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The kinetics of catalytic dehydration of I-butanol have been studied on three commercial types 
of zeolites varied in cage structures, pore sizes, and acidity at 200- 300°C. The dehydration reac­
tions were performed in a continuous stirred gas-solid reactor. Butenes and dibutyl ether were 
the principal products. Both simple power-law and Hougen-Watson types of rate expressions 
have been used to model the dehydration reactions kinetics. The former satisfactorily correlates 
the kinetic data procured over all the zeolites except in the case of dibutyl ether formation over 
ZNa. The Hougen-Watson type of rate expression adequately fitted the rate of formation of both 
products. The reaction orders with respect to I-butanol were approximately equal to zero. 
The kinetic and adsorption parameters were evaluated and satisfactorily correlated as functions 
of reaction temperature. Activation energies for the formation of dibutyl ether over zeolites 
ZNa and 4A are affected by pore diffusion. 

Most kinetic studies on I-butanol dehydration (Table I) have been performed over alumina. 
I-Butanol has been found to dehydrate primarily to form olefin and/or ether depending on the 
reaction conditions. The values of activation energy deduced from the data in the literature vary 
quite widely. The majority of experimental work reported in the Iiterature1 - 5 covers a range 
of fairly low partial pressures of I-butanol, except4 which covers high pressure between 0'10 to 
0·78 MPa. 

However, there are considerable experimental data in the literature on the catalytic dehydra­
tion of other alcohols6 -10. The reaction route still remains a controversial subject. There 
are three main reaction routes: a) Consecutive, b) parallel, and c) combination of a) and b) called 
consecutive-simultaneous reaction scheme. There is more evidence supporting the parallel scheme 
than the consecutive. This has been fully discussed by Vue and Olaofe11 . The consecutive-simul­
taneous reaction scheme could be reduced to b) as explained by Vue and Olaofe11 • Both simple 
power-law (PL) and Hougen-Watson (HW) types of rate models have been used in the literature 
to represent kinetic data on the catalytic dehydration of I-butanol (Table I). The order of the 
reactions for both the formations of olefin and ether varied between zero and one. At low con­
centration, the apparent order of reaction was usually found to be one and tends to zero at high 
concentration. From the kinetic modelling point of view, it would be useful to extend the study 
of the reactions to cover both low and high pressure range. Authors who used the HW type 
of rate equations have mostly assumed that surface reaction is the rate controlling step. For the 
olefin formation, rate expression based on dual-site and single-site mechanisms have been pro­
posed and tested by some authors4, 5 • 
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Kinetics of Dehydration of I-Butanol 1785 

The present study is concerned with the kinetics of catalytic dehydration of i-buta­
nol on three types of zeolites varied in cage structure, pore sizes, and acidity in the 
temperature range 200 - 300°C. 

EXPERIMENTAL 

Three commercial zeolites - Laporte 13X and 4A Zeolites and Norton Zeolon, ZNa, have been 
used as catalysts. Their physical and chemical properties are summarised in Table II. The Laporte 
Zeolites are spherical beads while the Norton Zeolon is in the form of cylindrical extrudate. 

The dehydration reactions were performed in a continuous stirred gas-solid reactor (CSGSR) 
similar to that discussed by Brisk and coworkers12. Figure 1 shows the schematic diagram of the 
experimental equipment. 

High purity nitrogen was used as a reactant diluent. It was passed through a column containing 
13X zeolite to remove any moisture present. Gas chromatographic analysis of the nitrogen feed 
showed no detectable impurities. I-Butanol of purity higher than 99'5% was delivered by a meter­
ing pump to an evaporation unit, where it was mixed with the nitrogen diluent. The mixed feed 
was brought to nearly the chosen reaction temperature in the electrically heated furnace. Con­
necting tubes were kept at high enough temperatures by heating tapes to avoid the condensa­
tion of materials. Alcohol flow rate was measured by a burette attached to the feed tank. The 
nitrogen supply was regulated by a mass flow rate control valve. Its flow rate was measured 
by a bubble flowmeter downstream of the reactor after the removal of the condensable materials. 

The reactor chamber temperature was measured by a chromel/alumel thermocouple. Heat 
transfer calculations gave an estimate of less than 1°C difference between chamber and the cata­
lyst temperature. Reactor pressure was kept at 0·1 MPa. 

Reactor effluent was analysed by a gas chromatograph. A glass column of 1 m length and 4'0 
mm internal diameter packed with Porapak Q was used for the resolution of the products, while 
the resolution of the isomeric butenes was achieved in a glass column of 7· 3 m length and 3'2 mm 
internal diameter packed with 20% bis(2-methoxyethyl) adipate on Chromosorb P-A W kept 
at 40°C (ref.13 ,14). Calibration curves for the different components were prepared. Mean values 
of the measurements were obtained from three or more reproducible analyses. The experimental 
error gave a deviation of no more than 4% from the mean for each component. A subsequent 
paper will deal with the butenes product distribution. 

TABLE I 

Published data on catalytic dehydration of I-butanol 

Catalyst Product T,OC PA , MPa 

Zeolite X 0 228 low 
Zeolite Y 0 256 low 
r-Alumina O,E 238-328 0·06 
Silica 0 205-307 0,\0-0,78 
Alumina 0 400 0'1-50 
Alumina 0 350,4\0 
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Model 

PL 
PL 
PL 
HW 
HW 

Reaction 
Order 

0 

Ref. 

126 2 
113 2 
129 3 

4 
5 
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Kinetics of Dehydration of I-Butanol 1787 

True surface reaction rates can be obtained only if the experiments have been performed 
under conditions which are not limited by diffusional processes. At high gas velocities, interphase 
mass transfer will not be rate-limiting. The spinning speed was therefore varied to establish 
the conditions when the rates were not controlled by interphase diffusion. It was observed that 
at the speed of 2 000 min -1, reaction rates are unaffected by external mass transfer, which agrees 
with the conclusions of others 15.16. Experiments with different particle sizes can determine the 
influence of molecular and Knudsen diffusion. The reactor used in the present study does not 
permit the use of fine catalyst particles. Secondly, the study of diffusional processes within zeolite 
crystals are not fully understood as yet, because, other modes of diffusion in zeolites crystalline 
have been reported l7 . In this paper, possible influence of pore diffusion on the present results 
will be noted whenever appropriate. 

Reaction temperature range 200- 300°C was chosen for I-butanol dehydration. The I-buta­
nol feed rate was varied to achieve a wide range of alcohol partial pressures at constant total 
pressure. At least five partial pressures of alcohol were used for a given reaction temperature 
and a zeolite. 

RESULTS AND DISCUSSION 

The dehydration of 1-butanol over zeolites 13X, 4A, and ZNa yielded two principal 
products, the ether and the olefins. The gas chromatograph analysis showed the 

Flti. I 

Schematic diagram of the experimental equipment. 1 Burrete (I ml), 2 feed tank (I I), 3 cooler, 
4 metering pump (Metering pump L + d), 6 molecular sieve 13X column, 5 preheater, 7 spinning 
basket reactor, (Imperial Chemical Industry), B spinning drive unit, 9 gas-liquid chromatograph, 
(Pye Unicam), equipped with both FID detector and amplifier, 10 condenser, 11 condensate, 
12 gaseous effluent, V1- VB valves, TI temperature indicator, PI pressure indicator, SI speed 
indicator, CW cooling water, PR pressure regulator, MFC mass flowrate regulator, FI flowrate 
indicator 
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1788 Olaofe, Vue : 

formation of small quantities of butylaldehyde which is a product of the dehydro­
genation catalysed e.g. by copper or nickel 1 8 • Experiments without zeolites in the 
reactor confirmed the formation of aldehydes catalysed by the copper and nickel 
present in the tubings and reactor walls. The dehydration reactions, however, are not 
affected by these metals. The rates of formation of butenes and dibutyl ether were 
calculated based on material balance which had taken the side products into account. 

Since the zeolites were found to deactivate with time, their activity was measured 
regularly. It was found that when fresh catalysts were used, the catalytic activity 
always dropped rapidly in the initial stage of the experiments and then levelled 
off for a considerable time. The present kinetic data were obtained in the period 
of constant activity and the results were reproducible to within 10%. 

All the kinetic data have been modelled according to both power-law kinetic 
and Hougen-Watson type of kinetic expressions. The latter approach is based on the 
classical Langmuir-Hinshelwood mechanism, with surface reaction or adsorption -
desorption of reactants and/or products assumed to be rate controlling 1 I. Preliminary 
discrimination of all plausible rate expressions was conducted to eliminate some 
of the less probable models. For example: a) The absorption-desorption equilibrium 
constants of ether and olefin have been found to be very small, hence the desorption 
of these two species cannot be rate limiting. b) The partial pressures of ether, olefin, and 
water in the present experiments were very low compared with that of I-butanol, 
thus the products KEPE, KoPo, and KHPH were much smaller than KAPA • c) The 
adsorption of nitrogen (diluent) on zeolites is not appreciable above 244 K (ref. 19 •20). 

Thus we can conclude that KAP A is the major contribution to the adsorption term 
in the Hougen-Watson model. For the olefin formation reaction, the equilibrium 
constant is high and the reaction can be considered irreversible. 

Parameters in the remaining models were estimated accordingly to the methods 
proposed by Kittrell21 • Both multilinear and nonlinear regression analyses were 
applied to the experimental data. Results from the linear regression were used as first 
estimates for nonlinear regression. The theoretical aspects of parameter estimation 
and regression techniques are well established22 •23 and details of the computer 
programs have been given by Dixon and Brown24 • 

Formation of Butenes 

Figs 2-4 illustrate the effect of partial pressure of I-butanol on the rate of formation 
of butenes. The rates of formation of butenes are almost independent of the partial 
pressure of alcohol, indicating that the reactions tend towards zero order in I-butanol 
in terms of power law kinetics. At low temperature, the reactions are approximately 
zero order. This is because chemisorption decreases with increasing temperature. The 
reaction order with respect to I-butanol slightly increases with increasing tempera­
ture. However, of all the power-law rate expressions tested, the most successfuly one 
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Kinetics of Dehydration of I-Butanol 1789 

was 

ro = Ao exp (-Eo/RT) P~. (1) 

Table III gives the best estimates of the constants for expression (1), together 
with the statistical properties (t-ratio, F-ratio, and R-squared coefficient). A high 
t-ratio means small standard deviation, hence a higher confidence level. The cal­
culated F-ratio gives an indication of the significance of the regression, while the 
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FIG. 2 

The influence of the partial pressure of I -bu­
tanol on the rate of formation of butene 
over Zeolite 13X. 1 228, 2 241, 3252, 42511, 
5272°C 

FIG. 4 

The influence of the partial pressure of I-bu­
tanol on the rate of formation of butene 
over Zeolite ZNa. 1 235, 2 255, 3 275, 4 
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1790 Olaofe, Yue: 

last column shows the observed F-ratio at 95% confidence level. If the observed 
F-ratio exceeds the critical F-ratio at 95% confidence level by a factor offour, statisti­
cally significant regression is said to have been achieved. The R-squared gives a measure 
of how well the regression fits the experimental data. The results in Table III show 
that the regression of the rate data for butenes formation according to the power-l a w 
kinetics are statistically satisfactory over all the zeolites. Butene formation on all 
the zeolites are close to zero order. The found activation energy for the butenes 
formation reaction agrees very well with those reported in literature (Table I). 
The low reaction orders suggest that the active sites of the catalyst are nearly saturated 
with the alcohol and also implies the absence of external mass transfer effect. 

A compensation effect is shown by the zeolites on the dehydration of 1-butanol 
to the butenes. A good straight line between the logarithms of the preexponential 
factor and the activation energy was obtained. The equation for the line is given by 

In Ao = -12·0 + 0'25Eo . (2) 

The agreement between the present results (reaction order and activation energy) 
and literature values is rather remarkable in view of the different treatment of the kinetic 
data and different experimental conditions used here. This agreement suggests that 
the reaction mechanisms and the rate determining step are probably the same for the 
butenes formation over a wide range of reaction temperature and different catalysts. 

The two Hougen-Watson expressions derived for the formation of butenes, 
based on the assumption that the surface reaction is rate-limiting, are the so-called 
dual-site and single site mechanism models (Eqs (3) and (4)) 

(3) 

TABLE III 

Kinetic parameters for power-law model: butenes formation 

Zeolite I3X 4A ZNa 

Ao' kmol kg - 1 h - 1 MPa - n 7'3.1011 4· 3 . 1010 5·4 . lOS 
Eo, kJ mol- 1 159 151 105 
n 0'28 0·12 0'17 
(-ratio 8·0 4·1 4'9 
R2 99 99 99 
F-ratio critical (95%) 20 20 20 

observed 1200 770 3000 
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Kinetics of Dehydration of I-Butanol 1791 

(4) 

Expression (3) qualitatively predicts reaction order between land -1 in alcohol 
while expression (4) allows for a reaction order less or equal to one. Both expressions 
allow for the depressive behaviour of alcohol. Effects of the weakly adsorbed species 
and those present in relatively small concentrations have been neglected. 

Both correlations (3) and (4) show high R-squared coefficients for all zeolites at 
all reaction temperatures. However, the kinetic data over ZNa catalyst when fitted 
to the single-site model (SRl) resulted in a negative adsorption coefficient at 235°C. 

The single-site model for ZNa should have been therefore rejected because of this 
negative adsorption coefficient, however, the non-linear analysis was still performed. 
Nonlinear regression confirmed that the single site model was not appropriate 
for this set of kinetic data because an unlikely high adsorption equilibrium constant 
was obtained (Table IV). It can therefore be concluded that the SRl model fails 
to correlate satisfactorily the butenes data over ZNa. In the nonlinear analysis, the 
sum of squares of residuals (SSR) for the SRl and SR2 models are very small. This 
suggests that satisfactory correlations are achieved. The results of the nonlinear 
regressions are shown in Table IV and a comparison of the linear and nonlinear 
regressions is shown in Table V. There is an excellent agreement between the para­
meters obtained from both techniques which strongly suggests that the kinetic data 
are good25 • 

The temperature dependence of the kinetic and adsorption parameters is illustrated 
in Fig. 5. The graph is in a good agreement with the Arrhenius law suggesting that the 
kinetic data were procured in the surface reaction rate controlling regime and with no 
significant catalyst deactivation. The temperature dependence of the adsorption 
equilibrium constants follows the van't Hoff type of equation. The adsorption plot 
for the zeolites 4A and ZNa shows a positive slope, which suggests that adsorption 
of I-butanol on these catalysts is exothermic. However, on zeolite 13X, the adsorp­
tion plot has negative slope, showing that the l-butanol process is endothermic 
and dissociative. 

The estimated preexponential factors, activation energies, enthalpies of the de­
sorption of l-butanol obtained by linear analysis are presented in Table VI. The 
activation energies from the HW models agree quite well with those obtained from the 
power law models (Table III). This indicates that the adsorption process has no signi­
ficant effect on the apparent activation energies of the dehydration of l-butanol, 
probably due to the low reaction orders. The apparent activation energies show 
no discernible effect of either external or pore diffusion. It should, however, be 
cautioned that diffusion limitations might manifest in the formation of dibutyl 
ether. 

Collection Czechoslovak Chern. Commun. [Vol. SO) [1985) 



1792 Olaofe, Vue : 

Formation of Dibutyl Ether 

Typical kinetic rate data are shown in Fig. 6. The power law model is, in most 
cases, satisfactory in representing the kinetics of butenes formation. In the dehydra-

TABLE IV 

Parameters for Hougen-Watson models 

Zeolite Model T,oC 
ko . 104 

SD. ]04 
KA 

SD SSR.101O kmol kg - 1 h - 1 MPa- 1 

13X SR2 228 1'9 0·28 13 0'62 1'0 
241 4·0 0·16 22 0'34 1·0 
252 g·o 0'43 20 0'39 3'0 
258 13 0'32 116 0'12 1·0 
272 33 1·4 27 0·48 52 

13X SRI 228 0·59 0·15 63 1·2 1'0 
241 1·2 0'04 120 2'0 0·5 
252 2·4 0·15 110 2'6 1·0 
258 4·4 0'37 63 1·7 3'0 
272 9'4 0'30 170 2·7 8'0 

4A SR2 232 0·55 0'03 33 0'72 0·5 
250 2'0 0'07 31 0·47 0·5 
271 9'0 0·55 27 0'65 9·0 
278 11 0·40 27 0'42 5'0 
297 32 1·8 27 0'61 104 

4A SRI 232 0·14 0'01 460 25 0·5 
250 0'49 0'01 440 13 0·6 
271 2·4 0·01 280 11 2'0 
278 2·9 0'07 240 4'0 0·5 
297 8·4 0·47 290 13 29 

ZNa SR2 235 0·80 0·03 45 0'49 0·5 
255 1'9 0·12 30 0'66 0·5 
275 4·7 0·15 29 0'37 1'0 
300 13 0·56 25 0'38 6'0 

ZNa SRI 235 0'18 0'01 17. 103 a 0·5 
255 0·51 0·02 230 5'0 0·5 
275 1·2 0'04 300 8'3 0·5 
300 3·6 0·20 140 3'4 2·0 
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Kinetics of Dehydration of I-Butanol 1793 

tion of 1-butanol to dibutyl ether, the power law rate expression is satisfactory for 
zeolites 13X and 4A, however not for zeolite ZNa. The estimated parameters 

(5) 

and the statistical properties are presented in Table VII. The reaction order for the 
formation of dibutyl ether lies between zero and half order. This result is in general 
agreement with literature values (Table I). The reaction orders for the dibutyl ether 
formation are higher than for butene formation. 

The activation energies for the formation of dibutyl ether are shown in Table VII; 
these values are low with the exception of the activation energy for the formation 
of dibutyl ether over 13X. This is probably due to the influence of pore diffusion. 

TABLE V 

Comparison between linear and nonlinear regression: I-butanol over 13X Zeolite 

Temperature, °C 228 241 252 258 272 

Model SR 2 

Linear regression 

ko . 104 a 1·8 4·0 8·0 13·0 34·0 
KAb 14 22 21 16 29 

Nonlinear regression 

ko . 104 a 1·9 4·0 8·0 13 33 
K b 

A 13 22 20 16 27 

Model SR I 

Linear regression 

ko . 104 a 0·61 H 2·5 4·3 9·6 
KAb 52 110 89 68 160 

Nonlinear regression 

ko . 104 a 0·59 1·2 2·4 4·4 9·4 
k b 

A 63 120 110 63 170 

a kmol kg- I h- I ; b MPa- l . 

Collection Czechoslovak Chern. Commun. [Vol. 50] [1985] 



1794 Olaofe, Yue : 

The rate data on dibutyl ether formation have also been fitted with the Hougen­
-Watson type kinetic expressions. Many rate equations can be derived!3 but only 
three models, which assume that the bimolecular surface catalysed reaction is the 
rate controlling step, will be presented here: a) The Langmuir-Hinshelwood me­
chanism (LHM) model assumes that the surface reaction may take place in which two 

TABLE VI 

Kinetic and adsorption parameters for Hougen-Watson models 

Zeolite Model 
Ao Eo !:1HA 

kmol kg -! h - 1 kJ kmol- I kJ kmol-! 

13X SR2 6'1.10 11 150 26 
SRI 1.1. lOll 146 33 

4A SR2 2'3.1011 150 8 
SRI 8.5. 1010 154 24 

ZNa SR2 3'1.106 104 21 
SRI 4·7 113 -146 

5 5R1 
0 

3 

InKA 5R2 6 

o 
5 

1 . 

-4 
RE·104 

rnol/g.h 

Inko 

~~ 
4 

-8 
2 

3 

5R1 

1'82 1000lK 1'94 p,...MPA 
0'06 

FIG. 5 FIG. 6 

Temperature dependence of the kinetic and 
adsorption thermodynamic equilibrium con­
stants. The dehydration of I-butanol to bu­
tene over zeolite 13X 

The influence of the partial pressure of I-bu­
tanol on rate of formation of di-I-butyl 
ether over Zeolite 13X. 1 228, 2 241, 3 252, 
4 258, 5 272°C 
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Kinetics of Dehydration of I-Butanol 1795 

adjacently chemisorbed I-butanol molecules react to form the chemisorbed products. 
The rate of formation of dibutyl ether is given by 

(6) 

b) The Rideal-Eley mechanism (REMI) assumes that the surface reaction may 
occur in which one I-butanol molecule from the gas phase reacts directly with another 
chemisorbed I-butanol molecule in the presence of a vacant site adjacent to the 
chemisorbed products. The rate of formation of dibutyl ether is 

(7) 

c) The REM2 model assumes that the surface reaction may take place by a Rideal­
-Eley mechanism as defined in b), but not in the presence of an adjacent vacant site 
and only the product water is chemisorbed while the product ether goes directly 
into the gaseous phase. The rate of formation of the ether is represented by 

(8) 

Qualitatively, the first two models predict the order of reaction between 0 and 2, 
while the third model predicts the order of reaction between 1 and 2. All models 

TABLE VII 

Kinetic paraineters for power-law model: ether formation 

Zeolite 

A E , kmol kg- 1 h- 1 MPa- m 

EE' kJ mol- 1 

m 
t-ratio 
R2 

F-ratio critical (95%) 
observed 

13X 

1'7.1010 

142 
0'38 
5'8 

95 
20 

280 

Coliection Czechoslovak Chern. Commun. [Vol. 50] [1985] 

4A ZNa 

8·7. 102 1'3 
84 54 

0·29 0'56 
5·7 4'8 

95 79 
19 19 
88 17 
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predict the depressive behaviour of I-butanol but the influence is stronger with the 
first two models. The models also include the influence of reverse reaction (Table VIII). 

Both linear and nonlinear regression analyses were performed. In both cases the 
results obtained from the linear method were confirmed by nonlinear technique. 
The results obtained by nonlinear method are presented in Table V. The correlations 
showed very high R2 coefficients and low SSR value, which indicates that satisfactory 
correlations were obtained. 

With the REM2 model, the adsorption-desorption equilibrium constants were 
often found to be either very high with nonlinear technique or negative with linear 
method at all reaction temperatures. A negative adsorption coefficient is physically 
meaningless but has sometimes been ascribed to enhanced adsorption. The concept 
has not been widely accepted, thus the last model is rejected. Both the LHM and 
REMI models gave reasonable values of adsorption coefficients. 

Fig. 7 shows the temperature dependence of the kinetic and adsorption equilibrium 
constants. The plots follow the Arrhenius and van't Hoff equations, respectively. 
The apparent activation energy preexponential factors and heat of adsorption are 
presented in Table IX. The activation energies from LHM and REMI models com­
pare well with those obtained from the power-law model. The heat of adsorption 
shows an exothermic adsorption process. 

It is not appropriate to distinguish between LHM and REMI models by using 
the kinetic data. Mathematically, the two models have the same form and only differ 
in the parameter K E • The apparent activation energies and preexponential factor 
obtained from the two models should be related to each other as given by the fol-

FIG. 7 

Temperature dependence of the kinetic and 
adsorption equilibrium constants. The de­
hydration of I-butanol to di-I-butyl ether 
over 13X zeolite. From top to bottom: Ka, 

REM 1, LHM 

Collection Czechoslovak Chern. Commun. [Vol. SO] [1985] 
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lowing equations. 

TABLE VIII 

Parameters for Hougen-Watson models 
--------

Zeolite Model T, 'C 
kE ·104 

SD.104 
KE 

kmol kg - 1 h - I MPa- 1 

- ____ 0_--

I3X LHM 228 0'63 0·03 280 
241 1·5 0·04 310 
252 3·4 0·21 300 
258 15'9 0·43 150 
272 11 0·77 180 

13X REM1 228 17 3·0 280 
241 48 3'9 310 
252 99 22 300 
258 90 12 150 
272 200 30 180 

13X REM2 228 1·1 0·15 60. 103 

241 3·2 0·46 35. 104 

252 6·9 1·1 76.104 

258 10 1·5 76. 103 

272 21 2·7 49. 103 

TABLE IX 

Kinetic and adsorption parameters for Hougen-Watson models 

Zeolite Model K E ·104 

kmol kg- 1 h- I kJ mol-I 

I3X LHM 2'6.10 11 

REMI 8'3.109 
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EE 
kJ kmol- 1 

151 

121 

1797 

(9) 

(10) 

-----

SD SSR. 1010 

6·0 0·5 
3'0 0·5 
8·0 4·0 
3·2 6·0 
4'0 29 

0·0 0·5 
3'0 0·5 
8'0 4'0 
3'0 6'0 
4·0 29 

0 3'0 
0 18 
0 95 
0 ISO 
0 460 

l!J.HA 
kJ mol- 1 

-29 
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The present results clearly support this relationship. For example, EE (LHM) have 
the value 151 kJ kmol- 1, which is practically equal to the sum of EE(REMI), 
121 kJ kmol- 1 and absolute value of AHA (if adsorption is exothermic) which is 
-29 kJ kmol- 1• 

The I-butanol thermodynamic equilibrium constant for the formation of dibutyl 
ether is found to be greater than that for the formation of butene under the same 
reaction conditions. The observation suggests that I-butanol dehydration reactions 
for dibutyl ether and butenes do not take place on the same active site. Furthermore, 
it indicates that the saturation partial pressure of I-butanol is higher for dibutyl 
ether formation than for butenes formation. This is also evident in the difference 
in reaction orders as has been discussed previously. 

CONCLUSIONS 

Empirical power functions rate expressions satisfactorily correlated the kinetic 
data on the dehydration of I-butanol to dibutyl ether and butenes over zeolites 
13X, 4A, and ZNa. The butenes formation has an approximately zero reaction order 
while the dibutyl ether formation order vary between zero and half. 

For the formation of butenes, the Hougen-Watson type of rate expressions based 
on dual site mechanism (SR 2) and single site mechanism (SRI) successfully fitted 
the kinetic data over all zeolites, however, the SRI model fails over ZNa zeolite. 
For the dibutyl ether formation, LHM and REMI models adequately correlated 
the rate data well. 

Activation energies for the formation of butenes from the power law and Hougen­
-Watson type of rate expression show not discernible effect of pore diffusion in the 
temperature range investigated. However, the influence of pore diffusion is seen 
in the results of dibutyl ether formation on zeolites 4A and ZNa. Models LHM and 
REMI remain indistinguishable. 

Adsorption-desorption equilibrium constants obtained from the Hougen-Watson 
type of rate equation satisfactorily follow van't Hoff type of expression. 

The dehydration of I-butanol can be considered to follow a simultaneous reaction 
scheme and found to require different active sites. Both reactions proceed through 
different reaction routes. 

LIST OF SYMBOLS 

preexponential factor for the formation of j in power-law models (kmol kg -1 kg - 1 . 

. h- 1 MPa- n) 

activation energy for the formation of j (kJ gmol- 1) 
heat of adsorption (kJ gmol- 1) 
kinetic parameter in HW models for the formation of j (kmol kg - 1 h - 1) 

adsorption-desorption equilibrium constant for j (MPa -1) 
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chemical equilibrium constant for the reversible ether formation reaction ( - ) 
reaction order in equations (4) and (1) 
partial pressure ofj (MPa) 
rate of formation of (kmol kg -1 h - 1) 

absolute temperature (K) 

Subscripts 

A alcohol 
E ether 
o olefin 
W Water 

Abbreviations 

HW Hougen-Watson type of rate expression 
LHM Langmuir-Hinshelwood mechanism 
PL power-law 
REMI Rideal-Eley mechanism based on dual site 
REM2 Rideal-Eley mechanism based on single site 
SR I surface reaction mechanism based on dual site 
SR2 surface reaction mechanism based on single site 
SSR sum of squares of residuals 
SD standard deviation 
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