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In this study, the activity and the product distributions of sol-gel made SiO, supported ZnO
catalysts in the steam reforming of ethanol and acetaldehyde is presented as a function
of ZnO loading and temperature. We show that although highly dispersed ZnO in SiO,
(upto 50% ZnO loading) can be prepared using a single step sol-gel method, a precise
control of crystallite size could not be achieved. From CO, TPD measurements, we found
that the basic site densities of ZnO/SiO, catalysts stays <0.05 pmol/m? and do not increase
linearly with ZnO loading. The highest basic site density among the catalysts occurs on
pure ZnO.

All ZnO/Si0; catalysts are active at 350 °C whereas pure ZnO catalyst is active at 450 °C.
Iso-conversion activity tests show that ethanol steam reforming activities of the catalysts
seem to be dependent on the ZnO crystallite size rather than the basic site density of the
catalysts when the surface coverage of the basic site density is <0.32% but acetone is not
formed only on catalysts with ZnO crystallite size <5nm regardless of their basic site
densities. Interestingly, we found that ethanol was mostly dehydrogenated to acetaldehyde
and hydrogen although H,0/C,HsOH molar ratio in the feed was 12. CO was not also
produced in the steam reforming of ethanol over all the catalysts. Acetone and propene are
produced from acetaldehyde as observed in the steam reforming of acetaldehyde. The
steam reforming of acetaldehyde as compared to its decomposition was found to be more
favorable over the catalysts with small ZnO crystals, such as 30% and 50% ZnO catalysts.
© 2008 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Unfortunately, it is not freely available in nature and it must
be produced by some means. Most importantly, the hydrogen

Efforts to reduce the emission of toxic and green house gases,
such as NOy and CO,, and also to lower the high consumption
rates of the fossil fuel reserves have generated considerable
interests in using alternative technologies, such as fuel cells,
and/or alternative fuels, such as bio-alcohols, natural gas,
hydrogen and biodiesel [1-3]. Among alternative fuels,
hydrogen seems to be a viable energy carrier for future.
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fuel infrastructure is not available currently. Hence, these
obstacles have forced the research efforts to focus on
developing novel catalysts for the catalytic hydrogen produc-
tion from hydrocarbons and alcohols, such as gasoline and
methanol [4-6]. Although methanol and hydrocarbons seem
to be good candidates for hydrogen production, carbon
dioxide emission is still the problem because methanol and
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hydrocarbons are obtained from fossil fuels. In contrast, the
use of bio-ethanol to produce hydrogen could release carbon
dioxide which is used by new crops to grow; hence resulting
in a net zero carbon dioxide emission. Although ethanol
seems to be a promising fuel to produce hydrogen, the studies
on the reforming of ethanol to produce hydrogen are less
than that on methanol and hydrocarbons.

Thermodynamic analyses have shown that a high conver-
sion of ethanol to hydrogen is possible above 250°C and also
the high water/ethanol molar ratio is beneficial to increase
hydrogen yield and to decrease the formation of by-products,
such as methane and carbon monoxide, and carbon deposi-
tion. The steam reforming of ethanol occurs through the
following possible network of reactions [7-9]:

C,HsOH + H,O — 2CO +4H,
(reforming of ethanol) (1)

CO + H,O0+~ CO; + H,
(water gas shift reaction) 2)

C,HsOH — CyH4 + H,0
(dehydration of ethanol) (3)

CszoH g C2H4O + H2
(dehydrogenation of ethanol) (4)

C,H40 + H,0 — 2CO + 3H,

(steam reforming of acetaldehyde) (5)
CO + 3Hy; <~ CHs + H,0
(methanation reaction) (6)

A catalyst under certain reaction conditions favors a
reaction or a group of the reactions among a possible network
of reactions shown above. It is known that acidic catalysts,
such as alumina, enhance the dehydration reaction whereas
basic catalysts, such as magnesium oxide, increase the rate of
dehydrogenation reaction [10,11]. Fumihiro et al. [12] reported
that the activity and the product distribution of supported
cobalt catalysts were strongly dependent on the support
material and found out that among Al,05;, ZrO,, MgO, SiO,
and carbon support materials, Al,O; used to support cobalt
was the most active and selective to hydrogen. Also, alumina
supported rhodium and nickel catalysts and lanthana pro-
moted Ni/y-Al,O; catalysts were found to be active and
selective to hydrogen in the bio-ethanol steam reforming
over 600 °C and their activities depended on the metal loading
[13-15]. Besides, many transition metals (ranging from gold to
platinum group metals to base metals) supported on oxides,
such as ceria, lanthana and zirconia, were also investigated in
the steam reforming of ethanol. For instance, Zhang et al. [16]
reported that ceria supported Co, Ir and Ni catalysts were
active and selective to hydrogen in the temperature range
from 300 to 700°C. Similarly, oxide supported bimetallic
catalysts, aluminum spinels and also some commercially
available catalysts were found to be active and selective to
hydrogen at high temperatures for the bio-ethanol steam
reforming [17-19]. Among the catalysts studied up until now,
ZnO based catalysts seem to be promising. Llorca et al. [20]
was the first group to show that pure ZnO among the oxides,

such as alumina, magnesia, ceria and titania, was the most
active at low temperatures (~400°C) to produce hydrogen
from bio-ethanol. Later, Llorca et al. [21] reported that the
addition of cobalt to ZnO further improved the activity at low
temperatures in the steam reforming of ethanol. Similarly,
Yang et al. [22] recently reported that Ni/ZnO, Ni/La,Os,
Ni/MgO and Ni/Al,O; catalysts were highly active (100%
ethanol conversion) at temperatures ranging from 330 to
650 °C but the product distribution was strongly dependent on
the support material and the nickel loading. It is difficult to
make a sound comparison between results reported by
research laboratories around the world because there are
differences in the feed conditions, space velocities and the
reactor setup configuration used to test the catalytic activity
and selectivity.

In this manuscript, the effect of zinc oxide loading on the
catalytic activity and the product selectivity in the catalytic
reforming of bio-ethanol are reported for ZnO supported on
silica catalysts (Zn0O/SiO,), and also pure ZnO and pure SiO,
catalysts. In addition, acetaldehyde steam reforming was
studied over ZnO/SiO, catalysts and pure ZnO to better
understand the role of acetaldehyde on the product distribu-
tion during the catalytic reforming of bio-ethanol.

2. Experimental
2.1. Catalyst preparation

Zn0/SiO, catalysts with 30, 50 and 70wt% of ZnO loadings
(chosen based on our previous unpublished results) and pure
SiO, were synthesized using a single step sol-gel approach
and also, pure ZnO catalyst was prepared using the precipita-
tion method.

The sol-gel procedure given by Wang et al. [23] was
modified in this study to prepare ZnO-SiO, catalysts in one
pot synthesis approach. All chemicals were supplied by
Sigma-Aldrich and Acro Inc. Briefly, tetraethyl orthosilicate
(abbreviated as TEOS) (99.99%) was first diluted in ethanol
(200 proof, 99.5%) and then the necessary amount of HCl (37%)
was added. This was followed by adding necessary amount of
water and heating the mixture to ~77°C under total reflux.
The mixture was kept at this temperature for 2h. Finally, to
obtain a gel, a necessary amount of ammonia solution (29.3%
NH;) was added to the mixture (TEOS:C,HsOH:HCl:H,0:N-
H,OH molar ratio was 1:22:7.9 x 107%:13:2.5 x 10~°) at ~77°C.
The difference between pure SiO, and ZnO/SiO, catalysts is
the addition of zinc nitrate precursor (Zn(NOs),.6H,0 (98%) or
Zn(NOs),.H,0 (99.999%)) before adding NH4OH. Pure SiO, gel
was obtained in ~10 min whereas ZnO/SiO, gels were formed
in ~2h. Finally, all the gels were dried at 120°C for 24 h. Then,
they were heated to 500°C at a heating rate of 8°C/min and
once 500°C was reached, they were kept at this temperature
for 12h.

In the preparation of pure ZnO, Zn(NOs),.6H,O was pre-
cipitated by adding NH,4OH solution at room temperature and
the solution pH was kept at ~10 for 1h. After that, the
precipitate was filtered and washed twice with room tem-
perature de-ionized water and then twice with de-ionized
water at 60°C. After that, the washed precipitate was vacuum
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filtered. Finally, the same drying and calcination procedure
used for the single step sol-gel made catalysts were also
applied for the filtered precipitate.

2.2.  Catalyst activity tests

It is known that during production of bio-ethanol from
biomass, ethanol concentration in the aqueous solution
ranges from 10% to 18%, which depends on the feedstock
[24]. So, in this study, the molar ratio of water to ethanol was
fixed at 12; hence simulating the bio-ethanol solution
concentration. Also this ensures no carbon deposition on
the catalysts for steady state runs as reported by others
[19,20]. We did not observe any decrease in the conversion
during the tests at each temperature and also the activity test
was repeated on the same catalyst for a second day. We found
that there was no change in the conversion within our
experimental error; thus indicating no carbon deposition. But
carbon deposition may occur on ZnO based catalysts espe-
cially when used under high ethanol concentration at high
temperatures [21]. The premixed solution of de-ionized H,0
and C,HsOH was fed using a peristaltic pump into a Pyrex
glass vaporizer at 145 °C. The vapor was then carried by argon
gas to a straight downward Pyrex glass micro-reactor (I.D.
4mm) through the heated lines at 145°C. Argon and pump
flow rates were adjusted to obtain a gas composition of 1%
C,HsOH and 12% H,O at the inlet of the catalyst bed. The
catalyst inside the tube was held in place by glass wool plugs.
The temperature of the catalyst was measured by a K-type
thermocouple positioned in such a way that it touched the
surface of the catalyst bed. In order to eliminate the catalytic
effect of the thermocouple, the thermocouple was tightly
inserted in a thin wall Pyrex glass tube. All the catalysts were
ground and sieved to 100-120 mesh size prior to the activity
tests. The temperature range from 300 to 500°C with a 50°C
increment was used to evaluate the catalytic activity and
selectivity of the catalysts. In all the tests, the gas hourly
space velocity was kept at ~42,000h™" (0.03-0.15 g of catalyst).

In all the activity tests, the catalysts were heated to 500°C
under the flow of He and kept there for 1h. Then it was cooled
down in He to the reaction temperature and then the
reactants were fed to the reactor. After reaching the steady
state (it takes ~1h) at each temperature, the reactor outlet
was analyzed using an online Varian micro-GC CP4900 gas
chromatography equipped with two TCD detectors. Molecular
sieve and Porapak Q columns were used to separate the
products for the analysis by the detectors. H,, CO and CH,
were separated in molecular sieve column using argon as the
carrier gas whereas CO,, C, compounds, C; compounds,
C,H,40, (CH3),CO were separated in Porapak Q column using
helium as the carrier. The calibration curves were prepared
for each product by diluting standard gas mixtures (Cryogenic
Co.) with pure He using calibrated mass flow controllers and
volumetric gas flow meters. Under these conditions, the
maximum experimental error based on 95% confidence
interval was found to be ~4.5%. Since the micro-GC is very
sensitive to water, the reactor outlet stream was dried using a
membrane drier (from Perma Pure Inc.) to separate water. But
it was found that most of ethanol was also removed with
water. Therefore, the ethanol conversion and H, molar ratio

are defined as

Ethanol conversion(%)
__ Total carbon in all products at the exit (mol/min)
Carbon in ethanol feed (mol/min)

x 100,

Hydrogen produced (mol/min)
Ethanol converted (mol/min)

H, molar ratio =

For acetaldehyde steam reforming, argon was purged
through an acetaldehyde (99%) saturator at —35°C and then
entered the Pyrex glass vaporizer at 145°C in order to mix
with water pumped with the peristaltic pump. The molar
concentration of water and acetaldehyde was adjusted with
argon gas and pump flow rates to obtain 1% C,H4O and 12%
H,0 in the gas before entering the reactor (in order to
simulate the maximum concentrations obtained during
ethanol steam reforming).

2.3.  Catalyst characterizations

The crystalline phases present in all the calcined catalysts
were determined by X-ray diffraction (XRD) (from Philips Inc.,
operated at 45V and 40 A). The average crystallite sizes were
calculated from X-ray line broadening using the Scherrer
equation. The total surface areas of the catalysts were found
by using Micromeritics 2010 adsorption equipment. Prior to
the analysis, each sample was evacuated at 300°C until the
vacuum inside the sample tube stayed at 3um Hg or less. In
addition, CO, TPD was performed to measure the basicity of
all catalysts using Micromeritics AutoChem 2910 equipped
with an inline Balzers Thermostar GS300 quadrupole mass
spectrometer. 0.1 g of a catalyst was first degassed under He
flow (20cm?/min) at 500°C for 2h and then cooled down to
room temperature in He. CO, adsorption was done with
20cm?/min of pure CO, for 1h at room temperature. After
that, the catalyst was purged with helium for 1h at room
temperature to remove gas phase and weakly adsorbed CO,.
TPD was performed under He flow of 20 cm3/min from room
temperature to 500°C at a heating rate of 10°C/min.

3. Results
3.1. Catalyst characterizations

Fig. 1 shows the XRD spectra of ZnO/SiO, catalysts as a
function of ZnO loading. As seen in the figure, over 50%
ZnO/Si0, catalyst (the same XRD pattern obtained over 30%
Zn0/Si0,), there are no XRD peaks corresponding to ZnO
crystalline phases. In contrast, the diffraction pattern of ZnO
crystalline phase is clearly seen in 70% ZnO/SiO, catalyst.
Since XRD analysis is sensitive to crystallite size greater than
5nm, the average ZnO crystallite size in 30% ZnO/SiO, and
50% ZnO/SiO, catalysts are less than or equal to 5nm whereas
in 70% ZnO/SiO, catalyst, the average ZnO crystallite size
calculated using Scherrer equation and the diffraction peak
located at ~36° 20 is ~19nm. The XRD spectra of pure ZnO is
also shown in Fig. 1 and similarly, the average ZnO crystallite
size calculated using Scherrer equation and ~36° 20 of the
diffraction peak is ~37 nm. Also we found that the examination
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of 50% ZnO with XRD after the activity test revealed no ZnO
crystallite size increase.

Surface areas and pore volumes of all the catalysts are
given in Table 1. As seen in the table, the sol-gel made
catalysts have very high surface areas and total pore volume
as compared to the precipitation made catalyst. The total
surface area and the average pore size of pure SiO, catalyst
are 887m?/g and ~2nm, respectively. However, loading SiO,
with 30 and 50 wt% ZnO decrease the surface area to 420 and
169m?/g, respectively. A further increase of the ZnO loading
to 70 wt% decreases the surface to 112m?/g with the increase
of the average pore diameter to ~6nm. In contrast to the
single step sol-gel made catalysts, the precipitation method
results in pure ZnO catalyst with a small surface area,
~3m?/g, and the large pore diameter, 70 nm. The contribution
of the micropores to total pore volume is less than 15% in all
the catalysts. In fact, SiO, supported ZnO made using the
single step sol-gel procedure actually decreases the sintering
of ZnO during the heat treatment; hence resulting in the high
surface area Zn0O/SiO, catalysts.

Fig. 2 shows that 30% ZnO-SiO, catalyst adsorbs the highest
amount of CO, whereas it stays the same over 70% and 50%
ZnO. The low CO, adsorption is observed on pure SiO, and

ZnO catalysts; in fact, the lowest on pure ZnO catalyst. The
reason why pure SiO, shows higher total CO, adsorption than
pure ZnO (although the catalyst amounts used in CO, TPD are
the same as seen in Table 1) is as expected taking into account
the specific surface areas of the catalysts. Hence, to eliminate
the surface area effect, we calculated the basic site density
(i.e. the amount of adsorbed CO, per surface area of the
catalyst). We have found that pure ZnO being more basic than
SiO, is in agreement with the literature [10]. The change of
basic site density and the location of the peak temperature
over all the catalysts as a function of ZnO loading are given in
Table 2. The percent surface coverage of the basic sites was
also calculated by using 1 x 10'° m~2 of surface sites. It is seen
that the highest surface coverage of basic sites is 2.63% on
pure ZnO and the lowest (~0.05%) on pure SiO,. On the other
hand, the surface coverage of basic sites on all ZnO/SiO,
catalysts was found to be comparable.

3.2.  Activity and selectivity measurements
3.2.1. The catalytic reforming of bioethanol

Fig. 3a shows the effect of ZnO loading on the ethanol
conversion for all ZnO/SiO, catalysts and also the conversion

(a) 70%Zn0-SiO,
(b) 50%Zn0-SiO,
(c) ZnO
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Fig. 1 - XRD spectra of Zn0O/SiO, and pure SiO, catalysts as a
function of ZnO loadings.
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Fig. 2 - Temperature programmed desorption of CO, over all
the catalysts.

Table 1 - BET surface areas and average pore diameters of all the catalysts

Catalysts BET surface Total pore volume (cm®/g) Micropore volume (cm?/g) BET average pore
area (m%g) (at P/P, = 0.95-0.97) from t-method diameter (nm)

Si0, 887 0.5456 0.0502 2

30% ZnO-SiO, 420 0.2208 0.0138 2

50% ZnO-SiO, 169 0.1888 0.0021 4

70% ZnO-SiO, 112 0.1796 0.0043 6

Zn0O ~3 0.0039 0.0006 70
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Table 2 - Base densities and peak temperatures for all the
catalysts

Adsorbed CO, Peak Surface
(umol/m?) temperature coverage?®

(°C) (%)

Pure SiO, 0.01 87 0.05

30% 0.02 87 0.12

Zn0o-Si0,

50% 0.04 82 0.25

Zn0-Si0,

70% 0.05 82 0.32

Zn0-Si0,

Pure ZnO 0.44 88 2.63

2 It is based on the surface site density of 1 x 10° m~2.

activities over the pure ZnO and SiO, catalysts as a function of
temperature. Prior to testing the catalysts, we checked the
reactor setup in the absence of a catalyst (with only glass
wool plugs) for homogeneous reaction using the same inlet
composition as given in Fig. 3a at 500 °C and found that there
was no conversion under this reaction condition. As seen in
Fig. 3a, pure SiO, is the least active among the other catalysts
at all temperatures and pure ZnO catalyst is active above
400°C. In contrast, all Zn0O/SiO, catalysts are more active than
both pure ZnO and SiO, catalysts. The lowest conversion
(~5—10%) is obtained at 325 °C over ZnO/SiO, catalysts but as
the temperature is increased to 400 °C, the ethanol conversion
increases linearly with ZnO loading. Interestingly, we have
found that ethanol conversions above 400 °C are similar over
50% and 70% ZnO catalysts within our experimental error
whereas the conversion over 30% ZnO is still lower than
others.

H, molar ratio as a function of temperature over Zn0O/SiO,
and pure ZnO catalysts is shown in Fig. 3b. H, molar ratio over
30%, 50% and 70% ZnO/SiO, catalysts are equal to 1 until
450°C. At 500°C, it increases to 1.1 over 30% and 50%
ZnO/SiO, catalysts and ~1.2 over 70% ZnO/SiO, catalyst. In
contrast, pure ZnO produces 20-30% more H, than that all
ZnO/SiO, catalysts.

The product distributions in ethanol steam reforming are
given in Table 3. H, and C,H,0O are major products regardless
of ZnO loading over all the catalysts. On 30% and 50% ZnO
loadings, there is no formation of acetone at any temperature.
But on 70% ZnO/SiO, and pure ZnO catalysts, acetone is
produced at 450°C and increases with the temperature. In
addition, low percentages of C,Hs, CO,, CsHg and CH, are
produced on all catalysts at all temperatures. On ZnO/SiO,
catalysts, C,H, and CO, percentages increase with ZnO
loading while CsHe percentage stays constant while CH,
percentage shows a minimum at 50% ZnO loading. Similar
product distribution is observed on pure ZnO catalyst but
acetone ((CH3),CO) formation is much higher. As compared to
ZnO/Si0O, catalysts, CsHg and CH, are produced in small
amounts (<~0.3%) at all temperatures.

It is known that the selectivity is a function of conversion.
Therefore, we changed the amount of catalysts and the flow
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Fig. 3 - (a) The activities of all the Zn0O/SiO, catalysts as a
function of temperature. Reaction conditions: 1% ethanol,
12% water and argon being the balance. (b) H, molar ratio
over all the ZnO/SiO, catalysts as a function of temperature.
Reaction conditions are the same as (a).

rates in order to obtain the same conversions at a constant
temperature under the same inlet condition and space
velocity. A high conversion (~92%) was chosen because it
was not possible to handle very high flow rates and large
amounts of catalysts in our reactor setup to achieve a
differential reactor regime. The results of iso-conversion tests
for the ethanol steam reforming are given in Table 4.
A temperature of 500°C was chosen because it gave the
highest acetone formation. Pure SiO, could not be used
because it was not active. As seen in Table 4, on 30%, 70% ZnO
and also pure ZnO catalysts, the formation of CO, increases
as C,H4;O amount decreases by producing more H,. The
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formations of C3Hg and CH,4 on 30% and 70% ZnO catalysts are
higher than pure ZnO and 50% ZnO/SiO, catalysts.

3.2.2.  The catalytic steam reforming of acetaldehyde
Acetaldehyde steam reforming at the same space velocity as
used in ethanol steam reforming is shown in Fig. 4 as a
function of ZnO loading and temperature. As seen in
the figure, all the catalysts are active above 400°C and
their activities increase with the ZnO loading and the
temperature. At 500 °C, acetaldehyde conversion is ~33% on
pure ZnO, ~13% on 70% Zn0O/Si0,, 4% on 30% ZnO and 5%
on 50% ZnO/SiO, catalysts, respectively. The product dis-
tribution is shown in Table 5. H, amount decreases while
(CH3),CO amount increases with temperature on all the
catalysts.

Iso-conversion activity tests for acetaldehyde steam re-
forming were also performed at 500 °C. The results are shown
in Table 6. The amounts of H, and (CH3),CO increase with ZnO
loading; reaching a maximum on pure ZnO catalyst as seen in
the table. On the other hand, CH, and CO, amounts decrease

with ZnO loading. CO and C3;Hg amounts do not change
significantly with ZnO loading.

4, Discussion

4.1.
ethanol

Activity and selectivity in catalytic reforming of bio-

The average specific rate (mmol ethanol/(m? of catalyst)/h) at
500°C and ~92% of ethanol conversion is found to be 0.04,
0.101, 0.029 over 30%, 50% and 70% ZnO, respectively. Since
the catalysts with 30% and 50% ZnO have crystals with sizes
less than 5nm, it is difficult to interpret the effect of the
crystallite size and basic site density just by looking at 30 and
50% ZnO. To observe this crystallite size range, transmission
electron microscopy (TEM) is needed to determine crystallite
size distribution on 30 and 50% ZnO catalysts. Unfortunately,
TEM is not available in our institute. However, still we
can obtain some insight on the relationship between the

Table 3 - Dry product distribution (%) in ethanol steam reforming for all Zn0O/SiO, and pure ZnO catalysts

“C H, CH,4 CO CO, CoHy CsHg C,H,0 (CH3)2CO
30% ZnO
325 49.7 0.0 0.0 0.0 1.1 0.0 49.2 0.0
350 49.4 0.0 0.0 0.0 1.3 0.0 49.3 0.0
400 49.5 0.0 0.0 0.1 2.0 0.0 48.4 0.0
450 49.6 0.1 0.0 0.4 2.0 0.1 47.8 0.0
500 51.0 1.0 0.0 2.1 14 0.5 44.0 0.0
50% ZnO
325 49.8 0.0 0.0 0.0 0.6 0.0 49.7 0.0
350 49.9 0.0 0.0 0.0 0.7 0.0 49.4 0.0
400 50.2 0.0 0.0 0.1 1.0 0.0 48.7 0.0
450 50.6 0.1 0.0 0.3 1.0 0.1 47.8 0.0
500 51.4 0.7 0.0 1.7 1.0 0.4 449 0.0
70% ZnO
325 50.1 0.0 0.0 0.0 0.4 0.0 49.5 0.0
1350 49.8 0.0 0.0 0.0 0.5 0.0 49.7 0.0
400 50.1 0.0 0.0 0.2 0.6 0.0 49.1 0.0
450 50.8 0.2 0.0 0.8 0.6 0.2 47.4 0.1
500 53.0 2.0 0.0 4.0 0.4 0.5 39.2 0.7
Pure ZnO
400 50.8 0.0 0.0 1.5 2.3 0.0 45.4 0.0
450 52.5 0.2 0.0 3.1 2.9 0.0 39.7 1.5
500 57.5 0.3 0.0 8.8 2.4 0.2 25.0 5.8

Reaction conditions are given in Fig. 3a.

Table 4 - Dry product distribution (%) at 500 °C and a constant ethanol conversion in ethanol steam reforming

Ethanol conversion H, CHy Cco CO, C,oHy CsHg C,H,0 (CH3)2CO
30% ZnO-SiO, 91.8 57.0 5.44 0.0 9.2 0.8 1.2 26.4 0.0
50% ZnO-SiO, 92.0 51.4 0.7 0.0 1.7 1.0 0.4 449 0.0
70% ZnO-Si0, 92.3 61.0 7.8 0.0 12.7 0.3 1.1 15.2 2.0
Pure ZnO 91.7 58.6 0.4 0.0 9.5 1.6 0.3 22.1 7.6
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Fig. 4 - The activities of all the Zn0O/SiO, catalysts and pure
ZnO catalyst as a function of temperature. Reaction
conditions: 1% acetaldehyde, 12% water and argon being the
balance.

Table 5 - Dry product distribution (%) in acetaldehyde
steam reforming for all Zn0O/SiO, and pure ZnO catalysts

°C H, CH, CO CO, GCsHg (CHs),CO
30% ZnO
400 0.0 0.0 0.0 0.0 0.0 0.0
450 59.1 8.2 0.0 247 8.0 0.0
500 44.8 17.2 1.7 30.6 5.7 0.0
50% ZnO
400 0.0 0.0 0.0 0.0 0.0 0.0
450 50.2 7.4 0.0 30.9 11.4 0.0
500 46.2 14.9 2.9 29.1 5.3 1.5
70% ZnO
400 0.0 0.0 0.0 0.0 0.0 0.0
450 72.0 5.5 0.0 16.1 4.0 2.4
500 50.4 15.4 0.7 25.8 3.2 4.5
Pure ZnO
400 0.0 0.0 0.0 0.0 0.0 0.0
450 67.5 1.8 2.3 19.8 0.0 8.6
500 52.7 1.5 0.9 25.7 1.1 18.1

Reaction conditions are the same as that given in Fig. 4.

Table 6 - Dry product distribution (%) at 500 °C and a constant

over all the catalysts

crystallite size and basic site density using 50 and 70% ZnO/
SiO, and pure ZnO catalysts. The specific rate decreases from
0.101 to 0.029 when ZnO loading is increased from 50% to 70%.
The rate obtained over 70% ZnO is ~3.5 times less than that of
50% ZnO. If we look at the crystallite size change with the ZnO
loading, we see that ZnO crystallite size on 70% ZnO is 3.8
times larger than that of 50% ZnO. In contrast, the basic site
density of 70% ZnO is only 25% higher than 50% ZnO and also
the basic site density surface coverage of all the catalysts is
<0.32%. Interestingly, this indicates that the rate changes
almost linearly with the crystallite size rather than the basic
site density of the Zn0O/SiO, catalysts. However, when pure
ZnO is compared to 50% and 70% ZnO, it is seen that pure ZnO
shows the highest specific rate of 1.603 mmol ethanol/(m? of
catalyst)/h at 500°C and ~92% ethanol conversion. The
specific rate obtained over pure ZnO is ~15 times higher than
50% ZnO catalyst. The crystallite size of pure ZnO is 2.1 times
larger than ZnO crystals found in 50% ZnO catalyst and the
basic site density of pure ZnO is ~11 times higher than 50%
ZnO. Comparison of 50% and 70% ZnO/SiO, catalysts to pure
ZnO catalyst indicates that when the surface coverage of the
basic site density (given in Table 2) is >0.32%, the rate is
strongly influenced by the basic site density of the catalyst
but the crystallite size effect still cannot be ignored.

In the literature, there is no study on the effect of ZnO
crystallite size and/or ZnO basic site density on the activity
and the product distribution of ZnO based catalysts for the
steam reforming of ethanol. It is not easy to compare results
reported by laboratories around the world because inlet
compositions, conversions, space velocities and temperatures
are different. For example, Guil et al. [29] reported that the
rate of ethanol consumption over pure ZnO catalyst (operated
under 10,000h™ GHSV and H,0/C,HsOH ratio of 3) was
0.85mmol ethanol/(g of catalyst)/h at 450°C. Since their ZnO
catalyst had a surface area of 100m?/g, the specific rate of
ethanol consumption could be calculated as 0.85 x 1072
mmol ethanol/(m? of catalyst)/h. This specific rate is almost
2 orders of magnitude lower than the specific rate obtained
over our pure ZnO catalyst but it should be noted that their
temperature was 450 °C and also water-to-ethanol ratio was 3.

For ZnO based catalysts, Llorca et al. [20] was the first group
to report the effect of the precursor used to prepare ZnO on
the product distribution without giving experimental finding
but they only claimed that the formation of acetone and
acetaldehyde was through dehydrogenation of ethanol and
the aldol condensation and redox capabilities of ZnO

acetaldehyde conversion in acetaldehyde steam reforming

Acetaldehyde conversion H, CH, CcO CO, CsHg (CH3),CO
30% ZnO 4.4 44.8 17.2 1.7 30.6 5.7 0.0
50% ZnO 5.1 46.3 14.9 2.9 29.1 5.3 1.5
70% ZnO 4.5 48.6 9.2 2.8 28.2 6.9 4.3
Pure ZnO 42 55.4 3.0 2.7 25.1 0.7 13.2




INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 33 (2008) 2044-2052

2051

catalysts. The product distribution obtained over ZnO/SiO,
in this manuscript is similar to those reported by others
[20,29]. But we show that although 30%, 50% and 70%
ZnO/Si0, and also pure ZnO catalysts are basic (with varying
amounts), the rate of acetaldehyde consumption during
ethanol steam reforming seems to be mainly affected. It is
known that dehydrogenation of ethanol occurs on the basic
catalysts [10]. It is not easy to distinguish the crystallite size
effect from the basic site density on the conversion of
acetaldehyde but the main difference between the catalysts
is the formation of acetone which results from the aldol
reactions as shown below [25]:

2C,HsOH + H,0 < (CH3),CO + CO, + 4H,. @)

The basic site density of 50% ZnO is twice that of 30% ZnO
(both with less than 5nm ZnO crystallite size) and also the
basic site density over 70% ZnO catalyst (with ~19nm ZnO
crystallite size) increases only 25% as compared to that of 50%
ZnO catalyst. Although 30%, 50% and 70% ZnO/SiO, catalysts
are basic (with varying amounts), (CHs),CO formation occurs
only on 70% ZnO/SiO, catalyst. So, it seems that when ZnO
crystallite size <5nm, (CH3),CO is not produced during
ethanol steam reforming. However, it is not easy to separate
the effect of the crystallite size from the basic site density on
the formation of acetone when the crystallite sizes are >5nm
as seen over 70% ZnO and pure ZnO catalyst. Unfortunately,
we cannot control the size of the ZnO on ZnO/SiO, catalysts
by using single step sol-gel method when the ZnO loading is
above 70%. The work on controlling ZnO crystals between 19
and 40nm for Zn0/Si0O, catalysts is in progress.

4.2.  Activity and selectivity in steam reforming of
acetaldehyde

The rate (mmol acetaldehyde/h/(m? of catalyst)) of acetalde-
hyde consumption in the steam reforming of acetaldehyde
increases with ZnO loading over ZnO/SiO, and reaches a
maximum over pure ZnO catalyst; 0.0017, 0.0043, 0.0106 and
0.6436 over 30%, 50%, 70% ZnO/SiO, and pure ZnO, respec-
tively. The basic site density doubles when ZnO increases
from 30% to 50% and also, the rate almost doubles. However,
acetaldehyde consumption rate over 70% ZnO is 2.5 times
higher than that of 50% ZnO while the basic site density
increases only 25% and ZnO crystallite size quadruples when
ZnO loading increases from 50% to 70%. These indicate that
acetaldehyde steam reforming seems to be influenced by both
ZnO crystallite size and the basic site density.

We have also found that C3Hg and (CH3),CO are produced
from acetaldehyde during the steam reforming of ethanol
through the following possible reactions, as suggested in
Refs. [26-28]:

2C,H,0 + H,0 — (CH3),CO + CO; + 2H,, ®)

2C,H40 — C3Hg + CO, + Hj. (9)

It seems that the production of C;Hg is dependent on basic
site density of the catalyst rather than the ZnO crystallite size
as seen in Table 6. Its formation is favored at low basic site
densities (<0.05umol/m?) regardless of ZnO crystallite size.
In addition, CO was found to form over all the catalysts

regardless of ZnO loading and the basic site density. However,
the production of CH, decreases from 30% ZnO/SiO, to pure
ZnO. Since CH,4 formation could occur through the possible
reactions [26,27], it seems that acetaldehyde steam reforming
(reaction 10) occurs more over 30% and 50% ZnO catalysts.

C2H40 + Hy0 — CH4 + CO; + Hy, (10)

C,H40 — CHy + CO. (11)

Our results show that the decomposition of acetaldehyde
(reaction 11) occurs mainly on pure ZnO since CH,/CO ratio in
the product stream is almost one. Whereas, over Zn0O/SiO,
catalysts, steam reforming of acetaldehyde (reaction 10)
seems to occur faster than the decomposition of acetalde-
hyde (reaction 11). This indicates that the acetaldehyde steam
reforming is favorable over the catalysts with small ZnO
crystals, such as 30% and 50% ZnO. Similar observations and
explanations were also suggested by others [20,29]. Also we
have found that there is no (CH3),CO formation in ethanol
steam reforming over 50% ZnO catalyst whereas it is
produced during acetaldehyde steam reforming. This may
be due to the adsorption of ethanol on possible active
site(s) responsible for acetaldehyde steam reforming; hence
blocking the formation of (CH3),CO during ethanol steam
reforming.

5. Conclusion

In this study, we show that the small ZnO crystallite size in
SiO, could be prepared with the modified single step sol-gel
method but the fine tuning of crystallite size could not be
achieved. Ethanol steam reforming activities over all catalysts
are found to be dependent on the surface coverage of basic
site density. When it is <0.32%, the rate changes almost
linearly with the crystallite size but when the surface
coverage is >0.32%, both crystallite size and basic site density
affect the steam reforming activity. In contrast, acetone
during ethanol steam reforming is not formed when crystal-
lite size is <5nm. Also, we have found that although
H,0/C,HsOH molar ratio used in this study was 12, the
dehydrogenation of ethanol still occurs on all the catalysts;
hence giving hydrogen molar ratio between 1 and 2. CO
formation during ethanol steam reforming is not observed on
any of the catalysts at any temperature; hence indicating that
no decomposition reaction occurs.

The steam reforming of acetaldehyde shows that the steam
reforming reaction is more favorable as compared to the
decomposition over the catalysts with small ZnO crystals.
Both ZnO crystallite size and the basic site density affect the
rate of acetaldehyde consumption and also acetone forma-
tion. However, C3Hg formation is dependent on the basic site
density of the catalysts rather than their ZnO crystallite size.
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