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In this work, coke formation over Co/CeO, catalysts for the steam reforming of ethanol was studied.
Variations of ethanol conversion and product distribution with reaction temperature and time were inves-
tigated and the used catalysts were characterized with thermal analysis method and transmission electron
microscopy. The results indicate that the reaction temperature exerts influences on coke formation and
its property significantly. As the reaction temperature is 450°C or lower, catalyst particles are heavily
enclosed by cokes, leading to severe deactivation. As the reaction temperature is 500°C or 550°C, the
encapsulation of catalyst particles is rarely observed due to the formation of another kind of carbon,
namely, tube- or fiber-like carbon, which results in mild deactivation. When the reaction temperature is

Coke over 600°C, carbon deposition is not a major problem for the steam reforming of ethanol over Co/CeO,
Cobalt catalysts, for carbon deposition or coke formation under these temperatures is not notable.

Ceria © 2008 Elsevier B.V. All rights reserved.
Hydrogen

1. Introduction

Hydrogen as an energy carrier has been attracting great atten-
tions for the applications in power vehicles or small stationary
power units [1]. Ethanol is an attractive option for the production
of hydrogen since it is less toxic and can be produced renew-
ably from biomass without net addition of carbon dioxide to the
atmosphere [2-4]. Steam reforming is the main route for the
production of hydrogen from ethanol. Noble metals such as Rh,
Pt, Pd [5-10], bimetallic oxides such as Ni-Rh catalysts [11,12],
and transition metals such as Ni, Co show good catalytic perfor-
mance for steam reforming of ethanol (SRE) [13,14]. Compared
with noble metals, inexpensive Ni- and Co-based catalysts have
been studied extensively for SRE. The Ni-based catalysts, such
as Ni/Al,03, Ni/MgO, Ni-Cu/SiO;, Ni-Cu/Al,03, NiO-CeO,-ZrO,,
Ni/Lay03, Ni/Y,03, show good activity and selectivity for SRE,
while deactivation resulted from coke formation or carbon depo-
sition is a severe problem as reported in literature [15-20].
The Co-based catalysts, such as Co/Al,03, Co/SiO,, Co/MgO and
Co/SrTiO3 [21-24], are active and more selective than Ni-based
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catalysts. One of the key disadvantages for Co-based catalysts
is also the deactivation caused by coke formation. Among the
Co-based catalysts reported, Co/ZnO shows the best catalytic per-
formance [25-27]. However, as indicated by Llorca, Co/ZnO is
readily deactivated due to the coke formation or sintering of catalyst
particles.

Lots of results on deactivation of Co- and Ni-based catalysts
for methane reforming and reaction of F-T have been reported
[28-30]. For example, Tsipouriari et al. and Goala et al. studied car-
bon deposition over Ni/Al,03 catalyst in synthesis gas production
from methane reforming [31,32] and Ali et al. suggested that car-
bon deposited on catalysts surface is one of the main reasons for
the deactivation of catalysts for F-T synthesis [33]. However, there
are much fewer reports on the deactivation of Co- and Ni-based
catalyst for SRE reaction. Zhang studied the catalytic performance
of Co, Ni and Ir catalysts supported on CeO, for SRE reaction and
pointed out that high oxygen storage/release capacity of CeO,, the
interaction between active component and support and the high
disperse of the active component would lead to comparably good
anti-carbon deposition ability of these catalysts, while in his study,
the main subject is not carbon deposition [34].

In our previous papers [35,36], it was reported that Co/CeO,
exhibited high catalytic activity, selectivity and good stability for
SRE. In this work, coke deposition over Co/CeO, catalysts was
studied.
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2. Experiment
2.1. Preparation of catalysts

The solution of cobalt nitrate (0.5mol/l) and the solution of
cerium nitrate (0.5 mol/l) were mixed to obtain the solution of
cobalt and cerium nitrate. The sodium carbonate solution was used
as the precipitator and the mixed solution of cobalt and cerium
nitrate was merged into distilled water at a pH of 7.5-8.5 and then
stirred for 4 h. The deposit was aged at room temperature for 24 h
and then filtrated and was washed with de-ionized water. The
deposit was dried at 80°C for 12 h and calcined at 650°C for 2h
to obtain Co/CeO, catalysts, where the weight fraction of Co304 in
Co/CeO; catalyst is 10%.

2.2. Catalytic tests

Catalytic performance tests were carried out in a fixed-bed
quartz reactor. About 150 mg catalysts with 40-60 mesh grain size
were loaded into the reactor. Prior to each test, the system was
flushed with N, for 10 min, then reduced in 5 vol.% H, /Ar at 650°C
for 40 min and then cooled down to reaction temperature.

Reaction mixture consisted of a premixed 20vol.%
water-ethanol solution with 3:1 of molar ratio and 80vol.%
N,. The space velocity was 40, OOOmlgg&‘]t h~!, that is about
100,000h~1. The effluent gases were analyzed on-line with
SP2100 gas chromatograph. H;, N5, CO, CH4 and CO, were sepa-
rated by TDX-01 column with high pure He as carrier gas. Porapack
Q packed column was used to analyze water, acetaldehyde, ethanol
and acetone with high pure H; as carrier gas. TCD was used as
detector.

Conversions and product distributions were calculated using
following equations:

nEtOH;, — nEtOHouy
nEtOH;,

XEtoH = x 100% (1)

nP;
Si= = — (2)
> izt P
where Xgoy is the conversion of ethanol, S; the distribution of dif-
ferent components in the products, P; the different components in
the reaction products, and n is the amounts of moles.

2.3. Characterization of carbon deposited

The textural tests for carbon deposition were performed using
a transmission electron microscope (JEOL JEM-100CX) equipped
with energy-dispersive X-ray (EDX) instrument. The TG-DTA
experiments were performed on a thermal analysis instrument
(DTG-50/50H, Shimadzu Corp.) with a heating rate of 10 °C/min in
flowing air. 4.0-6.0 mg catalysts were used for each measurement.

3. Results and discussion

3.1. Variations of ethanol conversion and product distribution
with reaction temperature and time

Fig. 1 shows the variation of ethanol conversion with reaction
time at several reaction temperatures over Co/CeO, catalyst. When
reaction temperature is 350°C, 400°C or 450 °C, ethanol conver-
sions decrease rapidly with time on stream. When temperature is
500°C or higher, C;H50H conversions are about 97% and exhibit
little change in the 8-h running period.

The variations of product distribution with reaction tempera-
ture and time are shown in Fig. 2. As reaction temperature is 500 °C
or higher, the traces for variation of product distribution with tem-
perature at different reaction time are nearly the same, so product
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Fig. 1. Variation of C;Hs0H conversions with reaction time over Co/Ce0O, catalyst
at reaction temperatures of (1) 350°C, (2) 400°C, (3) 450°C, (4) 500°C, (5) 550°C,
(6)600°C, (7) 650°C and (8) 700°C.

distribution at reaction temperatures of higher than 500 °C is given
only in Fig. 2a (reacted for 2 h). In the reaction temperature range
of 500-700°C, the fraction of H; in product gases is close to 65%,
the fraction of CH4 is under 4% and C,-products are close to zero.
The content of CO increases while that of CO, decreases with the
increase of reaction temperature, which should be partly due to
reverse water gas shift reaction which converts CO, to CO.

As reaction temperatures were 350°C, 400°C and 450°C, the
contents of CH3CHO, CH3COCHj3 and/or CyHy4 in reacted products
are at a high level, indicating that dehydrogenation and dehydra-
tion of ethanol prevail at these reaction temperatures. The variation
of the product distribution with reaction time at the same reaction
temperatures can be seen by comparing Fig. 2a-d (corresponding
to reaction time of 2h, 4h, 6h and 8h) at the specific reaction
temperatures. As the reaction time increases, the content of C;Hy
increases, suggesting that the rate of dehydration increase, which
is likely be due to that some of the active sites for dehydrogenation
are deactivated by deposited carbon thus leading to more ethanol
being dehydrated to C;H4. The content of CH3CHO presented a peak
at reaction temperature of 450 °C, showing that dehydrogenation
rate at this temperature is high while the following reaction’s rate
is slower.

It is generally accepted that reaction network for SRE is
composed of two parallel reaction route, as shown in Fig. 3
[5,13,15,37-41]. The one route is dehydrogenation of ethanol to pro-
duce CH3CHO, then CH3CHO is decomposed and then the steam
reforming of CHy, and so on. The other is dehydration of ethanol
to form C;H4 and then the cleavage of C—C bond or formation of
coke, and so on. Although detailed mechanism cannot be given,
the results of product distribution shown in Fig. 2 suggest that
the SRE over this Co/Ce0O, catalyst is carried out through the two
parallel reaction ways similar to that of listed in Fig. 3. There is
no CH3COCHj3 in Fig. 3, while CH3COCH3 was detected obviously
over Co/CeO, catalysts in this work. Nishiguchi et al. [42] have
studied the formation mechanism of CH3COCH3 in SRE and sug-
gested that CH3COCH3 is produced from CH3CHO. In Fig. 3, SR
and WG stand for steam reforming and water gas shift reaction,
respectively.

3.2. TG-DTA
Fig. 4 shows the DTA and TG results of used Co/CeO, catalysts.

The exothermic peaks in DTA curves should be attributed to the
combustion of coke deposited and the peaks at different tempera-



products distribution S; (%)

products distribution S; (%)

products distribution S, (%)

products distribution S; (%)

H. Wang et al. / Chemical Engineering Journal 145 (2008) 25-31 27

(a) . N )]
60
40
1 @ *
20 -
« ~—
(5)
& 7
300 400 500 600 700
reaction temperature (°C)
0) oa sty (3)
60
40
(2)
(1) 4
201 (6)\6—‘4_—‘?%
(5) —
0-
(72 T L ]
300 400 500 600 700
reaction temperature (°C)
) ‘/‘/_A‘__,_‘.___.. (3)
60
40 4
204
0+
300 4(')0 S(I)O 660 7'!.)0
reaction temperature (°C)
(d) /*\‘___4——..——‘ (3)
60 4
(1
40 -
20 4
04 \(2)
T T T T T T T T
300 400 500 600 700

reaction temperature (°C)

Fig. 2. Variation of product distribution with reaction temperature over Co/CeO,
catalyst reacted for: (a) 2h, (b) 4h, (c) 6h and (d) 8 h. (1) CH3CHO, (2) CH3COCHs,
(3) Ha, (4) CO, (5) CHy, (6) CO,, and (7) CoHa.
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Fig. 3. Sketch map of reaction pathway for catalytic steam reforming of ethanol
[5,13,15,37-41].

ture relate with different properties of the coke.

The detected products of reaction were comprised of CO, CO5,
CH4, CoHy4, CH3CHO, CH3COCH;3 and Hs, thus the possible coke
formation ways are listed as following and reactions of steam
reforming of ethanol (8) and (9) are also listed here [43,44]:

CH4— C + 2H, (3)
2C0 — C + CO, (4)
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Fig. 4. DTA-TG results of Co/CeO, catalysts reacted at temperatures of: (1) 350°C,
(2)400°C, (3) 450°C, (4) 500°C, (5) 550°C, (6) 600°C, (7) 650°C and (8) 700°C for
8h. (a) DTA curves and (b) TG curves.
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C;H50H — CyH4+H;0, CyHy— polymers — coke (5)

CHsOH — CH3CHO + Hp, CH3CHO — CH3COCH; — coke

CH3CHO — coke (7)
C,H50H + 3H,0 — 6H; +2C0, (8)
Cy,H50H + H,0 — 4H, +2C0 9)

In order to make out the coke deposited at 350°C, 400°C and
450°C, the reaction scheme at these temperatures should be ana-
lyzed in advance. As can be seen from the corresponding product
distribution shown in Fig. 2d (data of 350 °C), the reacted products
over this catalyst at 350°C for 8 h contain 45% H,, 41% C,H,4 and
9% CO,. If the H, was produced through SRE of (8), the content of
H; should be less than 27%, which is three times of the content of
CO, as dictated by Eq. (8). The CO content in the products at 350°C
is lower than 2%, so H; is not formed mainly through reaction (9).
On the other hand, SRE is a serial reaction as shown in Fig. 3, and
it was reported that dehydrogenation could be generated facilely
at cobalt sites [36]. It is seen from Fig. 2 that the H, content in the
reacted gas mixtures rises concomitant with that of CH3CHO. This
result indicates that dehydrogenation of ethanol is a main reaction
and the dehydrogenation contributes a large part of H, produced.

The variation of product distribution with reaction time can
be observed by comparing data in Fig. 2a-d at 350°C, 400°C and
450°C. As the reaction time increases, the content of CH3CHO and
CH3COCH3 decreases and the content of ethene increases. Coke
should be formed through reactions (6) and (7), and the amount
of coke deposited increases with time on stream and thus active
sites for ethanol dehydrogenation are covered by the coke gradually,
leading to the decrease of CH3CHO and CH3COCHj3 formation.

As reaction time increases, the amount of C,H4 produced
increases markedly, especially as reacted for 8 h (Fig. 2d), the con-
tent of C;Hy in reacted gas mixtures is much high. So it could be
speculated that as the active sites for dehydrogenation of ethanol
be deactivated gradually, the dehydration of ethanol would prevail.

Based on the above analysis, the coke formation in reaction tem-
perature range of 350-450°C is proposed here. As the reaction
time is comparatively short, ethanol is dehydrogenated to pro-
duce CH3CHO and hydrogen and then the CH3CHO is converted to
CH3COCHj3 and other products. At this period, coke mainly comes
fromreactions (6) and (7). As the reaction time increases, the active
sites for dehydrogenation are covered by the coke, deposited step
by step, and more ethanol is dehydrated to produce ethene, so the
amount of coke formed through reaction (5) increases.

In Fig. 4, the exothermic peaks attributed to coke combustion
shift to higher temperature with reaction temperature increase,
indicating the nature of the coke deposited may not be the same at
different reaction temperature.

When the reaction temperature is over 500 °C, the reacted prod-
ucts consist of Hy, CO, CO, and miner CHy, indicating the main
reaction is steam reforming of ethanol. As shown in TEM dia-
gram (will discuss in Section 3.3), tube- or fiber-like carbons were
formed at these temperatures. It is supposed that carbon deposi-
tion at these temperatures comes from reactions (3)-(7). Although
CH3CHO, C;H4 and CH3COCHj3 could not be detected over 500°C,
the nature of the active sites of the catalyst should be the same as
it is reacted under 450 °C, so the reaction of dehydrogenation and
dehydration still was on going over 500 °C. Hence the coke was still
in forming through reactions of (5)-(7), while the coke deposited
is transformed to tube- or fiber-like carbons at these temperatures.
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Fig. 5. Variation of amount of coke deposition with reaction temperature over
Co/CeO; catalyst reacted for 8 h.

Separate experimental results in our lab show that dispropor-
tionation of CO and cracking of CH,4 start to happen over Co/CeO,
catalysts at 500°C. No studies on disproportionation of CO and
cracking of CH4 over Co/CeO, catalysts are found in literatures,
while the two reactions catalyzed by metal cobalt with other
supports have been reported. Pinheiro et al. have studied carbon
deposition from CO disproportionation over Co/MgO catalysts and
pointed out that carbon nanotubes are obtained from CO + H, mix-
tures in the 500-600°C range [45]. In another paper, they found
that the CO disproportionation reaction over Co/Al,03 catalysts
leads to the formation of carbon nanotubes in the 500-600 °C range
[46]. Metal cobalt can catalyze methane cracking to produce carbon
microfibers and hydrogen too [47]. So it is proposed that part of
the carbon deposition comes from reactions (3) and (4) at reaction
temperatures of 500°C and 550 °C in the SRE process of this work.

When reaction temperature is over 600 °C, the reaction rate for
steam and CO, reforming of carbon deposition is high enough to
eliminate the carbon deposited on catalyst surface, so the carbon
deposition is hard to be observed.

The specific weights of coke or carbon deposited on catalyst sur-
face can be obtained from TG results (Fig. 4b), which are shown
in Fig. 5. The amount of carbon deposited on catalysts reacted
at 500°C and 550°C is much higher than that of any other reac-
tion temperatures. The amount of carbon deposited is 172.36 mg/g
at reaction temperature of 500°C, while the amount is 0.82 mg/g
at 700°C. In correlation with catalytic reactivity shown in Fig. 1,
ethanol conversions decrease markedly with the reaction times at
450°C, 400°C and 350°C, although the coke formed is few at these
temperatures, while no apparent decreases of ethanol conversions
with the reaction time can be observed as the reaction temperature
is 500°C or 550°C, and at these temperatures the amount of car-
bon deposited is much higher. This result indicates that the cokes
formed through reactions (5)-(7) at temperatures under 450°C
lower catalytic activity severely. Comparatively, at reaction tem-
perature of 500°C or 550°C, the coke is transformed to fiber- or
tube-like carbons (see TEM results) and the deactivation caused by
carbon deposited is insignificant.

3.3. TEM

Fig. 6 shows TEM images of catalysts reacted at different tem-
peratures for 8 h.

The catalysts reacted at 350 °C and 450 °C for 8 h exhibit the sim-
ilar textural feature (Fig. 6a and b), and a typical catalyst particle
with more magnified picture is shown beside the Fig. 6b. It is seen
from the magnified picture that the catalyst particle is enclosed
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Fig. 6. TEM images of Co/CeO, catalysts reacted for 8 h at: (a) 350°C, (b) 450°C, (c) 500°C, and (d) 700°C.

29



30 H. Wang et al. / Chemical Engineering Journal 145 (2008) 25-31

by layer, and EDX analysis reveals that the layers are mainly com-
posed of carbon. That is, the catalyst particles are enclosed by the
coke, which is formed through the reactions of (5)-(7) when reac-
tion temperature is at 350°C and 450°C. The coke formation and
encapsulation of catalyst particles result in the severe deactivation
of the catalysts.

As reaction temperature is 500 °C, fiber- or tube-like carbons are
formed (Fig. 6¢) and the fiber- or tube-like carbons stretch away
from the catalyst particles, thus the encapsulation of catalyst parti-
cles is much lighter. From the magnified picture of a typical catalyst
particle beside Fig. 6¢, it can be seen that no layered coke exists.
This is the reason why no apparent deactivation was observed at
reaction temperatures of 500 °C and 550 °C although large amount
of carbon was deposited, while severe deactivation was observed
with much fewer cokes formed at 450°C and below.

When the reaction temperature is 700 °C, the coke formation or
carbon deposition is hardly seen (Fig. 6d), neither layered coke nor
fiber- or tube-like carbons be observed.

According to the DTA-TG and TEM results, the carbon deposition
at the temperatures of 600°C and 700°C is rarely observed, sug-
gesting that carbon deposition is not a main problem on Co/CeO,
catalysts for SRE at the high reaction temperatures.

4. Conclusion

The process of coke formation or carbon deposition over
Co/Ce0, catalysts for steam reforming of ethanol depends on reac-
tion temperature. When the reaction temperature is 450°C and
lower, ethanol is dehydrogenated and/or dehydrated over Co/CeO,
catalysts and the dehydrogenated and dehydrated products are
further transformed to cokes. When the reaction temperature is
500°C or 550°C, disproportionation reaction of CO and cracking
of CHy also contributes part of carbon deposition. In the former
case, catalyst particles were enclosed by the coke, leading to severe
deactivation, while in the latter case the encapsulation of catalyst
particles by carbon deposited was insignificant due to that the coke
is transformed to fiber- or tube-like carbons which stretches away
from catalyst particles, and thus the deactivation was not observed.
When the reaction temperature is 600 °C or higher, carbon depo-
sition is not a main problem for steam reforming of ethanol over
Co/CeO, catalysts, for carbon deposition or coke formation at these
temperatures is slight.
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