i@ Journal of Ecological Engineering

Received: 2022.03.14
Accepted: 2022.04.12
Published: 2022.04.20

Journal of Ecological Engineering 2022, 23(6), 58-66
https://doi.org/10.12911/22998993/147836
ISSN 2299-8993, License CC-BY 4.0

Cerium-Promoted Nickel /Alumina Catalyst for Producer Gas
Reforming and Tar Conversion

Salah H. Aljbour™, Katsuya Kawamoto?

! Chemical Engineering Department, Mutah University, 61710 Al-Karak, Jordan
2 School of Environmental and Life Science, Okayama University, 3-1-1 Tsushima-naka, Okayama, 700-8530, Japan
* Corresponding author’s e-mail: saljbour@mutah.edu.jo

ABSTRACT

The catalytic conversion of a model tar compound, namely: naphthalene contained in a simulated producer gas
from wood gasification process was investigated. The sol-gel approach was used to create a mesoporous Ce-
promoted Ni/alumina catalyst with high surface area. A surface area of 333 m?/g was achieved by calcination of
the mesoporous catalyst (17 wt% Ni and 2.8 wt% Ce) under air conditions at 1123 K. The catalysts were character-
ized using the N, adsorption-desorption, XRD, and SEM techniques, and their promotion effect on producer gas
reforming and tar removal was studied under dry, steam, and partial oxidation conditions. The Ni-based catalysts
effectively converted naphthalene and increased the proportion of H, and CO in the reformed gas. Incorporating Ce
into the catalyst increased the proportion of H, and CO in the reformed gas, while lowering the amount of CH, and
CO,. In the absence of oxygen, catalytic reforming of the producer gas resulted in 79.6% naphthalene conversion,

whereas catalytic partial oxidation conditions resulted in 99.1% naphthalene conversion.
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INTRODUCTION

Biomass gasification has been identified
as a promising strategy for producing renew-
able energy. It is regarded as one of the most
effective technologies for replacing fossil fuels
[Situmorang et al., 2020]. Gasification of bio-
mass is a thermochemical process that converts
biomass into synthesis gas. This can be accom-
plished by using gasifying agents such as air,
oxygen and/or steam [Moilanen et al., 2009].
The conversion of biomass fuel gas to syngas
is a critical step in the exploitation of biomass
since syngas serves as a building block for
various chemicals, such as methanol, dimethyl
ether, and higher hydrocarbons via the Fischer-
Tropsch process [Wang et al., 2008].

One of the promising routes for hydrogen
production is biomass gasification; such a fuel
is regarded as a clean energy carrier [Cao et al.,
2020]. In addition, gasification offers the intrin-
sic flexibility of being able to process a variety
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of feedstocks from industry and agriculture
[Yassin et al., 2009], contributing to a cleaner
environment.

Nevertheless, the production of tar and par-
ticulates is a major issue associated with biomass
gasification. The presence of such contaminants
in the producer gas causes the technical issues
with downstream process equipment such as gas
engines and turbines [Aljbour and Kawamoto,
2013a; Aljbour and Kawamoto, 2013b]. Engine
or turbine applications necessitate the use of a
low-tar producer gas.

One problem of typical gasification systems
is the high temperature operation required to re-
duce the activation energy of the complicated
gasification and reforming reactions. Certainly,
the application of catalysts can lower the oper-
ating temperature. Extensive research has been
published on the design and use of catalysts for
biomass-derived gas reforming and tar destruc-
tion. Catalyst use downstream of the gasification
zone may aid in gas reforming and tar destruction
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[Yu et al., 2021; Narnaware and Panwar, 2021;
Galadima et al., 2022]. Nickel-containing cata-
lysts have piqued the interest of numerous re-
searchers due to their inexpensive cost and wide
range of industrial uses in the petrochemical in-
dustry [Wu et al., 2021].

At high reaction temperatures, Ni-based cat-
alysts are effective for cleavage of the C-H, C-C,
and O-H bonds of biomass-derived oxygenated
compounds to form the producer gas [Micheli et
al., 2017]. Supported nickel catalysts, in partic-
ular, are cost-effective and efficient for produc-
ing H, and CH, from various biomass sources.
As they catalyze the methane steam/dry reform-
ing and the water-gas-shift processes, supported
nickel catalysts give improved gasification ef-
ficiency and hydrogen yields. Because of their
fluidizability, large surface areas, and ease of
forming into pellets, alumina is the most of-
ten utilized mesoporous support for Ni-based
catalysts [Enriquez et al., 2022]. Unfortunate-
ly, sintering and/or coke deposition frequently
deactivate Ni catalysts [Bulushev and Ross,
2011]. Incorporating certain promoters such as
oxides of rare earth metals into nickel catalysts
improved the catalyst resistance to coking and
sintering. Cheng et al. [Cheng et al., 1996] have
reported that promoters such as lanthanide ox-
ides could exert a promotion effect on the initial
activity of CO, reforming of methane over Ni/
AL O, catalysts. Borowiecki et al. [Borowiecki
et al., 1998] have shown that the addition of
small amount of cerium into a Ni catalyst has a
favorable influence on the nickel dispersion and
its resistance for sintering. Wang and Lu [Wang
and Lu, 2000] have noticed higher catalytic
stability and suppression of carbon deposition
during CO, reforming of methane when using
La,0, or CeO,-promoted Ni/y-Al,O, catalysts.
Natesakhawat et al. [Natesakhawat et al., 2005]
have reported an improvement in both catalytic
stability and activity of ytterbium- and cerium-
promoted Ni-based catalysts during steam re-
forming of propane.

The present study investigated the use of
cerium-promoted nickel/alumina catalyst for
simultaneous producer gas reforming and tar
removal. The prepared catalysts were character-
ized and their promotion effect on producer gas
reforming as well as tar removal was examined
under dry reforming, steam reforming and par-
tial oxidation conditions.

EXPERIMENTAL

Catalyst preparation and characterization

The catalysts were prepared by sol-gel proce-
dures. Ni(NO,),.6H,0 and Ce(NO,),.6H,O were
used for the nickel and cerium precursors. Alumi-
num tri-sec butoxide (ATB) was used as an alumi-
num precursor. The preparation procedure began
by gradual addition of ATB in ethanol while be-
ing stirred vigorously. The resulting ATB-ethanol
mixture was heated to a temperature of 353 K.
Pre-dissolved nickel and cerium precursor in a
required amount of DI water and ethanol were
added to the ATB-ethanol mixture under vigor-
ous stirring at a flow rate of 0.5 ml/min by means
of a syringe pump. The amount of water used
was equivalent to twice the moles of ATB being
used and one additional mol of water per liter of
ethanol being used. The total amount of ethanol
used was fixed at 400 ml. After the addition of
the nickel and cerium solution, the resulting gel
was stirred for another 2 hr at 358 K to evaporate
the remaining alcohol then dried overnight in an
oven at 353 K. Calcination of the dried catalysts
were carried out under air conditions at 1123 K
for 5 hours. Reduction of catalysts was done at
elevated temperature with an H, stream diluted
with N, (200 ml/min, 10 vol% H,) for 3 hrs.

The BET surface area of calcinated catalysts
were measured by N, adsorption-desorption at
77 K (Quadrasorb USA). Prior to measurements,
the samples were degassed under vacuum at 573 K
for 8 hrs.

The X-ray diffraction (XRD) patterns were
obtained by using a powder X-ray diffractometer
(Bruker AXS D8 Advance) with graphite mono-
chromatized Cu-Ka radiation at 40 kV and 40 mA.

A scanning electron microscope (SEM) was
used to examine the morphology of the catalysts
(OXFORD instruments).

Experimental setup

Figure 1 shows a schematic drawing of the
experimental setup. Catalytic reforming of the
producer gas and tar decomposition experiments
were carried out in a tubular stainless steel reactor
(12 mm ID). A split-type tube furnace was used
to heat the reactor from the outside. The catalyst
was loaded into the middle of reactor at wool-
made bed. A PID controller was used to control
the temperature of the catalyst bed.
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Figure 1. Experimental setup

A simulated producer gas was used in the exper-
imentation. The producer gas comprised a mixture
of gases, namely: H,, CO, CO,, CH,, O,, and N..
Naphthalene was chosen as a model tar compound
because it is one of the most stable tars and hence
one of the most difficult to remove. A typical naph-
thalene concentration in a producer gas from a wood
gasification process was employed in this investiga-
tion, with an input naphthalene concentration of 1
g/Nm’. To create naphthalene vapor, a naphthalene
saturator heated by a mantle heater was employed.

A nitrogen stream was used to sweep the naph-
thalene vapor, which was then mixed with the simu-
lated producer gas stream. To obtain the appropriate
producer gas and tar composition, the resultant gas
stream was diluted with another nitrogen stream. A
syringe pump was used to add water to the producer
gas stream. The resultant gaseous stream was pre-
heated to 653 K to avoid condensation in the tubes.

Prior to analysis, the tar and moisture are re-
moved from the reformed gas stream. TEDLAR
sampling bags are used to collect samples of the
reformed gas from the downstream line on a regu-
lar basis. The tar-free gas is analyzed by using two
micro-GC 3000 (Agilent Technologies). The gas
instrumental analysis system is described in detail
elsewhere [Aljbour and Kawamoto, 2013a].
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The Solid Phase Adsorption (SPA) technique
is used to sample naphthalene [Brage et al., 1997].
SPA columns having a size of 3 ml were used
(SampliQ Amino, Agilent Technologies). Using a
gas sampling pump (GSP-250FT, GASTEC Co.,
Yamato), 100 ml of the gas was collected from the
sampling port at a rate of 50 ml/min. Elution with
2 ml dichloroethane under positive pressure from a
syringe recovered the trapped tar from the SPA col-
umn. Quantitative analysis on the collected solu-
tion was carried out via a GC/MS (Shimadzu Co.).

RESULTS AND DISCUSSION

Catalyst characterization

The catalysts with different Ni and Ce load-
ings were prepared by sol-gel techniques. The
Ni and Ce loadings in the catalysts are reported
based on the initial amounts of Ni and Ce utilized
in the preparation of the catalyst. The nitrogen
adsorption—desorption isotherms of the produced
catalysts are shown in Figure 2.

Although Ni and Ce were loaded on the sup-
port, all of the catalysts displayed type IV hyster-
esis loop isotherms, showing that the mesoporous
texture could be preserved to a great extent.



Journal of Ecological Engineering 2022, 23(6), 58—-66

Ammount adserbed (cc/g)

Q.00

0.10

0.20

030 040 030

060 070 08D

Relative Pressure (P/Po)

0en 100

Figure 2. Nitrogen adsorption and desorption isotherms of Ni-Ce/Alumina catalysts

Table 1. The physical properties of catalysts

Catalyst ID Ni wt% Ce wt% BET (m2/g) Pore size (A°)
Cat-l 20 0 159 75
Cat-ll 17 2.8 333 66
Cat-lll 18 6 141 44

The BET surface area and the average pore
diameter of catalysts are shown in Table 1.

The inclusion of Ni and Ce obviously in-
creased the surface area of catalyst. This might
be owing to the adoption of the sol-gel process
in catalyst synthesis, which results in a uniform
distribution of metal in the support matrix. The
active metal precursors are also likely to have
induced surface roughening on the alumina sup-
port [Guggilla et al., 2010]. However, when the
Ce loading was excessively increased, the BET
surface area and pore volume both decreased.

This might be ascribed to an interaction between
the active phase precursor and the surface groups
of the support. A surface response like this might
have reduced the accessible surface area of the
substrate, most likely by closing the pores.

In Figure 3, the XRD patterns of the catalysts
are compared. The XRD patterns of both cata-
lysts were identical. NiAl,O, and NiO are poten-
tial crystalline phases in both catalysts. Cerium-
related crystalline phases could not be confirmed
based on the XRD pattern of Cat-II. It is possi-
ble that the Ce is well-distributed or exists as a
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Figure 3. XRD patterns of the catalysts
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Figure 4. SEM images of the fresh catalysts

two-dimensional overplayed on the Ni aluminum
oxide layer that is undetected by XRD [Nate-
sakhawat et al., 2005].

SEM was used to examine the surface mor-
phologies of the produced catalysts. The images of
Cat-I and Cat-II were enlarged 500 times each. The
bright areas of the SEM images, as seen in Figure 4,
represented the metal surfaces of the catalysts.

The catalysts were made up of grains of vary-
ing shapes and sizes. However, in Figure 4, the
grain size was lower in the SEM images of Cat-II
compared to Cat-I. In the presence of Ce promoter,
it is suggested that nickel particles combined with
the promoter be spread finely over the support
surface without agglomeration.

Catalytic reforming of the producer gas

The performance of the prepared catalysts has
been examined under producer gas steam reform-
ing conditions. Table 2 shows the reformed pro-
ducer gas composition and naphthalene conver-
sion when using the three catalysts.

The results indicate clearly the promotion
effect of the catalysts in producer gas reform-
ing and naphthalene conversion. The Ni-based
catalysts achieved almost complete conversion of

naphthalene and increased the proportion of H,
and CO in the reformed gas.

Incorporating Ce within the catalyst enhanced
the proportion of H, and CO and reduced the con-
tent of CH, and CO, in the reformed gas as a re-
sult of CO, reforming:

CH4 + COp — 2CO + 2H> (1)

The methane gas could be also consumed via
steam reforming;:

CH4+Hy O — CO + 3H> )

The methane gas could be also consumed via
partial oxidation:

CHy + %05 — 2CO + 2H, 3)

The actively and stability of the prepared sol-
gel catalysts were examined by monitoring the
CH, conversion as a function of time (Figure 5).

An inspection of Figure 5 shows that the
sol-gel prepared catalysts showed high activity
toward CH, conversion. The maximum CH, con-
versions were 89, 98 and 99% when using Cat-
I, Cat-II and Cat-III respectively. However, the
catalysts exhibited a decline in activity with time
on stream. Cat-I rapidly indicated a decline in the
catalytic activity, while Cat-II and Cat-1I could

Table 2. Producer gas composition and naphthalene conversion under catalytic steam reforming condition (steam-

to-gas volume ratio = 0.06, temperature = 750 °C)

Compund/Element Feed Cat-l Cat-ll Cat-ll

H, (vol %) 15.9 16 21 17

CO (vol %) 9.5 14.6 12.2 11.8

CO, (vol %) 4.8 3.2 3.8 3.7

CH, (vol %) 1.3 0.3 0.05 0.17

O, (vol %) 0.6 0.3 0.13 0.1

N, (vol %) Balance

H,/CO (-) - 1.1 1.7 1.4

Naphthalene conversion (%) - 99.1 99.8 99.3
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Figure 5. Profile of CH, conversion under catalytic steam reforming conditions
(steam-to-gas volume ratio = 0.06, temperature = 750 °C)

maintain longer catalytic activity as a result of the
presence of Ce within the matrix of the catalyst.

Figure 6 shows the CH, conversion as a func-
tion of time when using fresh and regenerated
Cat-I under steam reforming condition.

Catalyst regeneration was conducted by
burning off the catalyst at a temperature of 750°C
under oxygen flow. The results shown in Figure 6
indicate that burning off the catalyst could main-
tain the initial activity of the catalyst and confirm
that catalyst deactivation was caused by coke
formation. Coke is typically formed during the
cracking of methane, the Boudouard reaction,
and the reduction of CO to carbon, as follows
[Arman et al., 2020]:

As indicated by Eq. (7) and Eq. (8), naphtha-
lene may be reformed on a catalyst surface with
either steam or carbon dioxide, or both, yielding
more H, and CO [Buchireddy et al., 2010].

CioHg+ 10H; 0 — 10CO + 14H,  (7)

®)

In addition, the naphthalene conversion
could be further enhanced by partial oxidation.
Table 3 compares the producer gas reforming
in the absence and presence of oxygen in the
producer gas.

Catalytic reforming of the producer gas in the
absence of oxygen has promoted 79.6% naphtha-
lene conversion. The presence of oxygen is es-

Cq1oHg + 10C0O, — 20CO + 4H>

CH4 — C+ 2H; “) sential for complete naphthalene conversion via
2C0 — C + CO> (5)  partial oxidation. Wang et al. [Wang et al., 2008]
investigated the partial oxidation reforming of
CO +3H; — C+ Hz0 (6) biomass fuel gas using naphthalene as a model tar
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Figure 6. CH, conversion as a function of time when using fresh and regenerated Cat-1 under
steam reforming condition (steam-to-gas volume ratio = 0.06, temperature = 750 °C)
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Table 3. Producer gas composition and naphthalene conversion under catalytic reforming condition (steam-to-gas

volume ratio = 0.06, temperature = 750 °C, Cat-II)

Compound/Element Feed 1 Reformed gas 1 Feed 2 Reformed gas 2
H, (vol %) 15.9 21 15.9 21
CO (vol %) 9.5 12.2 9.5 14
CO, (vol %) 4.8 3.8 4.8 1
CH, (vol %) 1.3 0.05 1.3 0.16
O, (vol %) 0.6 0.13 0 0
N, (vol %) Balance
Naphthalene conversion (%) - | 99.1 | - | 79.6

compound over a nickel-based monolithic cata-
lyst. According to the researchers, the addition of
O, can effectively prevent the formation of coke
and enhance tar conversion.

Figure 7 shows the maximum CH, conversion
as a function of the initial CH, concentration in
the producer gas.

The catalytic conversion of methane is af-
fected by the initial concentration of CH, in the
producer gas. High conversion of CH, could be
achieved under smaller initial concentrations.

100

SEM was again used to examine the surface
morphologies of the used catalysts. The images of
spent Cat-I1 and Cat-II were compared under 500
image magnifications (Figure 8).

The catalysts were made up of various
shaped and sized grains. When comparing
spent Cat-II to fresh Cat-II, the grain size
was higher in the SEM image of spent Cat-
II. Catalyst grains agglomerated as a result of
high temperature operation and longer time on
stream operation.

CH, conversion (%)
L
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Figure 7. Maximum CH, conversion as a function of the initial CH, concentration
in the producer gas (dry reforming, temperature = 750 °C, Cat-II)
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CONCLUSIONS

A mesoporous Ce-promoted Ni/alumina cat-
alyst with a large surface area was successfully
prepared by using the sol-gel method. The mes-
oporous catalyst containing 17 wt% Ni and 2.8
wt% Ce, and obtained through calcination at air
conditions at 1123 K had a surface area of 333
m?*g. The produced catalysts were characterized,
and their promotion effect on producer gas re-
forming and tar removal was investigated under
dry, steam, and partial oxidation conditions.

The Ni-based catalysts converted naphtha-
lene almost completely and enhanced the amount
of H, and CO in the reformed gas. Incorporating
Ce into the catalyst increased the fraction of H,
and CO while decreasing the quantity of CH, and
CO, in the reformed gas.

Catalytic reforming of the producer gas
in the absence of oxygen resulted in 79.6%
naphthalene conversion, whereas the catalytic
partial oxidation conditions resulted in 99.1%
naphthalene conversion.
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