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Kinetic Study of Ethane Oxydehydrogenation over AlPO-5 
Ju inn-Yao W u  and Ben-Zu Wan' 

Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan, Republic of China 

The kinetics of ethane oxydehydrogenation to  produce ethylene over AlPO-5, a member of the 
aluminophosphate molecular sieve family, has been investigated over the temperature range 748- 
798 K a t  atmospheric pressure. It was observed that  parallel reactions to  ethylene and carbon 
oxides occur on the surface. A kinetic model involving oxygen adsorption was proposed for the 
ethane oxydehydrogenation. On the basis of the kinetic analysis, it is suggested that  the reactions 
of ethane on the surface through two different sites are the rate-determining step. The apparent 
activation energy was 83 kcal mol-l. For oxygen adsorption on the surface, the changes of enthalpy 
and entropy were -23 kcal mol-' and -25 cal mol-l K-l, respectively. These explain the adsorption 
phenomena reasonably. 

Introduction 

Microporous aluminophosphate, with diverse structural 
features, has been synthesized successfully (Wilson et al., 
1982). AlPO-5 is a member of the aluminophosphate 
molecular sieve family. Its straight cylindrical channels 
with 0.7-nm pore opening are composed of 12-member 
rings of regular alternation of A1 and P in the tetrahedral 
framework of AlPO-5 (Bennett et al., 1986). The advan- 
tages of AlPO-5 in the catalytic reaction are heat stability 
and straight channels with large openings, preventing coke 
deposition. The weak point in AlPO-5 as a catalyst is that 
AlPO-5 is an electrically neutral structure without ion- 
exchanging capability and with low acidity. I t  was reported 
that partial substitution of other elements with different 
valences (such as silicon, gallium, and some transition 
metals) for aluminum or phosphorus could give rise to 
Bransted acidic sites in the framework (Lok et al., 1984; 
Wilson and Lanigen, 1986). 

In ethane oxydehydrogenation into ethylene, it was 
found that AlPO-5 and MAPO-+some of the first-row 
transition metals (e.g., Mn, Fe, Ni, V, and Cu) are 
substituted into the framework of AlPO-5-were selec- 
tively active (Wan et al., 1991; Wan and Huang, 1991). It 
was impressive that the selectivity of ethylene was higher 
than 80% in ethane oxydehydrogenation over AlPO-5 at 
723 and 773 K. Even though the electrically neutral 
structure of AlPO-5 was not expected to exhibit any acidity, 
the surface hydroxyl group (Al-OH and P-OH) may 
possess some residual hydrophilic and catalytic character 
due to the local electronegativity differences between AP+ 
and P5+ (Hedge et al., 1987). 

In this work, the reaction model of ethane oxydehy- 
drogenation into ethylene over AlPO-5 was determined 
through kinetic study, in order to understand how ethane 
oxydehydrogenated over AlPO-5 to produce ethylene 
selectively. From this proposed model, the changes of 
enthalpy and entropy for the oxygen adsorption on the 
surface were examined. 

Experimental Section 

AlPO-5 was prepared following the hydrothermal crys- 
tallization method (Wan et al.,1991). The resultant 
catalyst was characterized by XRD (Phillips PW1729 with 
CuKa radiation) and BET surface area (Micromeritic 
Accusorb 2100D unit). 

* To whom correspondence should be addressed. 
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Ethane oxydehydrogenation was carried out in a fixed 
bed differential type reactor (12-mm-0.d. quartz tube). 
The flow rates of ethane, air, and nitrogen were controlled 
and read by mass controllers and meters (Brooks 5850 
and 5878). The maximum controlled flow rates of ethane 
and nitrogen were 25 mL/min, and that of air was 48 mL/ 
min. The reaction temperatures were controlled in the 
range 748-798 K by aPID temperature controller. Before 
each reaction, the catalyst was pretreated at  823 K for 
more than 2 h under air flow. An on-line China Chro- 
matography 87WT chromatograph with Porapak S column 
was used to separate carbon dioxide and ethylene from 
the product stream. Another Shimadzu GC-8A gas 
chromatograph with a 5A Molecular Sieve column was 
used to separate carbon monoxide. 

In the observation of product distributions at  different 
contact times, ethane and air a t  ratio of 1/2 at  1 atm of 
total pressure were fed into the quartz tube reactor 
containing 0.6 g of catalyst. The total flow rates were 
changed under the range 18-72 mL/min. In the reaction 
kinetic measurements, 0.6 g of catalyst and a 50 mL/min 
total flow rate were used. The partial pressure of ethane 
was changed within 0.1-0.5 atm, and that of oxygen (from 
air) was changed within 0.02-0.1 atm. The carbon 
selectivity was calculated on a carbon basis and was defined 
as selectivity of a given product = (moles of the given 
product X number of carbon atoms in the molecular 
formula)/(moles of ethane consumed X 2). Due to the 
fact that the conversion of each reactant was maintained 
at  less than about 15%, the consumption rate of ethane 
(-r) was def ied as the reaction rate in a differential reactor, 
-r = FX/ W (Froment and Bischoff, 1979), where F is the 
input mole flow rate of ethane, X is the ethane conversion, 
and W is the catalyst weight. The production rate of a 
specific product was the consumption rate of ethane times 
the selectivity of this product. 

Results 

Water and three carbon products (ethylene, carbon 
monoxide, and carbon dioxide) were found in the reactions. 
Under the reaction temperature of 773 K, the carbon 
selectivities of products maintained constant levels a t  
ethane conversions of 1.0-6.5% (Figure 1). Ethylene 
selectivity was about 80 % , carbon monoxide selectivity 
was about 15 % , and carbon dioxide selectivity was about 
5 %: The result indicates that ethane oxydehydrogenation 
to ethylene and oxidation to carbon monoxide and carbon 
dioxide were parallel reactions over AlPO-5. Thus, the 
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Figure 1. Product selectivity vs ethane conversion over AlPO-5 at 
775 K and 50 mL/mintotal flow rate (aidethane = 2): 0, CO; 0, COz; 
A! CZH4. 
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Figure 2. Influence of ethane partial pressure on ethylene production 
rate over AlPO-5. Total flow rate = 50 mL/min; oxygen pressure = 
0.1 atm: 0,798 K, 0, 783 K, A, 773 K, 0,758 K; a, 748 K. 

following kinetic analysis of ethane oxydehydrogenation 
was made by the measurement of ethylene production 
rate. The influence of ethane partial pressure on oxyde- 
hydrogenation rate over AlPO-5 at  different reaction 
temperatures is shown in Figure 2. The linear relationship 
between reaction rate and square of ethane partial pressure 
implies that ethane oxydehydrogenation over AlPO-5 is 
a second-order reaction to ethane partial pressure. Figure 
3 shows the influence of oxygen partial pressure on 
oxydehydrogenation rate over AlPO-5 under the same 
temperature range. I t  seems that when the oxygen partial 
pressure was larger than 0.02 atm it did not affect the 
ethane oxydehydrogenation rate a t  lower reaction tem- 
peratures (748, 758, and 773 K). At  higher reaction 
temperatures (783 and 798 K), the oxydehydrogenation 
rates were increased with increasing oxygen partial pres- 
sures and then approached a steady level a t  higher oxygen 
partial pressures. In fact, sufficient oxygen is indeed 
necessary in the reaction. When no oxygen was added, no 
reaction occurred under the reaction conditions studied 
in this research. 

Kinetic Model Development 

The data of reaction rates in relation to reactant partial 
pressures are listed in Table I. The kinetic models were 
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Figure 3. Influence of oxygen partial pressure on ethylene production 
rate over MPO-5. Total flow rate = 50 mL/min; ethane pressure = 
0.5 atm: 0, 798 K; 0, 783 K; A, 773 K; 0,758 K 0,748 K. 

Table I. Experimental Data of Ethylene Production Rate 
at Different Reactant Partial Pressures 

748 

758 

773 

783 

798 

2.543-7" 
1.543-7 
4.763-8 
1.553-8 
2.483-7 
2.453-7 
2.683-7 
4.023-7 

6.323-8 
1.563-8 
3.943-7 
3.973-7 
4.433-7 
5.413-7 
3.173-7 
1.183-7 
1.523-8 
5.373-7 
5.623-7 
5.723-7 
5.223-7 

1.043-7 
7.733-8 
1.603-8 
7.393-8 
8.403-8 
8.15E-8 
7.263-8 
2.613-6 
1.623-6 
3.343-7 
1.083-7 

2.6OE-7 

3.243-7 

2.813-6 
2.893-6 
2.153-6 
5.243-6 
3.293-6 
7.723-7 
5.093-7 
5.523-6 
3.593-6 

Read as 2.54 X 10-7. 

0.104 
0.104 
0.105 
0.105 
0.083 
0.041 
0.020 
0.103 
0.103 
0.104 
0.105 
0.082 
0.040 
0.019 
0.102 
0.103 
0.104 
0.105 
0.081 
0.048 
0.039 
0.018 
0.040 
0.041 
0.041 
0.042 
0.167 
0.125 
0.083 
0.062 
0.091 
0.097 
0.103 
0.104 
0.068 
0.024 
0.011 
0.062 
0.085 
0.101 
0.104 
0.043 
0.022 

0.498 
0.397 
0.199 
0.100 
0.498 
0.498 
0.498 
0.496 
0.397 
0.199 
0.100 
0.496 
0.496 
0.496 
0.494 
0.398 
0.239 
0.100 
0.495 
0.494 
0.494 
0.495 
0.397 
0.239 
0.199 
0.100 
0.199 
0.199 
0.199 
0.199 
0.475 
0.385 
0.197 
0.099 
0.473 
0.471 
0.479 
0.442 
0.367 
0.193 
0.095 
0.441 
0.464 

developed to fit these data statistically. Several mech- 
anisms, including Langmuir-Hinshelwood types with 
molecular or atomic adsorption on a single site or dual 
sites, an Eley-Rideal type for adsorption, and a reduction- 
oxidation type, have been examined. The approach steps 
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Table 11. Rate Constants and Oxygen Adsorption 
Equilibrium Constants at Different Reaction TemDeratures 
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Figure 4. Comparison of predicted and observed values of C2H4 
production rates over GPO-5. 

used to justify a proposed model were as follows: At first, 
basic rate equations were obtained by assuming that each 
step in the proposed mechanism was the rate-determining 
step. Second, simplification of each rate equation was 
made by some rational assumptions. Finally, linear 
regressions of the consequent equations were made at  each 
temperature to obtain the rate constants and adsorption 
constants. When any of the derived constants from 
regression was negative, that rate equation was eliminated. 

It was found that the only model which could fit the 
kinetic data well was 

C2H6s + C2H602s F? 2C2H4 + 2H20 + 2s (4) 
where s represents an active site on the catalyst. By 
assuming that the fourth step was the rate-determining 
step and the adsorption equilibrium constants of ethane 
were much smaller than those of oxygen, the rate equation 
was formulated as follows: 

where P represents the partial pressure, Ct is the total 
number of active sites on the catalyst surface for ethane 
oxydehydrogenation, K1 is the equilibrium constant of 
oxygen adsorption on the active sites of catalyst, K2 and 
Ka are both equilibrium constants of ethane adsorption 
on the sites either without or with oxygen, and k4 is the 
rate constant of surface reaction between two interme- 
diates in the fourth reaction step. Figure 4 shows how 
agreeable the rate data from experiment are with those 
estimated from this rate equation. The mean deviation 
error was about 24.9%. The random distribution around 
the diagonal equivalent line of empirical and calculated 
values of rate suggests that this rate equation describes 
the experimental result quite well. 

Discussion 

The values of k4Ct2K& and K1 at  different reaction 
temperatures obtained from the linear regression are listed 

~~ ~ 

T/ K k4Ct2K&/mol g1 s-l atm-2 K1/ atm-I 
748 5.343-6" 14.82 
758 8.11E-6 19.19 
773 9.163-6 16.09 
783 7.553-5 
798 1.51E-4 

"Read as 5.34 X 1W. 
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Figure 5. Arrhenius plots of oxydehydrogenation rate constant (E. 
= 83 kcal mol-', y = 0.93) and oxygen absorption equilibrium constant 
(AH = -23 kcal mol-', AS = -25 cal mol-' K-I, y = 0.85) over AlPO-5. 

in Table 11. These two reaction parameters can be 
expressed as a function of temperature: 

k4C:K&3 = A exp(-EJRT) (6) 

Here, E, is the apparent activation energy, A is the 
Arrhenius constant, and AH and A S  are the enthalpy 
change and the entropy change for molecular oxygen 
adsorption, respectively. From Figure 5, the parameters 
in eqs 6 and 7 were estimated as Ea = 83kcal mol-', AH 
= -23 kcal mol-l, and A S  = -25 cal mol-I K-l. The linear 
correlation factors, y, of the two lines in Figure 5 are 0.93 
and 0.85, respectively, which suggests an acceptable linear 
relationship in the plots (y = 1 represents a perfect linear 
relationship). 

The predicted value of Ea is somewhat higher than that 
one of a general catalytic reaction. I t  elucidates that the 
reaction is sensitive to the reaction temperature. That is, 
when the reaction temperature is higher, the ethane 
oxydehydrogenation rate ismore rapid. On the other hand, 
the reaction seemed to be close to a homogeneous reaction 
because the apparent activation energy was close to the 
bonding energy of either a carbon-carbon or a carbon- 
hydrogen bond. However, the conversion of 0.13% of a 
blank test (under conditions that the total flow rate was 
36 mllmin, the airlethane mole ratio was 2, and the 
reaction temperature was 773 K) was much smaller than 
the conversion of 2.46% of a catalytic reaction under the 
same conditions with 0.6 g of AlPO-5. It is obvious that 
the reaction on the surface of catalyst was the dominating 
reaction and that the reaction needs the AlPO-5 surface 
to accelerate the reaction rate. Furthermore, the negative 
values of AHand A S  indicate that the adsorption of oxygen 
is an exothermic reaction, and the entropy of the system 
decreases after oxygen adsorption on the catalyst surface. 
This is consistent with the general adsorption phenomena. 
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AlPO-5 has a channel structure similar to that of HZSM- 
5, which consists of a tetrahedral silica-alumina network 
and Brcansted acidic sites from bridged hydroxyl groups 
on the surface. In a study of surface defects on HZSM-5 
by Shih (1983), it was found that, during the reaction of 
HZSM-5 and oxygen at  high temperature, the zeolite 
surface produces positive holes on oxygen atoms, called 
solid-state defects. It was demonstrated that these positive 
holes would interact with the ionizable organic molecule 
adsorbed on the zeolite surface to produce the active radical 
cation. On the other hand, it has been verified that there 
were terminal hydroxyl groups on the external surface of 
AlPO-5 with the structure of alternating aluminum and 
phosphorus tetrahedra (Hedge et al., 1987). It also 
exhibited weak Br~rnsted acidic sites. In our results, we 
found that oxygen played an important role in the reaction 
of ethane oxydehydrogenation over AlPO-5. It may be 
just like HZSM-5 and produce positive holes on the AlPO-5 
surface when interacting with oxygen. Then the positive 
holes reacted with ethane and formed ethyl radical cation 
on the catalyst surface, followed by the dehydrogenation 
of the radical with oxygen to produce ethylene. 

Conclusion 
From this study, it is concluded that ethane oxydehy- 

drogenation can occur on the surface of AlPO-5, although 
it is generally recognized that the surface is rather neutral 
and inert. 

Under the reaction conditions used in this study, the 
rate of ethane oxydehydrogenation over AlPO-5 was 
expressed as 

k4C,2K1K2KSPo,P'C2H, 
rate = 

(1 + K,PoJ2 
From the proposed reaction model, it seems that oxygen 

can be adsorbed on AlPO-5. The reactions of ethane on 

the surface are through two different sites: one originates 
from the AlPO-5 surface and the other from the AlPO-5 
surface with adsorbed oxygen. 
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