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This article reports a new catalytic route for the oxidative dehydrogenation of ethane to ethylene in
the presence of HCI at moderate temperatures. CeOz was found to be the most efficient catalyst for
the production of ethylene from the variety of metal oxides examined in this work. CeOz nanocrys-
tals with rod and cube morphologies showed higher ethane conversions and ethylene selectivities

than CeOz nanoparticles. The modification of CeOz by MnOy further enhanced the catalytic perfor-
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mance. Ethane conversion of 94% and ethylene selectivity of 69% were obtained after 2 h of reac-
tion at 723 K over an 8 wt% MnOx-CeO: catalyst. This catalyst was stable and the ethylene yield
could be sustained at 65%-70% over 100 h of reaction. The presence of HCI played a key role in the
selective production of CzH4, and some of the C2Hs was probably formed from chloroethane by de-
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Published by Elsevier B.V. All rights reserved.

Ethylene is one of the most important building-blocks of the
chemical industry. Currently, ethylene is primarily produced
from petroleum via steam cracking of naphtha. The depletion of
crude oil has stimulated the development of non-petroleum
routes for the production of ethylene. At the same time, the
emergence and the growing importance of shale gas particu-
larly in the US [1] has been a strong incentive to use this lower
alkane resource for the production of ethylene and propylene,
as shale gas contains not only methane but also ethane and
propane in substantial amounts [2]. In the Middle East, this
abundant source of ethane feedstock has made the production
of ethylene from ethane a highly attractive route [3].

The non-oxidative dehydrogenation of CzHe to CzHs is
strong endothermic and a thermodynamically limited reaction.
A reaction temperature of ~973 K is required to obtain an

equilibrium CzHe conversion of ~40% [3]. Although Cr- and
Pt-based catalysts have been employed for the dehydrogena-
tion of Cz2Hs, the high temperature and the need to repeatedly
regenerate the catalyst owing to the coke deposition increase
the process cost [4]. In contrast, oxidative dehydrogenation is
an exothermic reaction and can be performed at moderate
temperatures (< 773 K) with high C2He conversions. However,
the selectivity can be an issue, leading to deep oxidation, i.e., the
formation of CO and CO2 (COx), in the presence of O2. To in-
crease the alkene selectivity at high alkane conversion is a par-
ticularly challenging task [5]. Various catalysts have been re-
ported for the oxidative dehydrogenation of CzHe to CzHa
[3,6,7]. Among these catalysts, MoVTeNb mixed oxides [8,9]
and Ni-based mixed oxides [10] have been shown to work at
moderate temperatures (< 773 K), but the Cz2H4 yield of these
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catalysts (< 50%) is not high enough for commercial considera-
tion. However, some non-redox metal oxides with chloride
modification catalyze the oxidative dehydrogenation of CzHe to
CzH4 at higher temperatures (typically > 873 K) [11-14]. The
yield of C2H4 exceeded 70% at > 900 K over a Li-Na-Mg-Dy-0-Cl
catalyst [14]. Cl- anions were shown to play a crucial role in the
oxidative dehydrogenation of C2Hes to C2Ha4 for this catalyst [14].
The covering of the surface sites, where the deep oxidation
occurs, with Cl- may increase the selectivity. Moreover, the
formation of active species such as ClO-or Cle in the presence of
02 may enhance the activity [3,14]. However, the loss of Cl- may
occur at high reaction temperatures in the presence of Oq,
causing deactivation of the catalyst.

Recently, we reported a novel two-step route for the pro-
duction of lower olefins from CHa [15]. In the first step, the
oxidative chlorination of CHs in the presence of HCl and O2
produces CHsCl with high selectivity, which can further be
converted to lower olefins, i.e., C2Hs, C3Hs, and C4Hs, over zeo-
lite catalysts in the second step. The reactions in the two steps
can be expressed as follows:

Step 1, CHa + HCl + 1/2 02 = CH3Cl + H20 (@8]

Step 2, CH3Cl - 1/n CxH2n (n = 2-4) + HCI (2)

The HCI generated in the second step can be recycled back
into the first step, and the net reaction of this two-step route is
the oxidative dehydrogenation of CH4to lower olefins. We have
demonstrated that CeOz is an efficient catalyst for the first step
[15] and modified H-ZSM-5 or H-ZSM-34 works efficiently for
the second step reaction [16,17].

Although HCI may cause corrosion problems, it would be of
interest to investigate the conversion of C2He in the presence of
HCI and Oz because of the following reasons. First, it is known
that some CH4 resources such as the shale gas contain a con-
siderable fraction of C2He in addition to CHa. Thus, it is useful to
know the behavior of C2Hes when our catalytic system with HCI
and Oz [15] is applied to the transformation of these CHa re-

Table 1

sources. Second, catalysts containing Cl- such as
Li-Na-Mg-Dy-0-Cl are known to be capable of providing higher
C2Ha4 yields for the oxidative dehydrogenation of CzHe, and the
Cl- anions on catalyst surfaces have been shown to play a piv-
otal role [3,11-14]. This inspires us to develop a novel catalytic
process for the oxidative dehydrogenation of C2Hs in the pres-
ence of HCl, which would avoid the loss of Cl-.

The catalytic reactions were performed on the fixed-bed
flow reactor operating at atmospheric pressure. Each catalyst
was pretreated in the quartz reactor in a Oz-He gas flow at 823
K for 0.5 h, followed by a purge under He. After the tempera-
ture had decreased to the reaction temperature (typically 723
K), the reactant gas flow was introduced into the reactor to
start the reaction. The products were analyzed by on-line gas
chromatography.

Table 1 shows the catalytic performance of various metal
oxides, which were purchased from Alfa Aesar or Sinopharm
Chemical Reagent Co. Ltd. (China), for the conversion of C2Hs to
CzH4 in the presence of HCl and O2. Under our reaction condi-
tions, the metal oxides with redox abilities exhibited higher
C2He conversions. CzHs+ was the main oxidation product for
most of the metal oxides except for CuO and Cr203, which pro-
vided a higher selectivity for C2HsCl. C2H3Cl and C2H4Cl were
also formed with low selectivity over some catalysts. Two rare
earth metal oxides, CeO2 and Eu203, showed higher C2H4 selec-
tivities (> 60%). Among all the metal oxides examined, CeO2
exhibited the highest C2Ha yield (49%). CeO2z has also been
shown to be an efficient catalyst for the oxidative chlorination
of CH4 to CH3Cl [15]. In our previous paper [15], we proposed
that HCI was activated by Ce?* on the CeO: surfaces through
electron transfer, forming an active Cl species responsible for
the conversion of CH4, and the reduced Ce3+ was then reoxi-
dized to Ce** by O2. CeO2 was the best catalyst for this process
likely because of its excellent redox ability and stability. We
speculate that the conversion of C2Hs here may follow a similar

Catalytic performance of various metal oxides for CzHs conversion in the presence of HCl and O2.

. Selectivity (%) .

Catalyst C2He conversion (%) GoHa GoHeCl CHCl CoHaCL, ) o, C2Hs yield (%)
None 0 0
MgO 8 38 15 0.4 0 4.1 43 2.8
V205 63 23 3.1 0.2 0 46 27 14
Cr203 39 5.5 41 0.7 0 14 38 2.1
MnO: 71 23 4.6 1.2 0 43 28 17
Fe203 60 51 19 3.1 1.6 3.7 21 31
C0304 34 29 11 0.5 0.4 0 41 9.9
NiO 3 17 0.5 0 0 0 83 0.5
CuO 41 10 36 2.0 1.5 4.1 43 2.8
Zn0O 2 6.1 0 0 0 0 94 0.1
Laz203 9 35 2.7 0.2 0 11 50 3.3
CeO: 80 61 4.6 6.4 3.2 6.6 16 49
PreO11 72 15 0 0 0 5.6 75 11
Ndz03 20 36 0.5 0.6 0 18 45 7.3
Euz203 51 66 0.6 5.6 0 12 15 34
Gd203 8 29 1.3 2.0 0 14 44 3.2
Tb407 69 15 0 1.3 0 9.8 74 9.9
Dy203 13 38 1.1 1.3 0 14 45 49
Ho203 23 21 0 13 0 8.7 69 4.8
Er:03 4 36 2.4 1.8 0 6.3 54 1.6

Reaction conditions: catalyst, 1.0 g; P(Cz2He) = 20 kPa; P(02) = 20 kPa; P(HCI) = 61 kPa; F = 40 mL/min; T = 723 K; time on stream, 2 h.
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Table 2

Catalytic performance of CeO; with different morphologies for the conversion of C2Hs in the presence of HCl and O2.

Selectivity (%)

Type of CeO2 Ager (m?/g) Cz2He conversion (%) GoHa GHsCl CoHaCl CoHaCly o o Cz2H4 yield (%)
Commerical 8 40 41 22 2.7 1.1 10 23 16
Nanoparticle 150 76 44 0.3 14 3.1 6.8 31 36
Nanorod 99 84 50 0.3 14 2.7 8.3 25 42
Nanocube 23 82 54 6.3 7.1 4 4.5 24 48

Reaction conditions: catalyst, 0.50 g; P(CzHe) = 20 kPa; P(02) = 20 kPa; P(HCI) = 61 kPa; F = 40 mL/min; T = 723 K; time on stream, 2 h.

reaction mechanism, with CzHs as the major product instead of
the alkyl chloride.

We have reported that the morphology of CeO: affects its
catalytic behavior in the oxidative chlorination of CHs [15].
Table 2 compares the catalytic performance of CeOz nanorods,
nanocubes, and nanoparticles, which have been synthesized by
the hydrolysis of cerium(III) salts combined with a hydrother-
mal treatment under different conditions [15,18]. The com-
mercial CeOz was also a nanoparticulate sample but with a
lower surface area. For better comparison, we used a smaller
amount of catalyst (0.50 g) for this series of catalysts. As dis-
played in Table 2, CeOz nanoparticles with a high surface area
showed a higher C2Hs conversion than the commercial CeOz.
The CeO2z nanorods and nanocubes showed even higher C2Hs
conversions although their surface areas were lower than the
CeO2 nanoparticles. Moreover, the latter two CeO: catalysts
afforded higher Cz:Ha selectivities. Recent studies have shown
that the redox properties and catalytic performance of CeO: are
dependent on its morphology and the exposed surface struc-
ture [18,19]. In our previous work, we showed that the nano-
rods exposed the {110} (51%) and {100} (49%) planes, while
the nanocubes and the nanoparticles exclusively exposed the
{100} and {111} planes respectively [15]. Our previous studies
demonstrated that the {110} and {100} planes were more ac-
tive for the oxidative chlorination of CHs than the {111} plane
[15]. Here, we suggest that the {100} and {110} planes of CeO2
are also more efficient than the {111} plane for the conversion
of C2He to Cz2H4 in the presence of HCl and Oa.

To further increase the yield of C2Hs, we investigated the ef-
fect of various modifiers on the catalytic performance of the
Ce0z nanorods, which show better Cz2H4 yields and can be easily
synthesized. The modified CeOz catalysts were prepared by the

Table 3

impregnation method, i.e., impregnation of CeOz nanorods in
aqueous solutions by various metal nitrates, followed by drying
and calcination at 823 K. Table 3 shows that some modifiers
can enhance the C2He conversion or CzHs selectivity. In partic-
ular, the Mg0-CeO2, MnOx-CeO2, and CoOx-CeO2 catalysts exhib-
ited significantly higher C2Ha yields than CeO2 alone. The yields
of C2Ha were 260% for these three modified catalysts. Although
the MgO-CeO: catalyst exhibited the highest selectivity of C2Ha4
after 2 h of reaction, both the conversion of Cz2Hs and the selec-
tivity of C2H4 decreased with time on stream. Mg was lost from
the catalyst bed during the reaction, which caused the decrease
in catalytic performance.

We examined the effect of Mn content on the MnOx-CeO2
catalyst. The catalyst has been denoted as y wt% MnOx-CeOz,
where y represents the content of Mn as a weight percentage.
As displayed in Fig. 1, the modification of CeO; with an appro-
priate content of Mn (<10 wt%) improved both CzHe conver-
sion and CzHa selectivity. Too high a Mn content was detri-
mental to the C2Hs conversion and thus the CzH4 yield. At a Mn
content of 8 wt%, the C2Hs conversion and CzH4 yield were the
highest, reaching 94% and 65%, respectively, at 723 K. In addi-
tion to CzHa (selectivity, 69%), C2H3Cl, i.e,, vinyl chloride, the
monomer for the production of poly-vinyl chloride (PVC), was
also formed with a selectivity of 14%. Thus, the selectivity to
useful products reached ~85% at a C2He conversion of 94% at
723 K over the 8 wt% MnOx-CeO; catalyst.

We performed a long-term reaction for the conversion of
C2He in the presence of HCl and Oz over the 8 wt% MnOx-CeO2
catalyst. As displayed in Fig. 2, C2He conversion decreased only
slightly with time on stream and remained at ~88% after 100 h
of reaction. The selectivity for C2HsCl decreased to ~3% after
~35 h. The selectivity for C2Hs increased gradually from ~70%

Catalytic performance of the modified CeO: for C2Hs conversion in the presence of HCl and O.

Selectivity (%)

Catalyst* C2He conversion (%) T CHeCl CoHaCl CoHaCly o 0, Cz2H4 yield (%)
CeO2 84 50 0.3 14 2.7 8.3 25 42
Naz20-CeO2 73 39 34 8.9 0.7 5.8 12 28
MgO-CeO: 84 72 2.9 7.4 1.9 3.2 13 60
V205-Ce02 82 55 0.3 39 0.3 24 17 45
Cr203-Ce02 78 59 0.5 9 1.6 12 17 46
MnO,-CeO2 91 67 0.6 11 1 5.5 14 61
Fe203-Ce02 80 41 0.2 16 2.5 9.5 31 32
Co00x-Ce02 89 68 1.6 9.5 29 5.0 13 60
NiO-CeO2 89 55 0.9 12 3.7 5.4 24 49
Cu0-CeO2 78 30 0.3 17 4.4 4.2 44 23
Zn0-Ce0 86 62 1 10 0.8 6.4 19 54

Reaction conditions: catalyst, 0.50 g; P(CzHe) = 20 kPa; P(02) = 20 kPa; P(HCI) = 61 kPa; F = 40 mL/min; T = 723 K; time on stream, 2 h.

*The content of the modifier in each catalyst was 10 wt%.
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Fig. 1. Effect of Mn content on the catalytic performance of the MnO,-
CeO: catalysts. Reaction conditions: catalyst, 0.50 g; P(CzHs) = 20 kPa;
P(02) = 20 kPa; P(HCI) = 61 kPa; F = 40 mL/min; T = 723 K; time on
stream, 2 h.

to 75%-80%. During the 100 h, the yield of C2H4 was sustained
at 65%-70%. Thus, our catalyst was stable for the oxidative
dehydrogenation of C2He to C2Ha in the presence of HCl and Oz.
We have clarified that HCI plays a critical role in the selec-
tive formation of CzHs. As shown in Fig. 3, the presence of HCI
was not only required for the C:He conversion, but also
changed the product selectivity significantly over the 8 wt%
MnOx-CeO2 catalyst. In the absence of HCl, COz was the only
product, indicating that only combustion of C2He proceeded
over the present catalyst in the absence of HCl. Increasing the
partial pressure of HCl decreased the selectivity of COx sharply
and increased the selectivity for C2Ha. As the partial pressure of
HCI exceeded 6 kPa, the selectivity of C2H4 reached its peak at
~70%. C2H3Cl and C2H4Cl2 were also formed and their selectivi-
ties increased as the partial pressure of HCl increased. These
observations demonstrate that the presence of HCl is required
for the selective formation of C2Hs from C2He. Concerning the
role of HCI in this process, we speculate that an active CI spe-
cies, which is responsible for the activation of C2Hs, may be
formed on the catalyst surface. During the conversion of C2Hs
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Fig. 2. Dependence of the catalytic performance of the 8 wt% MnOx-
CeO2 catalyst on time on stream. Reaction conditions: catalyst, 0.50 g;
P(C2He) = 20 kPa; P(02) = 20 kPa; P(HCI) = 61 kPa; F = 40 mL/min; T =
723 K.
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Fig. 3. Effect of HCI partial pressure on the catalytic performance of the
8 wt% MnO,-CeO:2 catalyst. Reaction conditions: catalyst, 0.50 g; P(C2He)
=20 kPa; P(02) = 20 kPa; F = 40 mL/min; T = 723 K.

with HCl and Oz, we did not observe the formation of Cl.. How-
ever, Clz was formed in the absence of C2He over our catalyst
and 12% yield of Clz was attained at 723 K. These results in
combination with the significant effect of HCI in the formation
of C2H4 (Fig. 3) suggest that HCl is activated on our catalyst
surfaces, generating an active Cl species, which accounts for the
selective formation of C2Ha. Future studies are needed for the
elucidation of these active Cl species.

To understand the reaction pathway for the formation of
CzH4, we investigated the effect of the contact time, expressed
as W (catalyst weight)/F (gas flow rate), on product selectivi-
ties at 673 K. As shown in Fig. 4, the selectivity for C2HsCl de-
creased and the selectivity for C2H4 increased with increasing
contact time. This suggests that some of the C2H4 arises from
C2HsCl, which is formed as one of the primary products similar
to CHzCl in the case of oxidative chlorination of CHs in the pres-
ence of HCl and Oz [15]. More COx and C2H3Cl were also formed at
longer contact times, suggesting that these two products were
secondary products. However, the extrapolation to zero contact
time or zero conversion leads to ~60% but not a zero selectivity
for C2H4 (Fig. 4), indicating that a large part of C2Hs may be
formed as a primary product directly from C2He. Further studies
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Fig. 4. Effect of contact time on the product distribution over the 8 wt%
MnO,-CeO2 catalyst. Reaction conditions: catalyst, 0-0.50 g; P(C2H¢) =
20 kPa; P(02) = 20 kPa; F =40 mL/min; T= 673 K.
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Oxidative dehydrogenation of ethane to ethylene in the presence of HCl
over CeOz-based catalysts
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The presence of HCI significantly accelerates the oxidative dehydrogenation of
Cz2Hs into CzH4 under moderate conditions over CeOz-based catalysts. C2H4 yields
of 65%-70% have been obtained over an 8 wt% MnOx-CeO2 catalyst at 723 K.
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25 CHsCl - 1/n CHy (N=2-4) + HCI  (2)

T3 0 AR O HCTRT APE 36 21 55— 20, My
PPV IR S mT RS &5 2k e A e 4R A i S AT Ak
Wi, AT ORI, CeO 2 3 — 0 | M. 1) wr &L
AL 71 T 2 A5 I H-ZSM-5 8k H-ZSM-34 76 55 — 25

SN AT SR A e Ao e e L1617,

SR HCIR] B R B 2% 5 1l 4 o] &8, (LRI 5 HCI AN
O AFAE N I CoHe i P40 i AT B3 FE 23 . L
RAE T CU RPN 7L 15, IR T B R 08, annis <
&, P A R L%, D FRATT B R A AR
FRUSIRY F T O A% PR e R A A, T A A
PEHARIA R RE R, 2] SN, JLVK, T CoHe ALt
U 20, & CI LI Li-Na-Mg-Dy-O-CIR B T 1)
HE 1R CoH %, AL R I CI & 7l 35 2 50 B2
PEBEM 2k R &, Bl 195 R — 4 HCIfEAE
N L SEAL A H iR AR, 1% 4R ] R CI I K,
TRFFRRE AT T

TRAT A8 F [ 52 RO S ke B BT IR SO i
3T SEEHe FIO M A< i H 7823 K 4b HE30 min, 1
J5 )4 B He /U MR 130 min. A7 i 3 I 48 i I 3 IS
(723 K), AN STFUR V. B =) AR i (e 2k
I

BATHE o827 HCIRIOLAFAE N CoHeFE 10 S 1 4%
Rl g R AL AL PERE. S50 BT & R AR A
BTy 9 ] 2 4 AL 2R A BR A 7). iR 1FTR,
A B AR JRURE ) 1 4 8 S AL 3 R I T B 1)
LB, BRCUO L T 5 &1 (1 CoHsCLE £ 41, I
fth xR S FCoH ok =), AE— LSl b ) By
/b1 CoHCIL AT CoH,Cl A2 . Hi + 43 & 4804k ) CeO, Al
Eu,O5 % L H R 151 [H CoH e 57 (>600). 71T 91 1 4
JE A AT, CeO 8 7R T 5t i 11 CoH MUK (49%).
i ELAR Y, CeO,th Jit CH, S A Ak 1l CHLCLR Y. 85 A7 2L
(R 7)), AT T 8% 2 L CeO, & 1M (P Ce™ il 1 v 145 %
T AGHCH= ZE 35 M CI Bl 35 1 CIA B S 4k CH,, O
Ce* FFT AL Ay Ce™ B CeO, ZE H A A IE i g ) Rl &
58 PR L Rk CH SR SN TR SRR AR, FRAT T4,
CoHe Ak S W] BE I AR S S ATLEE, H 3 2 =4
CoHa, TANE LB ALY

FAT R 4R 1 CeOL B S AR K Hh 5% 1) T AE CH, S5 1k
FN A PE RS R2LbEE T CeO 4K . gk s
J7 R RNGKAL T AEHCIRIOLAFAE R CoHeFE K 2 0 ) i
e PEfE. IXEEA A S 1) CeO, 40 K il ik Ce (1) £5 /K fift
g A AN AR R K S ER IS8 R h gk
i TE R TRVE /MR R T CeO A L, ToA 1% 1 KL 2=
[ AR CeO Ak KL T HA B M I CoHe e b . R
CeO, 4l K ki T A1 Lt , CeO,4h K 18 1 4l K 7 Iy 4k 1 Lt 2%
TR AR /I, AH B AT Sk 7 B 5 19 CoHe % 10 38 R CoH 1%
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PE. IR TR 7R, CeOp M4 AL i g ) RO AL 1 fiE
IS4 M A2 fi i TAER M, CeO 4k
s 2 25 5 {1103 AN L1003 3 ol s 1811, FEAFDGS LB A 43 33 ok
51%FH49%, 1] CeO 44K 37 /7 14 F1 Ce O 4 KL~ U JL T~
A —Fh S, 250 {100 AN i, IR A R, 7F
HCIF AL 1 Lt S8 A it 20 S W v, CeOL{110} F1 {100} fii
{111 i A B v R A TS

h T A CH R, A 1B 5 T &M db
WIRE BAT 15 15 CoH M 1 ) T i) 4% 1 Ce O 4 KA 11 15
MR, RIS Bk A, RITE % P4 8 i
PR R TS P I CeO A KM, Wl fm ik 251, JF 1823
KR Rrpeil s, haR3nm WL, — Lo g S AL 1 vl 32 i
CoHg % b % B C,H, & # ¥ . I ' MgO-CeO,,
MnO,-CeO, #1Co0,-CeO, % I, i 5 if 1 fi 4k Pk g, CoH,
R T IE 360%. S MgO-CeO, 7t J W2 hilf #il4 fi i
(1) CAf I REE, (H B R N HEAT, CoHel 28 FIC,H, 1%
PEVER N BATTILEE 21 S W 2 A Mg A £ R AR J2
W, X 23 AT .

FATHEL T M6 MnO,-CeO, it £k PE i 1 5% 1.
% R HMEALF 2R 7R by wi% MnO,-CeO,, iy yMn &
IR WELPTR, M /N T 10 wit%e i, Fiti
Mn & BN, CoHe e AL R AN CoH ik e vE 3 2. i = 11
Mn i AR CoH B A 5 PE, I AT BRI CoHa I 2
Mn & 8 wivo i, W i AR AL P B, 723 K, CoHe
AL R H94%, CH IR h65%. BRI, B CoH Ak, 1M
SR LIR (CoHCN I A B, Foak 81 414%. CoHaCL&
P R G YR A LIG(PVC) I HAA. KL, 7E723 K
i, 8 Wt% MnOy-CeO, M 1t 71 |, CoHe 1) i 41, 26 4 94%,
P INAE P2 (CoH, + CoH3CEFE 1 21 85%.

K233k — 5 % %% T 8 wit% MnO,-CeO,fif: 1k, 71| I Fa &
PE. Bl RONIIELT, CoHe e At 2T FAIK, 100 hfE n] LA
{5 1E88%. 2 V35 hJi, CoHsClik B 1 b5 25 ~3%. C,H,
HEFRE M~T70%3Z T E T4 75%—-80%. % J%100 hji, C,H,
R T YEFFFE65%—70%. [A]1E, 8 wt% MnO,-CeO, AL 5

TEHCIFIOAFAE I IICH A i &R N P e g .

BATEHRIH, HCUU CoH, i A it e B /E . an 3
B 7%, HCHR) A7 AE AN AR 7518 wit% MnO,-CeO, fi 4k 71
CoHel b2, [l 58 T F= M £ RS INHCIY,
CoHe LR AR W A J.CO,. HCIT AN 235 401HIC Oy
(0 A4 J, TR 42 i CoH B . MHCIA) F B 1 6 kPaJ=,
CoH 1L 70%. BEHCIA) & (13— 015K, CoH3CIA
CoH,CLIIEPE IR BT N, X Le 45 L W, HCI 47
TET[ 35 S CoHe ik Pt A 1 CoH,. B JCHCIE H I A
JF, FRATTHEDN RT B M A R R AR i E R 2
T CoHe It Ak, ARSEEG R W, YTEHCIFIO A7 AE T M &b
A R N T CL AR . 1T AR A [ 4541 T T CoHe fEE I
HCIRIO, J W, 1] LA ZZCL, (1) 42 1, 7723 K, ClLIR
H12%. 454 BEI3HIHCIAE £ A (0 SR 1, JRAT
INAHCIRT AR BTG, 7= 2R3 R, 5t
AT, 3 RCHOA R M it — DA 5E.

N T ARCHLAE I s W i 12, AT 52 T673 KR
FZ i F 100 (W (A 500 B )RR I ) X 8 wit%
MnO,-CeO, AL PERE I M. 40 4T 7, Bt H2 ki [a]
(340, CoHsCIHFEBEPERRAIR, CoH IR PERS I, X3
HH—5B 43 I CoH4 T BE FH CoHsClP= 2. S HCIFIOL A AE ™
(I CH, SUAAUAE AL 18 CHRCLR B 24U, CoHsCIEHCIRIO,
AFAE T CoHaE B I U 7= ) 2 —. COFIC,H,CIBE
S F o T (0 HE 04T e 186 00, 3K 3 W 3K 2 7 4 e e Ik
FEH IR =4, (e Befbin 18] S AL R A 2201, CoH,
(3L REEAT A 60%(14), 1T WL KR 73 1 CoHg 1] BEAE R #]
P B HCHe A . A JE ATy 5 TF Rtk — 20 I 7 LA
PRI CoH, 1 A A L.

B, AR SCHRGE T HCHELE IR A5 11 N 1 S 5
A IO ST 20 T R B A BT 4 4% CeO 2 12 R NV 11 1o
SR, MnO1& 1 CeO, 1] 3E— 5 4 1 CoHe 5 1L K I
CoH IR FEE. 78 wit% MnO,-CeO, #4471 |-, 723 K 7]
FRAF65%—70%[1) ZIHWCR, HazfEtb ik gefase. 453
F W, HCITE CoH, 1 A5 e G S .



