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Abstract

Ethanol obtained from the fermentation process can be steam reformed to hydrogen in the presence
of suitable catalyst, to be further used in fuel cells. In this study, the 10%Co/SiO, catalyst was studied to
determine the suitable concentration of ethanol during the steam reforming. The ethanol concentration
was varied from 15%, to 20% and 25% by volume at 450 °C reaction temperature and atmospheric
pressure. The results showed that although the amount of hydrogen generated increased with ethanol
concentration, in term of hydrogen yield it decreased. It implied that smaller fraction of ethanol was
converted to hydrogen at higher ethanol concentration, as shown by the decrease in hydrogen selectivity.
On the other hand, the selectivity toward carbon monoxide was nearly constant with ethanol concentra-
tion. Thus, in term of product quality and hydrogen yield, 15% ethanol by volume seems to be the best
condition for ethanol steam reforming. This result implied that bio-ethanol from fermentation process can
be directly used without distillation. The degree of utilization of the catalyst can be shown in term of
turnover frequency (TOF). It showed that higher TOF was obtained at higher ethanol concentration
meaning that catalyst was more utilized at higher ethanol concentration. When increasing the cobalt load-
ing to 20%, it was found that the product quality was improved. In addition, the TOFs of the 10% and
20% Co/SiO; were approximately the same at the same reaction condition, thus, the steam reforming of
ethanol is the structural insensitive reaction. It suggested that at the same reaction temperature, site
activity of cobalt metals varies only with the concentration of ethanol, not the percent loading. Results
from the deactivation study after 6 hours of reaction showed no sintering of silica support but a slight
decrease in pore volume and pore size was observed, probably by a slight coke formation inside the
mesopores.
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1. Introduction

Main fuels used at present come from crude
oil refinery. This energy source is limited and will
be extinguish within a few decades. This necessity
forces researchers to look for other alternative
fuels. Fuel derived from biomass is an environ-
mental friendly alternative. Its high availability
makes it more attractive especially in agricultural
countries like Thailand. The fermentation process
can be incorporated to produce ethanol, which can
be steam reformed to hydrogen and then further
used in fuel cells. The overall process from biomass
production to fuel cell operation has zero net carbon
dioxide generation.
The main reaction of ethanol steam reforming is:

C,H;OH + 3H,0 — 6H, + 2CO, Q)

Other side reactions such as reverse water
gas shift generate undesired byproducts. The most
important one is carbon monoxide. Carbon mono-
xide can poison the fuel cell electrode and inhibit
the oxidation reaction taking place on the anode.
Many types of fuel cells have limited CO tolerance
even with more advanced anode catalysts. There
are many factors that can affect carbon monoxide
content in the product stream of steam reforming
process. Reaction conditions, feed conditions, types
of catalysts are examples. Another alternative is to
incorporate a downstream process such as selective
oxidation prior to fuel cell.

Metals found active to ethanol steam reforming
are Pd, Rh, Ni, and Co [1-4]. These metals have
been studied after being dispersed on different
supports. Over a wide range of metals supported
on alumina, it was found that cobalt was the most
selective one at temperature around 400 °C [5]. In
addition, the product composition can be adjusted

by varying the reaction conditions [6]. The acidity
of support is also another factor to consider.
Ethylene production is promoted by support
acidity [5]. This ethylene is the precursor of
carbon that deposits on catalyst surface and makes
it deactivates [5].

This study focused on the activity of Co/
SiO, catalyst with varying ethanol concentrations.
Co/SiO, was chosen because it was cheaper than
other metals with comparable activity. The effect
of ethanol concentration (ethanol/water ratio) was
investigated. Information from this study can be
used to control the extent of fermentation process.

2. Experimental
2.1 Catalyst preparation
Catalysts consisting of 10 wt% and 20
wt% Co supported on SiO; powder were prepared
by incipient wetness impregnation. The support
was first dried at 110 °C for 6 h to get rid of moisture
before being impregnated at room temperature with
an aqueous solution of Co(NO,),*6H,0. The catalyst
was then dried overnight at 110 °C and calcined at
350 °C for 2 h under static dry air.

2.2 Catalyst characterization

BET surface area

The BET surface areas of prepared
catalysts were measured by Quantachrome
Instruments, AUTOSORB-1. Prior to the BET
measurement, the sample was degassed by
purging helium for more than 2 hrs. After that, the
sample was moved to the analyzing port where it
was kept at liquid nitrogen temperature (77 K). The
amount of adsorbed N, at different pressures was
measured and compared with that of standard at
Po (Po ~ 760-770 mmHg). After the analysis was
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completed, the surface area (m?/gram of catalyst),
pore volume (cc/ gram of catalyst), pore size (A)
and adsorption isotherm were reported.

H,-chemisorption

To determine the number of surface
metal atoms, approximately 0.3 g of sample was
placed in the pulse chemisorption instrument (Pulse
ChemiSorb 2700). Before packing the catalyst
sample into the sample cell, the pressure of inlet
gases (N, and H,) was adjusted to 760 mmHg.
Then, the sample cell was purged with carrier gas
(N,) at 400 °C to removed moisture. After that,
flow was switched to hydrogen to reduce sample
at 400 °C for 2 hrs. After reduction, the sample
was purged again with nitrogen to removed
hydrogen inside the sample cell while it was cooled
to adsorption temperature (100 °C). During the
analysis, known amount of hydrogen was injected
into the sample cell until the sample was saturated
with hydrogen. This amount of hydrogen was
reported by the value shown on the monitor. The
stoichiometry of H, chemisorption on Co metal was
assumed to be 1 hydrogen atom on 1 surface Co
atom (H:Co = 1:1).

X-Ray Powder Diffraction (XRD)

To confirm that no cobalt nitrate was
left in the catalyst samples after calcination, the
x-ray powder diffraction was used to determine
the crystalline phase of prepared catalysts. The
analysis was performed in JEOL X-ray

Diffractometer with 26 =100°.

2.3 Reaction system

The ethanol steam reforming was
carried out in a fixed-bed stainless steel reactor.
Ethanol with different concentrations was fed to
the preheater by the electromagnetic dosing pump
(the LMI MILTON ROY model number A962-
161S). Ethanol vapor and steam were flowing
further through the reactor with the stream of
helium. Helium was used as the carrier gas for both
the reaction and the gas chromatography. The
reactor outlet was connected with an ice bath to
condense unreacted reactants and liquid products
before the dry gas was collected in the sampling
u-shape tube. The schematic diagram of this
ethanol steam reforming system is shown in Fig. 1.

Pre-heater
[T

Et-OH Sol

=

é D ; Reactor

| %Liq.Sample GaEJSample

g
Ice-bath|

Fig. 1 Schematic diagram of the ethanol steam reforming laboratory system
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2.4 Activity measurement

Prior to the activity measurement,
approximately 1.0 g of catalyst sample was reduced
in situ at 400 °C for 2 hrs in flowing hydrogen.
The activity of the catalyst was measured under
the following conditions: temperature = 450 °C,
total pressure = 1 atm and gas hourly space
velocity (GHSV) = 12,462 cc/g cat hr. To study
the effect of ethanol concentration, the concentra-
tion was varied from 15% by volume to 20% and
25% for the 10% Co/SiO, catalyst. Dry gas

summation of CO, CO,,CH, (moles)

products were analyzed by TCD gas chromatog-
raphy (Shimadzu model 9A) using Carbosieve SlI
column. For the best product separation, the oven
temperature was set at 35 °C for 5 min before
ramping to 200 °C with 35 °C/min of ramping rate.
Since the effluent from the reaction consisted
mainly of only H,, CO, CO, and CH,, in this study,
the percent ethanol conversion, hydrogen yield,
hydrogen selectivity and carbon selectivity are
defined as follows.

%Ethanol conversion

X 100%

2 X amount of ethanol in feed (moles)

amount of hydrogen generated (moles)

%Hydrogen yield =

amount of hydrogen generated (moles)

X 100%

6 X amount of ethanol in feed (moles)

%Hydrogen selectivity

amount of that species generated (moles)

X 100%

6 X amount of ethanol converted (moles)

%Carbon selectivity

3. Results and Discussion
3.1 Catalyst Characterization

As shown in Table 1, results from the
BET measurement showed high surface area of
silica powder used as the support in this study.
After cobalt was added, the total surface areas of
the catalysts and catalyst pore volumes decreased
as the percent metal loading increased. These
indicate the possible blockage of silica pores by
cobalt clusters. When considering the Co disper-

X 100%

2 X amount of ethanol converted (moles)

sion obtained from the total amount of H, chemi-
sorption, it is quite low for both catalysts as
expected for cobalt catalysts prepared by the
incipient wetness impregnation method. Results
from H, chemisorption can also be used to
confirm the blockage of silica pores after the Co
particle size was calculated. In general, metal
particle sizes can be approximated from %
dispersion using the following formula [7].

108
— 108 2
d %D (2)
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where D : the dispersion (%)

d : average crystallite diameter (nm)
As shown in Table 1, the Co particle size was found
to be 52.74 nm and 92.18 nm for 10%Co/SiO,

MITITBUALWAUY 895, T 31 afuil 2 wesu-Aguieu 2551

20%Co/SiO,, respectively. This large
tion of cobalt particles (57-92 nm) can
block some of small mesopores of silic

Table 1 Characteristics of Co/SiO, catalysts

agglomera-
completely
a leading to
the lower pore volume and surface area.

surface | pore volume Pore size | Co Dispersion Metal |
Catalyst area R particle size
(m?/g) (cclg) (A) (%) (nm)
1) SiO2 Powder 257 1.182 183.5 - -
2) 10%Co/SiO; 237 1.014 170.7 1.8706 57.74
3) 20%Co/SiO; 199 0.829 166.8 1.1716 92.18

(c) X-Ray Diffraction (XRD)
Fig. 2 shows the comparison between the XRD patterns of two catalysts containing
different metal loadings, 10%Co/SiO, and 20%Co/SiO,,.

iterials Data, Inc
'

Fig. 2 The XRD pattern of 10%Co/SiO2 and 20%Co/SiO; catalysts
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From Fig. 2, both 10%Co/SiO, and 20%
Co/SiO, catalysts have similar XRD patterns with
the peak location matches with only cobalt oxide
(Co,0,). Therefore, Co,0, is the main component
in these two catalysts and calcination at 350 °C for
2 hours in static air is enough to convert Co(NO,),
into Co,0,.

3.2 Ethanol Steam Reforming Experiment

3.2.1 Effect of ethanol concentration

In all experiments in this study,

only H,, CO, CO,, CH, and He were detected in
dry gas product. Ethanol conversions were in the
range of 75-98% in all cases. Fig. 3 shows the
variation of the composition in dry gas product with
ethanol concentration over 10%Co/SiO, catalyst.
When the ethanol concentration increased, the
percentage of all components in the product
increased. In this study, the amount of CO gener-

on Co/SiO, catalyst reported by Batista et al. [8]
and Kaddouri and Mozzozhia [9] but at higher
ethanol concentrations and lower temperatures. In
addition, the amount of CH, and CO are approxi-
mately the same, which is also consistent with the
results reported by Batista et al. [8] and Kaddouri
and Mozzozhia [9], suggesting that the decompo-
sition reaction of ethanol (C,H;OH — CH,+CO+H,)
be responsible for the formation of both CO and
CH,. When comparing with reported work on
8%Co/SiO; catalyst [9], at the same reaction
temperature, %CO, in this work is quite high. This
might be resulted from the higher oxidation
capacity of 10%Co/SiO, to convert CO into CO,.
Itis confirmed by the other work reported by Batista
et al. [8] that the amount of CO, in the effluent gas
increased and the amount of CO decreased when
the metal loading was increased from 8 to 18% for
Co/SiO, catalyst. See further discussion in

ated was approximately 10-20% of hydrogen section 3.2.2.
production, which is consistent with other works
12
10 | P =
5] (Co —&— %H,
= 8 —A— %CO,
a, —$— %CO
" |- %CH,
o 6
_‘g.
g 4 N
o -
2 M |
- — B —— — —
 —
0 . . .
14 16 18 20 22 24 26

Fig. 3 The variation of the percentage in dry gas product with %ethanol in feed (balance He).

%Ethanol (by volume)
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Although the amount of hydrogen in
dry gas product increased with %ethanol, when
considering the hydrogen yield as defined in
section 2.4, it slightly decreased as shown in Fig. 4.
From this point forward, in all figures, %E stands
for %ethanol by volume, and %Co stands for
%cobalt loading in silica-supported catalysts.
Although, the time-on-stream behavior of the
hydrogen yields at different ethanol concentrations
and %Co loadings was quite fluctuated, it is clearly
seen in Fig. 4 that the hydrogen yield decreased
with ethanol concentration and increased with %Co
loading. The decrease in hydrogen yield when
increasing ethanol concentration might be due to
the higher degree of coke formation at higher
ethanol concentrations. The comparison between
two metal loadings, 10 and 20% cobalt, at the same
ethanol concentration showed a significant increase
in hydrogen yield when increasing metal loading.
Steady-state hydrogen yields were 57% and 84%

MITITBUALWAUY 895, T 31 afuil 2 wesu-Aguieu 2551

for 10% and 20% cobalt loading, respectively. This
result was not surprising since the 20% Co/SiO,
catalyst has more surface metal atoms compared
to the 10% Co/SiO, catalyst. The decrease of
hydrogen yield with ethanol concentration was also
observed for the ethanol steam reforming on other
catalysts such as what was reported by
Laosiripojana and Assabumrungrat [10] over Ni/
AlL,O,; and Rh/AI,O, catalysts. When plotting the
selectivities towards H,, CO,, CO and CH, with
ethanol concentration, shown in Fig. 5, it is
obvious that the selectivities towards H, and CO,
decreased with ethanol concentration while that
of methane increased and that of CO showed a
maximum at 20% ethanol. The results obtained over
Co/SiO; in this study were similar to the results
reported when using Pd/ALO; [2], Ni/ALLO, [3],
Rh/AL,O; [11] and Ni/Cu [12] catalysts. In
addition, the effect of H,O/EtOH ratio was less
observable when H,O/EtOH ratio is getting larger.

100

Py FANN Fal
80 A A A 4 . .
= A
2
> © o
[ Gﬂ 1 o o] o] [e] o)
(3]
(@] o
o i | ]
= o © 38 8
T 4w &°® ®
@
T
g Q  13%E onl0%Co
20 4 B/ 20%E on 10%Co
@ 25%E on 1Mo
L 159%E on 20%Co
0 T T T T T T
0 1 2 3 4 5 6 7

Time-on-stream (hr)

Fig. 4 The variation of hydrogen yield with ethanol concentrations on 10%Co/SiO, catalyst

and at 15% ethanol concentration on 20% Co/SiO, catalyst.
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If assuming that the number of active
atoms equal the number of surface atoms as
measured by H, chemisorption, the specific rate in
term of turnover frequency can be calculated. As
shown in Fig. 6, the turnover frequency
increases when increasing the concentration of
ethanol from 15% to 20% and 25% by volume. It
suggests that at low ethanol concentration, Co

239

surface atoms are still available for reaction. The
specific reaction per gram of catalyst is thus
dependent on the probability of surface atom
contacting with ethanol molecule. If following the
turnover frequency with time-on-stream, it can be
seen that the turnover frequency does not change
much. It can be concluded that the deactivation of
this catalyst is not observable during 6 hr time-on-

surface atoms are not fully utilized. Lots of vacant stream.
70
e - %[I:
i —A— %CO,
01 a_ _ — G- %CO
i i -:___i'.‘_'“—-___ — —m— %CH,
S 50 S
&
‘T 40 |
k3]
)
2 30
W . =
S e T
0| &~——— "
10 . . . . :
14 16 18 20 22 24 26

%LEthanol (by volume)

Fig. 5 Effect of %ethanol (by volume) on the selectivity of H,, CO,, CO and CH,
obtained over 10%Co/SiO, catalyst at 450 °C.
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Fig. 6 Time-on-stream behavior of the turnover frequency of 10%Co/SiO, catalyst when varying ethanol
concentrations and that of 20% Co/SiO, at 15% ethanol by volume at 450 °C.

3.2.2 Effect of metal loading

The effects of %Co loading on
the selectivity of H,, CO,, CO and CH,, and %
ethanol conversion at 15% ethanol (by volume) are
shown in Fig. 7. Since the reaction was operated
at total conversion, the effect of %Co loading on
ethanol conversion was only slightly even though
%Co loading was doubled. From this figure, it is
clearly seen that the selectivities towards H, and
CO, were improved when using higher Co loading.
The decrease in the selectivity towards CO and

CH, accompanied by an increase in CO, selectivity
implied that the rate of water-gas-shift reaction in-
creased, and the rate of methanation, the undes-
ired reaction, decreased at higher Co loading. These
results are consistent with what was reported by
Batista et al. [8] that smaller amount of methane
was produced for the catalyst at higher Co loading.
Although the increase in H. production yield when
using 20%Co/SiO, is not twice that from 10%
Co/SiO,, it shows the advantage in using higher Co
loading in terms of the quality of the product gas.
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Fig. 7 Effect of %Co loading on the selectivity of H,, CO,, CO and CH,, and %ethanol conversion
obtained at 15% ethanol (by volume) and 450 °C.

Turnover frequency may differ signifi-
cantly (factor of 2-1000) among catalysts of the
same type because of (1) differences in surface
structure in a structure sensitive reaction, (2)
varying degree of metal-support or metal-promoter
effects, and (3) differences in surface composition
in a series of bimetallic or multi-metallic catalyst
[7]. For the catalysts in this study, both 10% and
20% Co/SiO; catalysts exhibited the same turnover
frequency (Fig. 6), which means that the intrinsic
activity of both catalysts are approximately the same
despite the different in metal particle size (Table
1). It implies that the steam reforming of ethanol is
a structural insensitive reaction at the condition
studied in this work.

3.3 Catalyst Deactivation

After 6 hours time-on-stream, the used
catalyst was taken out from the reactor and
characterized by using the BET technique. The
results were then compared to the fresh catalyst
as shown in Table 2. As can be seen in Table 2, the
total surface of all catalysts after being used in the
reaction remained approximately the same even
though there was large amount of steam in the
reactor. Although sintering can easily occur at this
condition, the BET results show no reduction in
the surface area of the support. However, pore
volume and pore size of both catalysts reduced
slightly probably by slight coke formation inside
the mesopores.



242

MITITBUALWAUY 895, T 31 afuil 2 wesu-Aguieu 2551

Table 2 The BET results of catalysts after 6 hr time-on-stream compared to fresh catalysts.

cats |30 v S (0[P e (0 [P e
10%Co/SiO: 15 237/250 1.014/0.890 170.7/141.8
20 237/237 1.014/0.922 170.7/155.4
25 237/228 1.014/0.884 170.7/154.5
20%Co/SiO, 15 199/214 0.829/0.790 166.8/146.3

4. Conclusions

Low metal dispersion was observed for the
10% and 20% Co/SiO; catalysts prepared in study.
It results in large agglomeration of Co particle and
slightly lower BET surface area, pore volume and
pore size. For 10% Co/SiO. catalyst, although the
amount of all components in the product gas
increased when increasing ethanol concentration,
it decreased in terms of hydrogen yield. It
suggested that less ethanol in feed was converted
to hydrogen when increasing the concentration of
ethanol. This is confirmed by the selectivity
toward hydrogen which was decreased and accom-
panied by the increase in CH, selectivity with
ethanol concentration. Although the degree of
catalyst utilization of the 10% Co/SiO: catalyst was
enhanced by increasing ethanol concentration, 15%
ethanol by volume seemed to be the best concen-
tration in term of the quality of product gas to be
further used in fuel cell after pretreatment. Thus,
bio-ethanol from the fermentation of biomass can
be directly used to produce hydrogen without
distillation step. The result on the effect of metal
loading shows that high metal loading is preferable
in term of hydrogen yield and the quality of product
gas. However, it must be traded off with the price
of metal being using to prepare the catalyst. In

addition, despite a large amount of steam in the
reactor, deactivation from support sintering was
not observed during the entire reaction time for all
cases in this study.
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