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ABSTRACT: The objective of this study was to develop
nanosized CaO, MgO, and NiO catalysts for tar removal in
biomass gasification, significantly enhancing the quality of the
produced gases. Catalysts were tested in a fixed-bed reactor for
biomass tar steam reforming. Toluene was chosen as a model
syngas tar compound. For this purpose, pure Ca(OH),,
Mg(OH),, and Ni(OH), precursors were successfully
synthesized via a facile solvothermal method. Subsequent
calcination of the metal hydroxide precursor at 450 °C resulted
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in nanosized CaO, MgO, and NiO. Different analytical techniques such as XRD, TEM, SEM, and BET were used to characterize
the synthesized nanomaterials. Bulk NiO, CaO, and MgO nanomaterials and a physical mixture of CaO/MgO/NiO (equal NiO/
CaO/MgO ratio) were used as catalysts for the steam gasification of toluene. Research showed higher toluene conversions, which
resulted in increases in H, yield as well as CO and CO, selectivity. Mixed metal oxide CaO/MgO/NiO catalyst exhibited higher
performance on toluene conversion, resulting in higher H, yield and CO, selectivity.
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B INTRODUCTION

In the 21 century, biomass is perceived as an attractive source
of biofuels and chemicals.'® Thermochemical gasification of
biomass is one of the promising routes of using this abundantly
available and highly diverse renewable energy source.” The raw
gasification product gas contains CO, CO,, H,, CH,, H,0, and
N, as main constituents. However, in addition to these main
gas components, the gas contains organic and inorganic
impurities and particulates.””Therefore, the removal of organic
(light hydrocarbons and tar) and inorganic (nitrogen-, sulfur-,
and chlorine-containing contaminants, i.e, NH;, HCN, H,S,
HCl, and alkali metal) impurities from the syngas is
required.* ** In this study, tar is the primary focus. Tar is a
complex mixture of condensable hydrocarbons, which includes
single-ring to polycyclic aromatic hydrocarbons (PAHs)
compounds along with other oxygen-containing hydrocarbons
and complex.'" Tars can present a number of process
challenges, including coking of catalysts and condensation on
downstream piping, filters, and other equipment.'®> The cost of
tar removal can be as much as the overall process cost to
produce the biofuel."*

Gas cleaning and conditioning are currently among the major
areas of study in the field of biomass gasification. The main
techniques involved in gas cleaning are physical, mechanical,
granular beds, catalytic, and thermal cracking methods. The hot
gas cleanup is a more preferable technology because energy loss
is minimized by avoiding cooling of raw product gas.”'
Catalytic tar removal has received much attention because tars
can be cracked or reformed into gaseous components,
increasing the overall efficiency of the gasification process.
Many types of heterogeneous catalysts have been studied
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intensively as alternative catalysts for tar elimination, for
example, olivine, clay minerals, ferrous metal oxides, char,
zeolites, alkaline, alkaline earth, activated alumina, and
transition-metal-based catalysts, particularly nickel (Ni).''~"?
The most widely researched catalysts have been dolomites,
alkali metals, and nickel. Ngamcharussrivichai et al. claimed that
a natural Ca—Mg mixed carbonate termed “dolomite” was the
source material appropriate to the preparation of the active
CaMgO catalyst.'>'® Dolomite, which has low toxicity, is a very
abundant material in the world. Comprising alternating layers
of Mg(CO;)—Ca(COs;), natural sources may also contain Ca-
rich phases of magnesium calcite (Mg,Ca,_,CO;). Upon the
calcination of dolomite, MgO grows on the surface of
MgCa(CO0,),, which is progressively transformed into CaCO4
followed by the decomposition of calcite to CaO.® The catalytic
performance of dolomite in tar cracking is directly proportional
to the number of surface base sites.'> Several approaches for tar
reduction have been reported.''™* A major part of ongoing
research deals with the development of efficient methods for tar
removal in an economical and optimized way. Ni/olivine, Ni/
dolomite, and Ni/AlL,O; have been applied extensively for
biomass gasification tar conversion because nickel-based
catalysts are very active for tar abatement.'*'” Because of
their catalytic properties, NiO particles have attracted much
attention for their catalytic properties. In recent years,
nanomaterials have attracted extensive attention for their
unique properties in various fields in comparison with their
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Figure 1. Schematic diagram of the experimental apparatus (fixed-bed reactor).

bulk counterparts.'® Nanosized NiO particles can be loaded on
the surface of distinct carriers (such as dolomite and olivine) to
prepare the supported catalyst."*'” Unfortunately, not all of the
aforementioned catalysts have been extensively studied. There-
fore, it is necessary to identify effective catalysts with high tar
conversion and resistance to coke deactivation.

Recently, Rownaghi et al."”™>' successfully synthesized
vanadium oxide nanocrystallines through a very simple
solvothermal technique. Further studies demonstrated that
the structure, crystallite size, and surface morphology of the
obtained nanocrystals can be controlled by this method."*~>!
The objective of this study was to develop a novel and low-cost
method to synthesis nanosized MgO, CaO, and NiO catalysts
to break down toluene, a model tar compound for tar removal
in biomass gasification.

All nanocrystalline from the calcination of thus-prepared
Mg(OH),, Ca(OH),, and Ni(OH), precursors were also
investigated by a series of characterization techniques. We
found the obtained MgO, CaO, and NiO did show a high
surface area feature. Following that, catalytic activities of the
prepared catalysts were evaluated for elimination of toluene as
the tar model compound in a bench-scale fixed-bed reactor by
using the bulk of CaO, MgO, and NiO catalysts and mixed
metal oxide with equal Ca/Mg/Ni atomic ratio.

B EXPERIMENTAL SECTION

Catalyst Preparation. Ca(OH),, Mg(OH),, and Ni(OH),
precursors were prepared by the solvothermal method using
Ca(NO;),"6H,0, Mg(NO,),-6H,0, and Ni(NO;),-6H,0 as metal
sources and methanol—toluene as the reactants. All reagents were
analytical-grade pure (Sigma-Aldrich). In a solvothermal procedure,
0.08 mol of the hydroxide gel solution was transferred into a Teflon-
lined autoclave of 125 mL capacity. Then the autoclave was filled with
aqueous ammonia solution up to 2/3 of the total volume. The
autoclave was sealed and placed in an oven and maintained at 180 °C
for 24 h. After cooling the autoclave to room temperature naturally,
the Ca(OH),, Mg(OH),, and Ni(OH), precursors were purified by
repeated centrifugation (2700 rpm for 30 min) followed by
redispersion in distilled water for four times in total. The purified
product was dried in a vacuum at 60 °C for 16 h. At this stage of
preparation, the sample was mostly in the hydroxide form. All metal
precursors were subsequently calcined in air in a muffle furnace using a
programmed temperature profile. The temperature was increased very
slowly (2 °C/min) to avoid the sudden collapse of the structure. When
the samples reached an ambient temperature of 250 °C, this condition
was held for 2 h. The process was then continued to 350 °C and held

81

for 2 h, and finally increased to 450 °C and held at this temperature for
4 h.

Catalyst Characterizations. X-ray powder diffraction (XRD)
patterns were recorded using a Siemens model D 5000 diffractometer
operating in Bragg—Brentano geometry. Adsorption/desorption
isotherms were recorded using a Micromeritics ASAP 2010 instrument
with nitrogen as adsorptive at —196 °C; the surface area was calculated
according to the Brunauer—Emmett—Teller (BET) equation. Crystal
size and shape surface analyses of nanoparticles were obtained by using
the TEM (JEOL JEM-2100) and field-emission scanning electron
microscope (FEI Magellan 400L instrument), respectively. The CO,-
TPD (TPD = temperature-programmed desorption) was performed to
determine the basicity of MgO, CaO, and NiO catalysts using a
ThermoFinnigan TPD/R/O 1100 Series instrument. Before adsorp-
tion, the sample was pretreated in He for 1 h (flow rate 50 cm®/min)
at the 450 °C at which MgO, CaO, and NiO were calcined. Then it
was cooled to 100 °C and subsequently adsorbed by CO, for 1 h. The
temperature-programmed desorption was carried out at a constant rate
of 10 °C/min from ambient to 1000 °C.

Catalytic Test. NiO, CaO, MgO, and a physical mixture of NiO +
CaO + MgO (equal NiO/ CaO/MgO ratio) were used as catalysts for
the steam gasification of toluene. Toluene was chosen as the model tar
compound because it is one of the representative hydrocarbon
compounds of the third group of the tar classification."® In addition, it
is also a stable aromatic formed with a high-temperature gasification
process. A schematic of the experimental setup is shown in Figure 1.
The steam reforming of toluene was performed in a fixed-bed quartz
reactor (inner diameter 10 mm) placed in a furnace in which the
temperature is monitored. Water and toluene were introduced by
syringe pumps into a vaporization furnace (250 °C) and then were
transferred to the reactor by a flow containing a mixture of argon
(carrier gas) and nitrogen (internal standard). The catalyst bed (500
mg) was supported by quartz wool, and a total flow of 3 L h™" (gas
hourly space velocity = 7500 h™") passes through it. The toluene
concentration was fixed at 30 g N m™ (0.8 vol % in the feed) in order
to perform catalytic tests in more severe conditions in a biomass
gasifier (up to 10 g N m™>). The water concentration was fixed at the
stoichiometric conditions (H,O/C,Hg = 14/1). Toluene steam
reforming has been performed in the presence of other gases (H,,
CO, CO,, and CH,) in concentrations similar to those measured in a
biomass fluidized bed gasifier: 35 vol % of hydrogen, 30 vol % of
carbon monoxide, 20 vol % of carbon dioxide, 12 vol % of methane,
and 3 vol % of toluene (dry composition).m’22 A set of two traps
located at the reactor outlet was used to recover the nonconverted
toluene fraction and/or heavy organic compounds in order to prevent
condensation in the analysis lines. The gaseous effluent produced was
analyzed continuously by gas chromatographs (Varian Instruments)
equipped by flame-ionization detectors (FIDs) and thermal con-
ductivity detectors (TCDs).
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B RESULTS AND DISCUSSION

Catalyst Characterization. Single-crystalline CaO, MgO,
and NiO were obtained through a calcination of Ca(OH),,
Mg(OH),, and Ni(OH), precursors, respectively. All pre-
cursors were produced isothermally by solvothermal processing
at 170 °C. The XRD patterns of the products obtained after the
precursors were calcined at 450 °C for 4 h are shown in Figure
2. As shown, the Bragg reflections are broad (Figure 2a),
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Figure 2. XRD patterns of pure CaO, MgO, and NiO.

indicating that NiO has a small size. No peaks from impurities
are observed, indicating that the products were contained in the
pure phase. All of the diffraction peaks in Figure 2a, not only
the peak positions appearing at 26 = 37.3, 43.3, and 62.9 but
also their lattice parameters, were consistent with those of the
standard spectrum of the pure, cubic NiO.>*** It was shown
that these characteristic diffraction peaks in the pattern had a
marked broadening effect. The results indicated that the
products were NiO crystal of cubic structure having a high
purity and small particle size with a fine crystal phase.
According to the Scherrer formula®® D 0.891/f cos 6,
where D represents the average particle size, f§ stands for the
full width at half-height of the peaks, 1 is the X-ray wavelength,
and 6 is the diffraction angle of the peak; the mean particle size
of the product was calculated at 27.3 nm. These results are
consistent with other research.”>**

XRD patterns of CaO (Figure 2b) and MgO (Figure 2c) are
very sharp and intense and have no observed impurity peaks,
indicating the complete formation of crystalline phase. Peak
intensities reflect the total scattering from each plane in the
phase’s crystal structure and are directly dependent on the
distribution of particular atoms in the structure. Thus,
intensities are ultimately related to both structure and

composition of the phase. The powder XRD pattern of the
CaO (Figure 2b) shows the main characteristic peak of 111,
200, and 220, corresponding to 26 values of 32.2, 37.3, and
53.8° respectively. These patterns correspond to the face-
centered cubic structure and are very close to the reported
pattern.”®*’ For the MgO powder, the characteristic diffraction
peaks corresponding to MgO crystalline were apparent at 20 =
37.0, 43.0, 62.4, 74.8, and 78.7° (Figure 2c). These diffraction
patterns were consistent with those of the standard spectrum of
the pure and cubic MgO.>*~*

The physical properties of the various catalysts are shown in
Table 1. The crystallite sizes calculated using the Scherrer
formula, based on the full width at half-maximum of the
diffraction, are in agreement with BET surface area. The
crystallite sizes were 58.1, 32.0, and 27.3 nm along the 200
planes for CaO, MgO, and NiO, respectively.

The SEM micrographs of the various nanoparticles are
provided in Figure 3. The surface morphology and size of
nanoparticles prepared by the solvothermal method can be
well-controlled by temperature, reaction time, and reac-
tants.'” ™' The size, the morphology, and their status of
agglomeration of the as-synthesized nanoparticles were
examined by TEM and are shown in Figure 4. From our
research (Figure 4a), the SEM image of CaO powder was
obtained showing monodispersed irregular spheres with a
particle size distribution of 80—100 nm. From these images, it
was obvious for the collected catalyst that its particles were of
two types; one was a large particle in the shape of angular rock
whereas the other appeared to be a cluster of thin plates.

As shown in Figures 3b and 4b, MgO has shown
homogeneous morphologies and narrow size distributions.
Figure 4b displays the cubic structure MgO. It is interesting to
note that the estimated crystallite sizes are 32.0 and 27.5 nm for
the 200 and 220 planes, respectively. Admittedly, direct
comparison of the crystallite sizes from Scherrer estimation is
less meaningful, considering the fact that particle dimension is
not the only reason to account for the peak broadening. Here,
the lattice distortion of MgO nanocrystallines is obviously
significant. Figure 4c exhibits the TEM image of NiO, showing
that shape and size of nanoparticle were maintained after the
calcination of Ni(OH),. The diffraction pattern can be indexed
to the face-centered cubic NiO, consistent with the XRD result.

Particle sizes based on TEM and XRD studies are also listed
in Table 1 for the crystal and particle size comparisons. It was
determined that the BET surface area values of all catalysts
from this solvothermal method are generally much larger than
the reported data for the salt-decomposition MgO, CaO, and
NiO and fully comparable with the values for the sol—gel
method.> ™ It is noted that the particle sizes from TEM
observation are systematically larger than corresponding XRD

Table 1. Textural and Physical-Chemical Properties of the CaO, MgO, and NiO Nanocrystallines

fwhm®(A°) crystallite size® (nm)
catalysts 111 200 220 111 200 220 particle size® (nm)  Sgpr? (m? g™!)  CO, desorption® (unit area/g)
CaO 0.40 0.16 0.14 206.6 581.0 693.6 20 75.2 3.12
MgO 0.20 0.30 0.38 419.4 320.1 274.9 80 146.2 3.03
NiO 0.50 0.35 0.76 170.7 273.1 135.6 10 186.5 2.89
Ca0/MgO/NiO 109.1 2.96

“Full width at half-maximum (fwhm) of 111, 200, and 220 reflections. bCrystallite size was calculated according to the Scherrer equation.>® “Average
particle sizes were estimated from TEM image. 9Surface areas were obtained by BET method using adsorption data in p/p, range from 0.05 to 0.25.

“Estimated from CO,-TPD profiles.
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Figure 3. SEM image of CaO (a), MgO (b), and NiO (c)
nanocrystallines.
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Figure 4. TEM image of CaO (a), MgO (b), and NiO (c)
nanocrystallines.

values, meaning the observed lamella-like MgO, irregular CaO,
and cubic NiO particles are actually composed of much smaller
crystallites. It is a known fact that, during the calcination, water
molecules are formed and lost between the two adjacent layers
of hydroxyl ion, leaving a periclase structure with many defects
and irregular intercrystallite channels.>*** These channels are
likely the main cause of the high surface area feature of the
MgO nanocrystallines. These channels can also be clearly seen
in TEM images (Figure 3). Figure 4c shows a TEM micrograph
of the NiO nanoparticle. It is shown that the NiO nanoparticles
had spherical shapes, were well-dispersed with weak agglom-
eration, and had a narrow size distribution in a range from S to
8 nm. These observations are in good agreement with the result
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calculated by the Scherrer formula and the data of powder X-
ray diffraction.

The specific surface area of the nanoparticles products
calculated by the BET method after being measured by an
ASAP 2010 instrument were 77.2, 146.2, and 186.5 m* g for
CaO, MgO, and NiO, respectively. Nanoparticles NiO and
MgO are smaller in size and therefore gave the larger surface
areas. The average crystallite size of NiO was determined to be
S nm. In contract, CaO shows the lowest surface area because it
has a relatively larger crystallite size at an average of 58 nm. It is
well-known that the external surface of particles is used as a
contact surface in catalytic reforming and gasification of
biomass components. The larger the surface area of a catalyst,
the higher is the likelihood of gas particles contacting these
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sites.** ™" Finally, high surface area catalysts are expected to

give high catalytic activity for a good gasification catalyst.
TPD experiments were performed with CO, as the probe
molecule. TPD profiles of CO, desorbed in the temperature
range of 100—1000 °C on MgO, CaO, and NiO are shown in
Figure S. The peaks in the TPD profiles are considered to

CO; desorption/ a.u.

500 600 700

400
Temperature/ °C

Figure 5. CO,-TPD profiles of MgO, CaO, and NiO catalysts.

appear at higher temperatures as the basic sites on surfaces
become stronger. The CO, desorption profiles consisted of two
major peaks corresponding to different interactions of CO,
with MgO surface sites. However, such peaks at lower
temperatures were not observed for CaO and NiO, the reason
for which is the absence of weak basic sites on surfaces CaO
and NiO samples. From the peak positions, the base strength of
the surfaces, measured by use of CO, as a probe, is in the
following order: NiO > CaO > MgO. This order is in
accordance with the order of the activities on the unit surface
area basis.

For CO,-TPD (Figure 5), MgO showed desorption peaks in
the range of 200—400 and 450—850 °C, categorized into the
weak and the strong basic sites, respectively. The basic quantity
of CaO showed desorption peaks at 600 °C, accompanied by

the shoulder peaks at around 450 and 700 °C. On the basis of
the CO,-TPD results, this demonstrated that CaO possessed
only the medium-strength basic sites and base density. The base
site of NiO was presented at 700 °C, accompanied by the
shoulder peaks at around 550 °C. This indicated that NiO had
strong base sites. The CaO sample showed a higher amount of
medium basic sites compared to the NiO. The amounts of CO,
desorption over each sample were calculated based on the area
under the desorption peaks and are given Table 1. All samples
showed strong basic sites, and the reaction data suggest that
these sites are required for the reforming reaction.
Evaluation on the Catalytic Activity of Nanosized
Ca0, MgO, and NiO Particles in Toluene Reforming. To
study the effect of reaction temperatures on toluene conversion
(X;) and selectivity to H, (Y3), toluene steam reforming was

performed over the CaO, MgO, and NiO catalysts in a
temperature range of 500—800 °C for a substrate-to-catalyst
ratio (S/C) = 2.1 and gas hourly space velocity (GHSV) of
7500 h™'. Toluene conversion, H, yield, and CO, selectivity
were compared over various catalysts at different reaction
temperatures (Figures 6—8). CaO showed a slightly higher X,
than MgO, whereas NiO illustrated a significantly superior
toluene conversion at all reaction temperatures. NiO is able to
raise the catalytic toluene conversion of raw MgO plus CaO
from below 50% up to 100% at 700 °C (Figure 6). Mean values
for outlet concentrations of H,, CO, CO,, and CH,, are shown
in Table 2. It is clear that the mean hydrogen production is

Table 2. Mean Concentrations in the Outlet Gas for Toluene
Steam Reforming by Catalyst; Reaction Temperature = 700
°C, GHSV = 7500 h™!, and TOS =7 h

selectivity (%)

catalyst conversion® (%) H, yield (%) CO CO, CH,
MgO 42 46 81 19
CaO 48 53 80 20
NiO 94 74 63 37 <1
CaO/MgO/NiO 100 79 63 37 <1

aXt = [Hz]out/ls'[C7H8]m~

proportional to toluene conversion and the CO,/CO ratio.
From the results, two temperature zones were distinguished.
Below 700 °C, one can see toluene conversion and hydrogen
yield enhanced quickly where the water gas shift reacton is

100 |

80 |

_____ e --e-- NiO
$- — & CaO/MgO/NIO
0 1 1 1 i 1 1 L 1 1
450 500 550 600 650 700 750 800

850

Reaction Temperature/ °C

Figure 6. Toluene conversion on various catalysts (time on stream (TOS) = 7 h; S/C = 2.1; GHSV = 7500 h™!).
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considered complete with increased reaction temperature.
Toluene conversion and yield of H, were significantly enhanced
with increased reaction temperature up to 700 °C (Figures 6
and 7). These rates slightly reduced above 700 °C due to the
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Figure 7. H, yield on various catalysts (TOS = 7 h; S/C = 2.1; GHSV
= 7500 h™").

reverse water gas shift reaction, which is thermodynamically
favorable at high temperatures. Trace CH, compound was
observed in the products in addition to H,, CO, and CO,.
Methane is probably a result of the cracking of toluene at lower
reaction temperature. Above 750 °C, almost all toluene
converted to H,, CO, and CO, over NiO and mixed CaO/
MgO/NiO catalyst. From Figure 7, mixed metal oxide (CaO/
MgO/NiO) and NiO catalysts evaluated under the same
process conditions produced higher H, yield than the CaO and
MgO catalysts. The highest toluene conversion and H,
selectivity was observed over mixed CaO/MgO/NiO catalyst.
Basicity was higher for CaO catalyst as compared to mixed
CaO/MgO/NiO catalyst but did not correlate with toluene
conversion. In fact, a 100% conversion was reached with the
mixed metal oxide versus 42%, 48%, and 94% for MgO, CaO,
and NiO, respectively, which represents about 50% synergistic
improvement. Deposition of carbonate compounds was
observed on the bulk and mixed metal oxide catalysts. From
Figure 8, it can be judged that different catalysts and reaction
temperatures also had important influences on CO, CO,
selectivity; the selectivity of CO, decreased by increasing
temperature. CaO/MgO/NiO catalyst resulted in higher CO
selectivity and nearly the same H, yield for the entire process.
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Figure 8. Selectivity of CO, on various catalysts (TOS = 7 h; S/C =
2.1; GHSV = 7500 h™).

Di Felice et al. have shown that the dissolution of NiO in the
bulk CaO and MgO increases the exposed metal surface area of
CaO/MgO/NiO catalyst.*

The optimized CaO/MgO/NiO catalyst was stable during 7
h of time on stream. The activity of mixed CaO/MgO/NiO
catalyst confirmed the activity trends obtained by other
researchers,*® with the activity of dolomite (CaMgO) being
higher than MgO or CaO activities due to the presence of more
active sites in the array of Ca and/or Mg atoms. These results
illustrate the importance of mixed metal oxides as effective
catalysts during tar reforming. The efficiency of the CaO/
MgO/NiO catalyst in tar removal from gasification gas was
confirmed by steam reforming of toluene, a model tar
compound. The importance of CaO/MgO/NiO catalyst was
clearly demonstrated by the comparison with CaO, MgO, and
NiO alone: higher activity, higher selectivity to H, and CO, and
lower carbon deposition. The CaO/MgO/NiO mixture catalyst
behaves more like NiO than MgO or CaO during reaction. It
seems that some type of active site presents in NiO that is of a
different nature than the sites that exist in either CaO or MgO
catalysts. These differences may be responsible for the different
activity and selectivity of the CaO/MgO/NiO mixture catalyst,
being similar to those in NiO but somehow modified in
strength or quantity by the presence of CaO or MgO catalysts.
Methane compound was observed in the gas exiting from the
reactor during toluene reforming over NiO and also CaO/
MgO/NiO mixture catalysts; it clearly implys the differences
between the active sites of NiO and also CaO/MgO/NiO
mixture catalysts and those present in CaO or MgO catalysts.
In conclusion, a good comparison between catalytic activity and
H, selectivity was found for CaO/MgO/NiO mixture catalyst,
demonstrating the efficiency improvement of reforming mixed
metal oxide catalyst.
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