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In the present work, the effect of synthesis method (simultaneous
impregnation and coprecipitation) and copper to nickel active phases
loading on Ni-Cu-Al catalysts were investigated. The water/ethanol
molar ratio of 6 and gas hourly space velocity (GHSV) of 20000 hr™
were used in all experiments. The catalysts were characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD) and
thermogravimetric analysis (TGA) techniques. The catalytic activity
results revealed that the 13Ni-6Cu/y-Al,O3 impregnated catalyst was
more active than the co-precipitated one (13NiO-6Cu0O-81Al,03) with
the same amount and compositions of active metals and Al,Os, but by
increasing the loading of active phases (Cu and Ni) in co-precipitated
catalysts (24NiO-31CuO-45A1,03, 31NiO-24Cu0-45Al,03, 40NiO-
15Cu0-45 Al;0O3; and 47NiO-8Cu0-45Al,03), they achieved a better
performance than the 13NiO-6Cu0O-81Al,0; catalyst. The 40NiO-
15Cu0-45Al,0; catalyst showed 99% of ethanol conversion, as well as
303% of hydrogen yield and 4% of CO selectivity at 470°C. SEM images
revealed agglomerated particles for the samples with high content of
Al>,O3 and that by increasing the content of the active phase in the
catalyst the particle sizes decreased. 40NiO-15Cu0O-45Al,03 showed the
smallest particle size among the catalysts.
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1. Introduction

Due to declining fossil resources such as oil
and gas, the price of these resources is
increasing. As for environmental
considerations and greenhouse gas emissions,
it is essential to find new renewable processes
and fuel sources. The continuous reduction of
resources of fossil fuels, encouraged the
researchers to try to find new catalytic ways.
Hydrogen could be a clean and available
source of energy and it can be generated from
renewable materials [1-3]. There are several
sources to produce hydrogen, among them
alcohols are very good candidates because they
can be easily decomposed in the presence of
water, to generate a mixture rich in hydrogen
at relatively low temperature and pressure [4—
6]. Ethanol has been considered as a feasible
resource, because of its biodegradability and

lesser toxicity in comparison to methanol and
the possibility easily and safly handled.
Hydrogen can be produced from ethanol; from
the direct reaction between hydrogen and an
oxidizer, the electrical energy with high
efficiency can be produced. Ethanol steam
reforming has been widely investigated
because of the high content of hydrogen
compared to other reforming technologies [7—
12]. The full conversion of ethanol needs to be
an economical process, and catalysts play an
important role to reach this goal. Ethanol reacts
with steam and produces synthesis gas (eg. 1)
or hydrogen and CO: (eq. 2) depending on
water in the feed stream.

Other main reactions for the ESR process
included water gas shift (WGS), reaction (3),
and steam reforming of methane, reaction (4):

C,HsOH + H,0 — 2CO+4H, AH®298k=256 kJ.mol (1)
C,HsOH + 3H,0 — 2C0, + 6H, AH®29x=174kJ.mol"* 2)
CO+H20-CO2+H2 AH®298 = -41.19 kJ.mol* 3)
CH, + H,0 < 2C0 + 3H, AH®,98k=206kJ.mol ! 4)

When temperature increases, the reaction of
WGS will be shifted towards reverse water gas
shift reaction producing CO and H»O, and the
reaction of methane steam reforming will be
shifted towards producing CO and H»[13-16].
The study about ethanol steam reforming is
still ongoing, and there are a great number of
papers about different conditions and catalysts.
Many metals, such as Co [5, 9, 10,14, 17], Ni
[4-9, 15, 18-22], Cu [6, 9-10], Ru [9, 16], Rh
[13, 16, 23], Pd [10, 16, 23], Pt [1,16, 18, 23-
24], have been tested in ethanol steam
reforming. The high cost of noble metals,
limited their application, but Ni catalysts have
been widely used due to their high activity and
high hydrogen selectivity and being cheaper
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than noble metals. A lot of supports have been
suggested for Ni catalysts such as Al>Oz[4, 5],
MgO [25, 26], ZrO2 [1,9], CeO[13, 27-28],
La>O3- Al2O3 [29], CeMnO: [30] etc.; among
them Al2O3 support is widely used in the
ethanol steam reforming process because of its
low cost, high thermal and mechanical
stability, high surface area and porosity.

In the current study, Ni-Cu/Al,0s and NiO-
CuO-Al,O3 were prepared by simultaneous
impregnation and co-precipitation methods
and applied in ESR process. Catalysts with
various ratios of NiO/CuO and constant Al,O3
Wt.% were also synthesized and tested to
evaluate the effet of active phase loading on
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the conversion of ethanol and distribution of
products.

2. Experimental

2.1. Materials

In this paper, copper nitrate [Cu(NO3z).3H20,
Merck, 99.9%], nickel nitrate [Ni(NO3).6H20,
RANKEM, 98%], gamma alumina [y-Al20s3,
Laboratory, 99%], aluminum nitrate [Al
(NO3)3.9H,0, LOBA Chemie, 98%] have been
used as the precursors. Sodium carbonate [
Na,COs, LOBA Chemie, 99.9%] and poly
ethylene glycol [ PEG, LOBA Chemie, 99.9%]
were used as the precipitating agent and
surfactant material respectively.

2.2. Preparation of catalysts

The catalysts tested in this work were prepared
with the simultaneous impregnation and
differential co-precipitation methods. In the
impregnation method for the synthesis of
13Ni-6Cu/Al,03  sample, 0.65 gr of
Ni(NO3).6H.O was dissolved in 20 ml de-
ionized water, while 0.81 gr y-Al>Oz as support
was added to the aqueous solution. The slurry
was stirred for 1 hr, afterwards 0.23 gr of
Cu(NOs3)2.3H20 was added to the slurry (0.55
molar). Aging, the same procedure was
conducted for 4 hr in room temperature on the
stirrer. The sample was dried at 120°C over
night and was calcined at 500 °C for 2hr.

For the 13NiO-6Cu0O-45Al,03 catalyst the co-
precipitation method was applied. 100 ml of
the aqueous solution of NaCOs as the
precipitating agent was placed in one burette
and 300 ml of the aqueous solution containing
appropriate amounts of nickel nitrate, Copper
nitrate and aluminum nitrate was in another
burette. Afterwards, the solutions were added
dropwise into 100 ml of a 0.5%Wt. PEG
solution. the co-precipitation was performed
by keeping the pH at 6.5+0.1 and the

temperature at 80°C. The mixture remained
under these conditions for 5hr as the aging
time. Washing and filtration were conducted
with deionized water and absolute ethanol. The
obtained solid was dried in oven over night at
120 °C and calcined in air at 500°C with a
heating rate of 5 °C.min"* for 2 hr to obtain
nano-catalysts. The co-precipitation method
also was applied for the synthesis of other
NiO-CuO-Al,O3 catalysts with different active
phase loadings (NiO: 24, 31, 40, 47 and CuO:
31, 24,15, 8).

2.3. Characterization of catalysts

The thermogravimetric analysis (TGA) of
dried aluminum-nickel-copper nitrate was
carried out by the PL-STA-1640 Thermo-
gravimetric Analyzer in air. Air temperature
was increased from room temperature to
600°C with a rate of 5°C/min. The XRD
patterns were recorded on an X-ray
diffractometer (PAnalytical X Pert-Pro) using
a Cu-Ka monochromatized radiation source
and a Ni filter on the range of 26=20-80°. By
the scanning electron microscopy (SEM)
(EM2500), operating with a voltage of 25kV,
the morphology and active phase dispersion of
the fresh catalysts were observed.

2.4. Testing catalysts

The tests were carried out in the temperature
range of 350 to 550°C at atmospheric pressure,
in a fixed bed quartz reactor (8 mm inner
diameter), in order to supply the heat of the
reaction, the reactor was located in the middle
of an electrical heater. Gas flows (hydrogen
and argon) were controlled by MFC (mass
flow controller) and the liquid mixture
(ethanol-water) was fed through the syringe
pump (Japan, jp 500) model JMS. The
thermocouple recorded the temperature of the
catalysts bed. 400 mg of the catalyst with 40-
60 mesh was loaded in the reactor for all tests
and in order to better distribute the gases,
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above the loaded catalyst was filled with
quartz. The catalysts were reduced in situ
bythe mixture of 10ml/min of hydrogen and
20 ml/min of argon gas as carrier at 550°C for
3hr. The argon carrier gas was used for all
tests. The liquid solution with the
water/ethanol molar ratio of 6 was fed at the
gas hourly space velocity (GHSV) of 20000hr-

! Outlet gases passed through condenser and
liquid was separated from the outlet product
stream and gas products were analyzed by a
shimadzu-8A chromatograph, equipped with a
thermal conductivity detector, and a
carbosieve column was used to analyze outlet
gases. Reaction parameters were defined
according to the following equations:

F in— F
XEtOH (%) — EtOH,in EtOH,out X 100 (5)
FEtoH,in
Fn
Yy = Z—x 100 6
Hz FEtoH in (6)
S' L (%) — Fi,carbon— containing product (7)
i,carbon— containing product 1t (FEtor in— FEtOH out)
Si, Xeton and Yy, represent the carbon products doorn = — 224
z XRD ™ FwHM cos@ (8)

selectivity, ethanol conversion and hydrogen
yield, respectively. Fi, inor out IS the molar flow
rate of the specific species (i) at the inlet or
outlet of the reactor and n; is the stoichiometric
factor between the carbon-containing products
and ethanol.

3. Results and discussion

3.1. Characterization of catalysts

The XRD patterns of fresh 13Ni-6Cu/y-Al>O3
and NiO-CuO-Al,Os catalysts are presented in
figure 1 and figure 2. Fig.1 shows the XRD
patterns of 13Ni-6Cu/y-Al,O3 and 13NiO-
6CuO-81Al>03, while fig.2 shows the XRD
patterns of 24NiO-31Cu0O-45Al,03, 31NiO-
24Cu0-45Al,03, 40NiO-15Cu0-45Al,03 and
47NiO-8Cu0O-45Al,03 catalysts. The XRD
patterns of catalysts prepared by the co-
precipitation synthesis method presents an
amorphous structure with weak crystallinity,
although it is not easy to determine the
crystalline phases due to the low intensity of
peaks. The size of crystallites has been
determined by the X-ray broadening technique
employing the Scherer’s formula as:
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Where dygp is the crystalline size, 1 is the X-
ray wavelength (1.5406 A), FWHM is the full
width at the half maximum of the characteristic
peak of the sample and 0 is the diffraction
angle.

For the 13Ni-6Cu/y-Al,O3 sample, the peaks
related to CuO at 20=35.5, 38.7 and 48.6
(JCPDS card: 44-0706, 45-0937) were not
identified due to the overlap with the
diffraction peaks of NiO and Al>O3. The
diffraction peaks indicating the NiO phase
were observed at 20 = 37, 43, 63 (JCPDS card:
00-002-1216) and the eight diffraction peaks
indicating the Al2Os phase were observed at 20
=24.5, 35, 38, 43, 52.5, 57.5, 61, 68 (JCPDS
card: 01-077-2135). The average calculated
crystalline sizes for NiO and Al,O3 were 13.59
nm and 29 nm respectively. In fig.2 the
intensity of the peaks of NiAl,Os4 gradually
increased by increasing the molar ratio or NiO
content of NiO/CuO. The peaks related to CuO
also overlap the peaks of NiAl,O4 at 26=35.2
and 38.5.
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Figure 1. XRD patterns of 13Ni-6Cu/ y-AlOzand 13NiO-6CuO-81Al,O3 catalysts.
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Figure 2. XRD patterns of 24NiO-31Cu0-45Al,03; 31NiO-24Cu0-45Al,03; 40NiO-15Cu0-45A1,05 and
47NiO-8Cu0-45Al,03 catalysts.
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Figure 3. TGA analysis of the dried nickel-copper-aluminum nitrates sample.

The TGA curve of the dried nickel-copper-
aluminum precipitate (prepared by the co-
precipitation technique) is shown in figure 3.
The gradual weight loss of about 3% at the
temperatures lower than 200 °C is allocated to
the loss of the interlayer water. The main
weight loss of 28.36% at the temperatures of
from 200 °C to 475 °C is assigned to the
thermal decomposition of metal nitrates and
the formation of metal oxides.

The SEM images of fresh catalysts, at a 500
nm scale, are shown in figure 4. All catalysts,
prepared with the co-precipitation method,
indicate amorphous particles. As it can be
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seen, 13NiO-6Cu0O-81AI,0s and 31NiO-
24Cu0-45Al1,03 have inappropriate particle
size distributions with high agglomerations,
while  24NiO-31Cu0-45AI,03,  40NiO-
15Cu0-45Al1,0; and 47NiO-8Cu0-45Al,03
catalysts show better particle size distributions
and lesser agglomerations, that may lead to
higher surface areas and catalytic activities.

In the group of catalysts containing 45% of
Al>Oz, as it can be seen, smaller particles of
40NiO-15Cu0-45Al;03 and 47NiO-8CuO-
45A1,03 catalysts are obtained, in other words
the higher content of NiO leads to smaller
particles.
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Figure 4. SEM images of fresh co-precipitated catalysts at the a 500 nm scale: a) 13NiO-6Cu0-81Al,0s;
b) 24NiO-31Cu0-45Al,0s3; ¢) 31NiO-24Cu0-45Al,03; d) 40NiO-15Cu0-45Al,03; e) 47NiO-8CuO-
45A1,05.

3.2. Catalytic activity

3.2.1. Effect of catalyst synthesis methods
The effect of synthesis methods in the ESR
process on 13Ni-6Cu/y-Al,03 and 13NiO-
6Cu0O-81AI>03 samples has been evaluated.
The effect of synthesis method on the
conversion of ethanol, yield of hydrogen and
carbon-containing products selectivity are
presented in fig.5, fig.6 and fig.7 respectively.
At the temperature range of 350-550 °C, the
catalyst obtained with the co-precipitation
method showed lesser conversion of ethanol
and hydrogen yield than those of the catalysts
prepared with the impregnation synthesis

method. The impregnation synthesis method
showed better catalytic performance than co-
precipitation due to the higher availability of
active metals. Nickel and copper loadings are
appropriate for impregnated catalysts and
showed better conversion of ethanol and
hydrogen vyield than co-precipitated catalysts
did. By increasing the temperature from 350 to
550°C, the conversion of ethanol increased, a
conversion of 95% was obtained at 550°C
(Fig.5). Increasing the temperature of the
reaction from 350 to 550°C enhances the
production of hydrogen. The yield of hydrogen
reached the amount of 525 at 550°C (Fig.6).
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Figure 5. Effect of the synthesis method (13Ni-6Cu/ y-Al.0s, 13NiO-6Cu0-81Al;03) on the conversion of
ethanol.
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Figure 6. Effect of the synthesis method (13Ni-6Cu/ y-Al,O3, 13NiO-6Cu0-81Al,0;3) on the yield of
hydrogen.
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Figure 7. Effect of the synthesis method (13Ni-6Cu/ y-Al,O3, 13NiO-6Cu0-81Al,03) on the (a) CH4
selectivity; (b) CO selectivity; (c) CO- selectivity.

The decrease in the CHs selectivity (see
fig.7a), showed that the steam reforming of
methane (reaction (4)) was significant for the
impregnated catalyst. As the result of the WGS
reaction (reaction (3)), the CO: selectivity
increased (Fig.7c) for both the impregnated
and co-precipitated catalysts. The CO
selectivity decreased for the co-precipitated
catalysts at all temperatures, while for the
impregnated catalysts a decrease was observed
at the temperatures below 450 °C and
afterwards the CO selectivity increased, see
Fig.7b. This dual behavior of CO selectivity
could be related to the water gas shift reaction
at lower temperatures and simultaneous
reverse water gas shift reaction and methane

steam reforming at higher temperatures, beside
the main reactions.

The lower levels of active phases and higher
contents of alumina lead to not enough active
sites being available for reforming ethanol and
promote water gas shift reactions. For further
studies we chose to increase the content of
active species.

3.2.2. Effect of the NiO/CuO ratio on NiO —
CuO - 45 Al2O3 catalysts

In previous section (3.2.1), 13NiO-6CuO-
81Al,03 catalysts were studied and for
improving the performance of these catalysts,
in this section the amount of the alumina
loading is reduced and the number of active
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phases of nickel and copper are enhanced. In
order to investigate the effect of the variation
of NiO/CuO, the molar ratio of the alumina
loading is kept constant. 24NiO-31CuO-
45A1,03, 31NiO-24Cu0-45Al1,03, 40NiO-
15Cu0-45AI1,03 and 47NiO-8Cu0-45Al,03
catalysts with the NiO/CuO molar ratios of
0.77, 1.29, 2.67 and 5.88 were tested. The
effects of changing the NiO/CuO molar ratio
on the ethanol conversion rate, hydrogen yield
and selectivity of carbon-containing products
are shown in figs.8, 9 & 10 respectively.
Reactions were conducted at the temperature
range of 350°C to 550 °C. The conversion
trend for ethanol is almost the same as for
24Ni0O-31Cu0-45Al,03, 31NiO-24Cu0O-
45A1,03, 40NiO-15Cu0-45Al1,0; catalysts.
The conversion of ethanol increased by
increasing the temperature from 350°C to
470°C, after 470°C the ethanol conversion
trend is completely reversed. By increasing the
temperature from 470 °C to 550 °C, the
conversion of ethanol decreased which can be

related to the catalyst sintering at high
temperatures and consequently the decrease of
surface. For the 47NiO-8Cu0-45Al,03 sample
at low temperatures (350-400°C) the
conversion of ethanol is completely due to the
high content of Ni active metal and then by
increasing temperature (higher than 400 °C),
the conversion of ethanol decreased to 84% at
550°C, which is also related to the sintering of
NiO species. The more conversions of ethanol
for the 40NiO-15Cu0-45 Al,Os catalyst could
be related to smaller particle sizes, as it has
been shown in SEM images. Fig.9 shows the
hydrogen yield for this group of catalysts and
the trend was the same for all of them, the
hydrogen yield increased by increasing the
temperature, due to the favorable
thermodynamic conditions for the reforming
reactions of ethanol and methane steam
(egs.2,4). The reforming reactions ESR and
methane steam are promoted at higher
temperatures.

100 4
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T
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Figure 8. Effect of the variation of NiO/CuO molar ratio at the constant alumina loading on the conversion
of ethanol.
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Figure 9. Effect of the variation of NiO/CuO molar ratio at the constant alumina loading on the yield of
hydrogen.

Fig.10 shows the carbon-containing products
selectivity for catalysts with 45% of the Al>Os
loading. As the result of increasing the
temperature from 350 to 550 °C, the steam
reforming of the reaction of methane was
promoted leading to increasing the selectivity
of CO and decreasing the selectivity of CHa,
see Figl0a. CO is also converted to CO2 by the
WGS reaction. As it can be seen in Figs.10b

& c, by increasing the temperature, both CO
and CO; selectivities increased.

For the platinum catalyst used in fuel cells,
carbon monoxide is considered as a poison and
should be reduced to an acceptable level before
being fed to the fuel cell. In the presented
group of catalysts, in the temperature range of
350 to 470°C, the CO selectivity is very low
and the produced H is suitable for being used
in fuel cells.

61



Irankhah et al. / Iranian Journal of Chemical Engineering, Vol. 21, No. 1, 51-65, (2024)

350 400

450 500

Sc0,(%)

~a—24Ni0 31Cu0 45A1,03(24/31)
~a—3INIO 24Cu0 45A1,03(31/24)
—a— 4ONIO 15Cu0 45A1,03(40/15)
| =+=47Ni0 8Cu0 45A1,03(47/8)

SCO(‘%)

Sci (%)

20

(a)

350 400

T

450
T(’C)

n
n
=

500

Figure 10. Effect of the variation of NiO/CuO molar ratio at the constant alumina loading on the (a) CH.
selectivity; (b) CO selectivity; (c) CO- selectivity.

4.

Conclusion

Ni-Cu-Al catalysts were synthesized by
simultaneous impregnation and differential co-
precipitation  methods.  Catalysts  were
evaluated in ethanol steam reforming with the
steam to ethanol molar ratio of 6:1. The effects
of the synthesis method and variation of
NiO/CuO molar ratio on the co-precipitation
synthesis technique were evaluated in the
temperatre range of from 350 to 550 °C. In the
evaluation of the synthesis method, the
impregnated catalyst showed better catalytic
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activity due to the higher availability of active
species. The impregnated catalyst showed
higher degrees of crystallinity in comparison
to the amorphous co-precipitated catalyst. In
the co- precipitation method, the catalysts with
high contents of active species (especially Ni)
were more active than the catalysts with low
contents of active species. The catalysts with
high contents of NiO-CuO also presented
lower CO selectivities and high Hz yields in the
temperature range of 350-470°C. the presence
of the NiAIl>,O4 phase was detected by the XRD



Irankhah et al. / Iranian Journal of Chemical Engineering, Vol. 21, No. 1, 51-65, (2024)

analysis in all catalysts prepared by the co-
precipitation technique. The hardly reducible
NiAl.O4 phase was the main reason of the
lower catalytic activity of catalysts containing
lower contents of NiO. Among the co-
precipitated catalysts 40NiO-15Cu0O-45Al,03
with the smallest particle size showed the
highest conversion of ethanol and great H»
yield at 470°C. The decrease of the conversion
of ethanol in co-precipitated catalysts at 550°C
was related to the sintering of NiO species at
high temperatures.

Symbols and abbreviations

Symbol/ Description

Abbreviation

dxrp Crystalline size

ESR Ethanol Steam Reforming

Fi, in or out Molar flow rate of species (i)
in inlet or outlet

FWHM Full width at half maximum
of the characteristic peak

GC Gas Chromatograph

GHSV Gas Hourly Space Velocity

A X-ray wavelength

MFC Mass Flow Controller

ni stoichiometric factor
between the carbon-
containing products and
ethanol

PEG Polyethylene glycol

Si Products selectivity

S/E Steam to Ethanol molar ratio

SEM Scanning Electron
Microscopy

0 The diffraction angle

TGA Thermo Gravimetric
Analysis

WGS Water-Gas Shift

XEtoH Ethanol conversion

XRD X-Ray Diffraction

YH2 Hydrogen yield
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