate-determining 
step did not comport with the data (p” < 
0.5). The remaining equations for the A~o2 
mechanism and its modifications assuming 
surface reaction to be rate-determining 
[Eqs. (5), (9), (la)-(24)], were then treated 
by means of nonlinear regression, the sum 
of squares of deviations between the found 
and calculated reaction rate (Q) being 
taken as the suitability criterion. Equation 
(19) presuming a bimolecular reaction 

RCOCd+H F I+) .(40) Rcoo(+) HR2 (20) 

/ RCOOH /---- 

RCOO(+) HR (10) 
, - RCOOR, + H’+) 

(R’)(+’ (Al, t+: 

goH + H(+) o_ R20(+)H2 (Zb)\ H20 .‘\ (3b)_Rlo(+)H2 O_ R~OH + b,~+) 

Scheme IV 

[steps (lb), (2b), (3a), (4a)] proceeding as 
parallel reactions. However, as we have not 
succeeded in detecting the presence of water 
or acetic acid in any case, it seems unlikely 
that steps (3) and (4) would be rate-deter- 
mining. In addition, analysis of these cases 
revealed that the initial reaction rate should 
be independent of partial pressure of the 
starting compounds, which is not in agree- 
ment with our observation. That is why, in 
mathematical treatment of rate data, these 
cases were disregarded. The remaining cases 
(i.e., steps (la), (2a), (lb) or (2b) as rate- 
determining) lead, under the assumption 
that water and acetic acid are present 
in imperceptible amounts, to relations 
(25)-(28) (Table 3). 

The equations derived (Table 3) were 
confronted with rate data determined for 
all of the five reesterification reactions under 
study. For this purpose, the data were 
treated successively by linear and nonlinear 
regression (23). The linearized forms of rate 
equations giving poor correlation were 
eliminated and only equations having the 
square of correlation coefficient higher than 
0.7 were used. All equations for the AAol 

between ester and alcohol, both the com- 
pounds being adsorbed on the same kind 
of active sites, turned out to be the most 
suitable. Additional eight equations [ (9), 
(17), (18), (20)-(24)], which expressed a 
similar mechanistic concept did not fit the 
experimental data so well. For their further 
appreciation we applied the critical sum of 
squares of deviations &crib according to (25) 
(using a significance level of (Y = 0.05). To 
some of studied reactions these equations 
are applicable (the Q value was lower than 
the Qcrit value), however, each of these 
equations turned out to be inapplicable 
to at least one of the reaction studied. 
Equation (19) satisfied the criterion in all 
cases. Equations (5) and (la)-(16) seem 
to be quite improbable since their Q values 
are in all cases higher than the Qerit values. 
These equations presume only one of the 
reaction components adsorbed and the other 
reacting directly from the gaseous phase. 

From the results of kinetic analysis it 
thus follows that the reaction proceeds by a 
bimolecular mechanism which is similar to 
the AAo2 mechanism, in which however, both 
ester and alcohol are adsorbed (whether on 
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TABLE 4 
VALUES OF CONST.ZNTS OF KINETIC EQ. (19) 

Reaction components Ratme constant, Adsorpt.ion coefficients 
k (moles hr-1 

A B kCcatad KA (at,m-I) Kg (atm-1) 

Ethyl acet,ate Methanol 2625 1.3 0.3 
l-Propanol 284 1.0 2.8 
2,2-Dimethylpropanol 80.4 0.9 7.6 
I-Propanol 284 1.0 2.8 

isobut.yrate 1-Propanol 55.8 0.55 3.1 

formate 1 -Propanol 37050 0.4 1.8 

the same or on different parts of surface 
cannot be unambiguously determined). 

The present investigation makes it possi- 
ble to appreciate physical meaning of 
adsorption coefficients (Table 4). The values 
for ethyl acetate (KA) obtained by means 
of kinetic analysis of its reaction with 
methanol, I-propanol, and 2,2-dimethyl- 
propanol are very close to one another, while 
the adsorption coefficients of the alcohols 
(Kr,) differ from one another more than 22 
times and the corresponding rate constants 
more than 32 times. Similarly, the values of 
adsorption coeff.cient of 1-propanol (Kr$) 
found 011 the basis of its reaction with ethyl 
acetate or ethyl isobutyrate agree well 
(2.S and 3.1 atm-l), while the values of rate 
constants as well as those of adsorption 
coeff.cients of ethyl acetate and ethyl isobu- 
tyrate differ several times. A somewhat 
different value of adsorption coefficient 
Krl (1.8 atm-I) was found in the reaction 
of I-propanol with ethyl formate which is 
apparently due to an inaccuracy of experi- 
mental measurements because of very fast 
reaction. Thus, it cm be said that the 
adsorption coefficients obtained by kinetic 
analysis do not depend 011 the nature of 
the other reaction component, and that 
these so-called kinetic adsorption coefficients 
are, in this case, not only empirical COII- 

stants valid for one certain reaction but 
that they characterize the compound in 
question more generally. Since in using 
sulfonated resin as catalyst Langmuir’s 
assumption of equivalency of active sites 
can be considered as fulfilled, we believe 
that the values found are true adsorption 

coefficients of reaction components on 
catalytically active surface. 

Additional verification of the physical 
meaning of kinetic adsorption coefficients 
based on kinetic study of competitive reac- 
tions of a certain compound and comparison 
of values thus obtained with results of direct 
adsorption measurements 011 ion exchange 
resins is subject of further study. 

The authors express their thanks to 1Iiss Z. 
,\lunzarova and Miss V. Perotttkova for technical 
assiat,ance, t,o Ing. J. ~Ialinsky of Research In- 
st,it.ute of Synthetic Resins and Varnishes (Par- 
dubice) for the prepa:a!ion of macrore icrtlar sul- 
fonated ion exchanger and information concerning 
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