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ABSTRACT

Activation and utilization of lower alkanes have attracted great
attention of the catalytic researchers. In this dissertation, new cata-
lysts and the associated reaction process for the production of ethy-
lene via the coupling reaction of ethane dehydrogenation with CO,
hydrogenation have been studied,and results with breakthrough sig-
nificance have been obtained, which have gained attention and inter-
est of the academic and industrial circles.

Ethylene is an important basic organic raw material. Up to
now , ethylene is produced mainly by high temperature steam crack-
ing of lower alkanes from oil field gas or refinery tail gas. In these
steam-cracking processes high cracking temperature and large
amount of steam have to be employed, and lead to high energy con-
sumption. Furthermore, the cracking products are quite complicated,
which are difficult to separate. These processes usually can only be
utilized in mass production scales. Due to the increasing shortage of
petroleum resources in one hand and an increasing demand for ethy-
lene on the other hand, researchers are seeking new routes for the
production of ethylene. Many researches have been carried out by the
catalytic chemists for the production of ethylene by the dehydro-
genation or oxidative dehydrogenation of ethane. However, no satis-
factory results with regard to activities and selectivities of catalysts
have been obtained so far. In this dissertation, novel catalysts with
high activities and selectivities have been studied and developed,
which can yield ethylene by coupling reaction of ethane dehydro-

genation with CO, hydrogenation, and under a comparatively lower
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temperature. This may possibly open up a new route for the produc-
tion of ethylene by utilizing the ethane from oil fields and refineries.
Furthermore, syn-gas can be obtained as a by-product from this new
process.

Thermodynamic analysis of the steam-cracking reactions of
ethane was first carried out, which indicated that the temperature
needed for the cracking of ethane to ethylene should exceed 1120K.
Moreover, the tendency to undergo various side reactions is far
greater than the cracking of ethane to ethylene,and this is especially
true for the coke-formation reactions. When the cracking tempera-
ture is higher than 1380K, conversion of ethane to acetylene is very
favorable thermodynamically. Thus, it is concluded that the optimum
temperature range for the cracking of ethane to ethylene is 1120 ~
1380K.

After analyzing the kinetics of the sequential reactions C,Hg—
GH,—~C,H,~C, it was found that in order to increase the ethylene
yield, the reaction time should be the shorter the better, while the
temperature will be the higher the better. Combining considerations
of reaction performance, adequate conditions are: reaction tempera-
ture of approximately 850 ~ 900C , reaction time of ca.0.1~0.5
sec,and an ethane conversion of ca.60% .

Based on analysis of researches in the oxidative dehydrogenation
of ethane to ethylene, as well as on summarizing of the newest devel-
opments and mechanism of ethane oxidative dehydrogenation over
catalysts of alkaline metal (or alkaline earth metal) oxides, rare earth
oxides and supported vanadium,a new reaction process for the oxida-
tive dehydrogenation of ethane to ethylene with high conversion and
high selectivity has been proposed. The features and advantages of

the new process are as follows:CO, participates in the dehydrogena-
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tion of ethane,and itself is converted to CO. In this way the ethane
conversion temperature is apparently reduced(more than 50°C ) with
respect to that of the conventional steam cracking process. Further-
more, the ethane conversion and selectivity to ethylene can be in-
creased. Since CO, can react with the coke deposit on the surface of
the catalyst to form CO, coke formation can be reduced, so that the
catalyst life can be prolonged.

The main reactions for the dehydrogenation of ethane with CO,
to ethylene have been deduced to be consisted of: the cracking of
ethane to ethylene; the reverse water-gas shift reaction; the hydroc-
racking reaction of ethane to methane; the reforming reaction of
ethane and CO, to form syn-gas. After analyzing all these possibili-
ties, an over-all reaction scheme for the reaction of ethane with CO,
has been proposed as follows: xC;Hg + yCO, & zC,H, + wCO +
pCHy + ¢H,O+ rH,. It can be seen from this reaction scheme that
in order to increase the selectivity to ethylene, the formation of
methane must be suppressed. Naturally, different catalysts will yield
different results,and the development of an efficient catalyst for the
dehydrogenation of ethane with CO; to ethylene is a difficult task.
Since this reaction has to be carried out at rather high temperatures
(700 ~ 800 ), complicated side reactions will unavoidably be oc-
curred. Therefore, in order to obtain high conversion and high selec-
tivity to ethylene from this process, the key problem is to develop a
catalyst, which can suppress the thermodynamically favorable side
reactions.

From theoretical analysis and experimental results, it has been
verified that the ethane dehydrogenation to ethylene with CO; main-
ly consist two coupling reactions: C,Hg&C,H, + H; and CO, + Hy,&
CO + Hy0. That is to say,ethane first dehydrogenates to form ethy-




4 ABSTRACT

lene and hydrogen,and then hydrogen reacts with CO, according to
the reverse water-gas shift reaction to form CO and water, thus re-
sulting in a continual dehydrogenation of ethane to ethylene,and en-
hancing the conversion of ethane and the selectivity to ethylene. As
for the reforming of ethane and CQ, to produce syn-gas, the reaction
is: G Hg + 2C0,&4C0 + 3H,.

Different catalysts will lead to different reactions between
ethane and CO,, and this in turn will result in different products.
Therefore, by investigating different catalyst systems, it is possible to
control the reaction paths of ethane with CO,.

Ni/Si — 2 catalyst for the reforming of ethane and CO, was first
studied. It was found that the catalyst of K — La — Ni/Si — 2 showed
very good catalytic reactivity. Both La, 03 and K,O are essential pro-
moters,and can enhance remarkably the selectivity and yield of syn-
gas.

The Cr/Si -2 catalyst was found to possess good reactivity for
the oxidative formation of ethylene from ethane and CO,. Moreover,
addition of Mn and minor amount of nickel oxide could improve the
reactivity of the catalyst. Addition of K,O showed a special effect for
the suppression of methane formation. Fe/Si — 2 exhibited better re-
activity than the Cr/Si - 2 catalyst for ethylene formation. Adding
Mn to the iron catalyst could enhance its activity, while incorpora-
tion of K,O could simultaneously increase the activity and selectivity
to ethylene, as well as suppress methane formation. Thus, the cata-
lyst of K — Fe — Mn/Si — 2 can give an ethane conversion of 69% ,
ethylene selectivity of 93% ,and the ethylene yield can be as high as
57% . It was also found that increasing the CO,/C,Hg ratio of the
feed gas could increase the ethane conversions and ethylene selectivi-
ties of the Cr/Si — 2 and Fe/Si — 2 catalysts. Besides, addition of
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steam to the feed gas could diminish coke formation during the reac-
tion process.

It was observed that the reaction of CO, hydrogenation to CO
and H,O and the reaction of ethane with CO, to produce ethylene
showed a parallel relation on the Cr/Si —2 and Fe/Si — 2 catalysts.
That is,cafalysts which have high CO, hydrogenation reactivities al-
so showed high activity for the formation of ethylene from ethane
and CO,. Characterization of Fe/Si — 2 catalyst system by CO, —
TPD,CO,/H, - TPSR,CO/H; — TPSR and pulse reaction of CO,/
H, have showed that the promoters MnO and K,O can improve the
capacity and ability of the catalyst for CO, adsorption,accelerate the
conversion of CO, to CO and H,0, and remarkably enhance the ac-
tivity and selectivity of the K — Fe — Mn/Si — 2 catalyst.

Furthermore, from investigations of the reforming reactions of
CO, with methane and ethane present in the FCC off-gas of refiner-
ies,it has been found that the K — La — Ni/Si — 2 catalyst showed
very good reactivity for the production of syn-gas. Addition of K,O
and La,O; promoters to the Ni/Si — 2 catalyst can increase CO, con-
version and syn-gas yield. On the other hand, the K — Fe — Mn/Si
— 2 catalyst showed better activity, selectivity and stability than the
K= Cr—Mn—Ni/Si -2 for the reaction of ethane and CO, to ethy-
lene. The K — Fe — Mn/Si - 2 catalyst prepared in scale-up conditions
was tested in a reaction unit of 100 ml reacting volume,and gave an
ethane conversion of 66% , an ethylene selectivity of 93% , and an
ethylene yield of 55% . This catalyst also showed very good tolerance
for sulfur and other poisonous impurities. The adequate operation
conditions for this catalyst are:780~800 € ,0.1~0.7 MPa,800~
1200h 1.

K —La—Ni/Si -2 can also be used as a catalyst for the reform-
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ing of ethane/methane and CQ, to syn-gas, and possesses very good
regeneration properties. The regenerated K — Fe — Mn/Si — 2 catalyst
could also recover its original reactivity for oxidative dehydrogena-
tion of ethane by CQO,, while the Cr/Si — 2 catalyst showed inferior
regeneration properties. By investigating the behavior of the coke —
deposition over these catalysts, it is found that the amo'unt of coke
deposited on the K — Fe — Mn/Si — 2 catalyst is much lower than all
others and that MnO can inhibit the coking on Fe/Si — 2 catalyst
during the reaction of CO; and C,Hy. With the study of the coke —
deposition under different reaction condition, the kinetic parameters
and the equation of the coking of the Fe/Si~ 2 and the Fe — Mn/Si
— 2 catalysts are obtained as following:

for Fe/Si — 2 catalyst:

de/de =29.7121exp( -~ 18073.5/RT) pcd, " pt 3,

for Fe — Mn/Si — 2 catalyst:
de/de =0.5824 exp( —9951. 4/RT)p&‘)’z'°5pé2}i

Another information is that the Decoking Temperature of the car-
ban -deposited Fe — Mn/Si ~ 2 catalyst is 150 ~ 250C lower than
that of the K~ Cr—~Mn ~ Ni/Si - 2 catalyst. Generally, the coke de-
posited over the Fe ~ Mn/Si - 2 catalyst can decoked completely at
540°C , while for the K — Cr ~ Mn ~ Ni/Si - 2 catalyst about 800T is
needed.

The kinetics of the two-step coupling reactions of C,Hg&C,H,
+H; and CO, + H& CO + H;0 have been investigated over the K
- Fe —~ Mn/Si - 2 catalyst. Kinetic parameters of the first order reac-
tion of oxidative dehydrogenation of ethane have been calculated to
be: K=4.05x10",and EY=232.2 kJ/mol. Also, the parameters

for the second order reaction of CO, hydrogenation have been found




