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Catalytic performance of Ni/zeolite, Ni-Fe/zeolite, and Ni-Fe-Mg/zeolite catalysts were investigated in steam
reforming of toluene as a biomass tar model compound to explore promotional effect of MgO and Fe on Ni/
zeolite support. The Ni-Fe-Mg/zeolite catalysts with optimum metallic composition showed higher catalytic
performance over corresponding monometallic Ni and Fe catalysts and Ni-Fe/zeolite (bimetallic) catalysts.
Addition of Mg to Ni-Fe/zeolite catalyst enhanced the tar reforming reactions and increased the carbon de-
position tolerance. The results suggest that Ni-Fe/zeolite and Ni-Fe-Mg/zeolite catalysts have great potential for

application in the steam reforming of biomass tar.

1. Introduction

In recent years, the utilization of biomass as a renewable and sus-
tainable energy source, particularly the application of municipal solid
waste in gasification, has attracted tremendous technical interest [1].
The hydrogen-rich syngas can be used as a fuel for many downstream
applications. However, one of the most critical issues in biomass gasi-
fication is the formation of tars [2]. Biomass tars cause serious hazards
to equipment in downstream applications due to their low condensation
temperatures, resulting in activity reduction and an increase in the
frequency of maintenance requirements [3]. Therefore, tars should be
extensively removed from the effluent stream of biomass gasification
[4].

Many processes have been developed to eliminate tar from the
syngas stream [5]. The techniques employed are mainly physical and
chemical technologies [6,7]. Among these techniques, catalytic steam
reforming of biomass tar has attracted many interests as a viable means
for reducing biomass tar in the effluent gas of biomass gasification [8].
This technique produces high-value syngas.

The chemical reactions carried out during the tar formation process
involve a complex mixture of hydrocarbon decomposition equilibrium
reactions. These decomposition reactions involve steam reforming,
steam dealkylation, hydrocracking, hydrodealkylation, dry reforming,
carbon formation, and many cracking reactions [9].

The Ni/SiO, catalysts have been investigated in methanol, ethanol,
and for tar reforming resulting in improved syngas yield [10,11].

Catalytic steam reforming has been stated as being a potential
technique in tar removal from gaseous products by transformation of
tar into hydrogen and carbon monoxide in the presence of steam [2].
The catalytic tar reforming of tar using iron-, cobalt-, and nickel-based
catalysts, dolomites, olivine, and catalyst-loaded zeolites has been ex-
tensively studied in the catalytic reforming of tar at temperatures in the
range of 600-900 °C [2]. Zeolite provided good catalytic activity in the
catalytic cracking of tar. A small amount of coke is formed over zeolite-
supported catalysts [2]. It has been reported that the Y type of zeolite
was capable of removing 100% of tar in catalytic cracking at high-
temperature syngas when using 1-methylnaphthalene as a model of the
tar compound [2]. The transition metal-impregnated or exchanged
zeolite catalysts were applied for partial and deep oxidation of hydro-
carbons [2]. The results showed that the transition metal cations im-
proved zeolite activity for hydrocarbon conversion. The hydrocarbon
conversion phenomenon is explained by developing strong zeolite
acidity and proper oxygen chemisorption [2].

The global search for new feedstocks to supply hydrogen is on the
rise. One of the main feedstocks targeted for hydrogen production
through reforming is municipal solid waste (MSW) [12]. It is also, one
of the promising low-cost raw materials for hydrogen production, by
eliminating MSW-derived tar, is the refused derived fuel (RDF) [13].

* Corresponding authors at: Biological Engineering Program, Department of Natural Resources and Environmental Design, North Carolina A & T State University, 1601 East Market

Street, Greensboro, NC 27411, United States.
E-mail addresses: xshuangn@ncat.edu (S. Xiu), ash@ncat.edu (A. Shahbazi).

http://dx.doi.org/10.1016/j.fuel.2017.09.051

Received 15 June 2017; Received in revised form 5 September 2017; Accepted 13 September 2017

Available online 02 October 2017
0016-2361/ © 2017 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
http://dx.doi.org/10.1016/j.fuel.2017.09.051
http://dx.doi.org/10.1016/j.fuel.2017.09.051
mailto:xshuangn@ncat.edu
mailto:ash@ncat.edu
http://dx.doi.org/10.1016/j.fuel.2017.09.051
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2017.09.051&domain=pdf

T. Ahmed et al.

The thermal processing of RDF produces a high quality syngas with
robust H, and CO molar ratio in the effluent gas stream [14]. This
valuable syngas can be further used in a variety of applications such as
combustion in a micro-turbine for power generation and downstream
applications such as Fischer-Tropsch synthesis [15].

The overall goal of this research was to understand the role and
mechanism of Ni-Fe-Mg/zeolite catalyst on tar cracking. To the best of
our knowledge, Ni-Fe-Mg/zeolite catalyst have not been investigated
before.

2. Materials and methods
2.1. Materials and catalyst preparation

Iron (Fe) and nickel (Ni) over zeolite catalysts were prepared by the
incipient impregnation method of catalysis [10,14,15]. Aqueous solu-
tions of nickel nitrate tetrahydrate and iron nitrate hexahydrate were
used as metal precursors [16]. Different molar ratios of these precursors
to zeolite were used, leading to different metal weight concentrations
(3-9 wt%). The excess water was initially evaporated at 105 °C. The
samples were dried overnight at 105 °C and calcined under air at 500 °C
for 4h before storage for later use. Magnesium (Mg) catalyst over
zeolite was prepared by the sequential incipient impregnation method.
Aqueous solution of magnesium nitrate tetrahydrate was used as metal
precursor. The calcination process was similar to calcined nickel and
iron.

The mechanism of Ni-Fe-Mg/Zeolite catalyst on tar cracking is:

n+m

Steam reforming: C,H,, + nH,O — nCO + H,

2.2. Catalyst characterization

2.2.1. Programmed reduction (TPR) analysis

The temperature-programmed reduction (TPR) analysis was per-
formed on Autochem 2920 from Micromeritics. Prior to TPR measure-
ment, 0.07 g of catalyst was outgassed in helium for 1 h at 300 °C to
remove any impurities, followed by cooling of the sample to room
temperature; 10% H,/Ar gas was then introduced to the catalyst as a
reductive gas while the furnace temperature was increased at a heating
rate of 10 °C/min to 1000 °C. The flow rate of Hy/Ar was 30 ml/min.
The final furnace temperature was held for 30 min. The consumption of
H, was monitored continuously with TCD gas chromatograph equipped
with a dry ice trap in order to remove H,O from the effluent gas. The
amount of H, was measured using the peak area in TPR profiles. Due to
the different reduction degrees of Ni/zeolite catalysts, the dispersion
degree of Ni (D%) and the average particle size of Ni in reduced form
(dnj) were mainly calculated using the following equations [6]:

D% = 1.17X
Wx f
And
971
Ni D%

Where X is the H, uptake by the catalyst in pmol/g-catalyst, W is the
weight percentage of active Ni, and f is the fraction of NiO reduced into
Ni (reduction degree).

2.2.2. Temperature-programmed desorption (TPD) analysis

The qualitative and quantitative basicity strength of nickel and iron
on zeolite were performed by the most common method in the litera-
ture, namely, TPD of CO,. CO,-TPD profiles were analyzed using a
Micromeritics autochem 2920. One hundred mg of Ni-zeolite and Ni-
Fe/zeolite were tested by the adsorption of CO, at 50 °C for 30 min. The
samples of monometallic and bimetallic catalysts were purged in
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helium for 30 min. Desorption of CO, was carried out during the
heating stage of the samples. The heating range was 30 °C-1000 °C. The
heating ramp rate was set to 10 °C/min.

2.2.3. X-ray diffraction (XRD) analysis

The crystallographic analysis of mono, bi, and promoted catalysts
were carried out using a D8 DISCOVER X-ray diffractometer (Bruker
Optics, Inc., Billercia, MA). This instrument is used to study the crys-
tallinity behavior of mono, bi, and promoted catalysts. The diffraction
spectra were recorded in a 20 angle range of 10°-70° with a PSD de-
tector at a scanning rate of 0.014°/s. Cu Ka radiation (A = 1.54 A)
produced at 40 mA and 40 kV was used as the X-ray source.

2.3. Catalytic activity test

The catalytic reaction was carried out in a fixed bed reactor with an
inner diameter of 4 mm and a length of 400 mm. Sample amounts of
0.03 g and 0.07 g were investigated in each test and held by quartz
wool placed in the middle of the reactor. In the catalytic steam re-
forming test that was performed, toluene composition in the affluent
stream was 320 umol. This toluene concentration was attained by di-
luting the toluene feed stock using nitrogen and H,0 in the steam re-
forming. Prior to the chemical catalytic reaction, the catalyst was re-
duced in 30 ml/min of hydrogen at 873 K for 6 h. After reduction, the
system was purged with 120 ml/min nitrogen while the temperature
was kept at the desired temperature of 873 K. Water and toluene were
vaporized at a close temperature range. The temperature difference is
only 100 °C; therefore, both were preheated and mixed in a preheater at
400 °C. This mixed solution was used to ensure the proper dilution of
toluene to create a homogeneous phase of nitrogen and toluene before
approaching the reactor chamber. This homogeneous phase is con-
trolled to maintain the vapor state. The reaction products were then
passed through a cold trap to condense unreacted toluene and moisture
in the effluent stream. The non-condensable gas products were col-
lected using gas sampling bags and analyzed using a GC-TCD type of gas
chromatography (7890A) unit from Agilent technologies. The qualita-
tive and quantitative analyses were carried out using the chromatogram
of the produced gases. The chromatogram reflects the peak areas for all
produced gases which were then converted to a volume percentage
through a calibration curve. The gas chromatography is equipped with
a thermal conductivity detector. The thermal conductivity detector is
mainly used to detect all inorganic gases. The total flow rate of the
product gases was measured using a needle bubble flow meter. The
conversion of toluene was evaluated in terms of the carbon balance,
which was calculated using the following formula [15]:

nCO+nCO,
7Xnr

X toluene (%) x 100

in

where n is molar flow rate of each gas.
3. Results and discussion
3.1. Characteristics of catalysts

3.1.1. TPR analysis results

The TPR showed that NiO has a reduction peak at 470 °C. This peak
has a dramatic decrease after the NiO was supported on zeolite and a
new peak was detected at temperatures above 550 °C (Fig. 1). The latter
peak was ascribed to the physical interaction between zeolite and NiO,
resulting in the increase of reduction temperature. Therefore, Ni and
NiO coexist on the surface of zeolite under the annealing temperature of
550 °C. From the TPR study as shown in Fig. 1, all the mon, bi and
promoted bimetallic catalysts are reduced at the temperature range
between 300 and 700 °C. Therefore, in this work, all catalysts were
reduced under H, flow at 700 °C for 6 h before use. It is noted that, the
doping of nickel with iron seems to decrease the monometallic catalysts
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Fig. 1. H,-TPR of monometallic versus bimetallic and promoted bimetallic catalysts.

(nickel and iron on zeolite) from 700 °C to 600 °C. Furthermore, addi-
tion of magnesium to the bimetallic catalysts further reduced the re-
duction temperature to 550 °C.

Table 1 shows that almost all the Ni and Fe species are reduced to
the metallic state. The reducibility of Fe species on Fe-zeolite is higher
than that of Ni species on Ni-zeolite. The simultaneous reduction of Fe
and Ni is suggested on Ni-Fe-zeolite catalysts because the presence of Fe
promotes the reduction of Ni species. The amount of H, adsorption on
the freshly synthesized catalysts after the reduction at 973 K and the
dispersion are listed in Table 1. Here, it is assumed that most of the Ni
and Fe species are reduced and the ratio of hydrogen atom to surface
metal is equal to 1. The dispersion that estimated from H, adsorption
agree with the XRD results. This agreement suggests much likely the
existence of homogeneous composition of Ni-Fe solid solution in the
catalytic system.

3.1.2. TPD analysis results

The basic strength of Ni-zeolite, Ni-Fe-zeolite and Ni-Fe-Mg-zeolite
catalysts was also measured using CO,-TPD and the results are pre-
sented in Fig. 2. All the profiles in Fig. 2 show similar CO, desorption
behavior. The CO, desorption profile ranged between 100 °C and
600 °C. These peaks can be ascribed to low-strength basic sites, such as
bicarbonates that result from chemical interactions between CO, and
weak basic surface hydroxyl groups [17,18,19,20,21,22]. In Fig. 2 Ni-
zeolite profile has CO, desorption peak centered at around 200 °C,
whereas the CO, desorption peak in Ni-Fe/zeolite and Ni-Fe-Mg/zeolite
profiles is slightly shifted toward higher temperatures of 220 °C and
240 °C, respectively. This can be due to the variation of intensity of the
basic sites of Ni/zeolite catalyst compared to Ni-Fe/zeolite and Ni-Fe-
Mg/zeolite catalysts. Also the geometry of theses active sites plays a
crucial role in determining the temperature of CO, molecules deso-
rption.

In addition to the desorption peaks at 240 °C, Ni-Fe-Mg/zeolite

Table 1
Properties of the catalysts after H, reduction at 973 K.
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Fig. 2. CO2-TPD of monometallic and bimetallic catalysts.

profile shows an extended desorption peak that is inclined towards high
temperature (520 °C). This result suggests Mg plays a role in enhancing
the basic strength of Ni-Fe/zeolite system. Furthermore, the CO, des-
orption peak of Ni-Fe/zeolite has a similar behavior as that of Ni/zeolite
system due to the presence of higher-than-optimal Fe content. This
result suggests that the high catalytic performance of Ni-Fe-Mg/zeolite
is likely attributed to its higher basic strength as compared to the rest of
catalysts. The basicity of a catalyst increases the catalyst capability to
neutralize the acidity of zeolite, thereby suppressing cracking and
polymerization known reactions. This suppression in turn leads to en-
hanced steam-coke reaction.

3.1.3. XRD analysis results

The XRD of the reduced catalysts with different Nickel loadings is
screened to study the reduced catalyst crystallographic nature. The
peaks shown in Fig. 3 at 20 = 8.1°, 13.5°, 19.6°, 24°, and 20.7° are
observed and attributed to zeolite crystals. When Ni/zeolite is reduced
at 500 °C, a new crystalline phase is found at 26 = 37.1°, 43°, and 62.4°
(Fig. 3), which is ascribed to nickel oxide, especially on 10% Ni/zeolite

3.1.4. Thermogravimetric analysis (TGA) of spent catalyst

The deposition of coke over the spent catalysts was studied using
thermogravimetric analysis (TGA). Three different stages can be iden-
tified with the thermogravimetric and DSC curves (Figs. 4 and 5) when
spent catalysts were analyzed. The first stage represents a mass decrease
due to water evaporation, which occurs at a temperature below 100 °C.
The second stage in this profile corresponds to the Nickel phase oxi-
dation around 350 °C, and finally carbon combustion which occurs at a
temperature above 400 °C. Moreover, two types of carbon deposits are
suggested to be formed over the catalysts surfaces, namely, amorphous
carbon and filamentous carbon. The amorphous carbon oxidation state
is shown to initiate around 500 °C, whereas the filamentous carbon

1

Catalyst Ni/Fe Content/mmolg™~ - H, consumption in TPR"/ Ni-based reduction ~ Reduced Fe amount/ H, adsorption/ Dispersion/% H/(Ni
catalyst mmolg ™ -catalyst” degree/% mmolg ™ -catalyst 10" °mol g™ ! catalyst + Fe)
Ni Fe
Ni/zeolite 0 3 0.0 2.4 172 0 29 2.4
Ni-Fe/zeolite 0.6 3 5.0 3.2 141 1.2 22 1.8
0.71 5 7.0 3.8 115 0.48 15 0.8
0.77 7 9.0 4.6 92 0.21 10 0.5

Fe/Zeolite - 5.0 0.3 -

1.4 - -

@ The stoichiometry assumed is: Ni2* + H, — Ni® + 2H* and Fe304 + 4H, — 3Fe + 4H,0.

® The consumption below 773 K in TPR profiles shown in Fig. 4.
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Fig. 5. DSC of spent mono and bimetallic catalysts.

oxidation state is detected around 600 °C. It is observed that the two
carbon phases are formed over the monometallic Ni-based catalyst
surface; however, addition of iron suppressed the deposition of carbon
over the bimetallic Ni-based catalyst.

3.2. Steam reforming of toluene activity and stability

In Fig. 6, the reaction reflects the toluene conversion for different
catalysts. The catalytic activity of pure zeolite was studied to verify the
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Fig. 6. Toluene conversions versus time-on-stream for several catalyst combinations over
zeolite at 873 K.

catalytic activity with and without active components. The reaction was
performed at 873 K with a steam-to-carbon ratio of 3:1. As shown in
Fig. 6, Fe promoted the Ni/zeolite catalyst. The catalytic performances
obtained at 873 K for the first 80 min are ranked in the order of Ni-Fe/
zeolite (0.77) > Ni-Fe/zeolite (0.71) > Ni/zeolite > only zeolite. It
was also observed that different catalysts showed slight differences in
behavior during the 80 min run time. Despite having lower conversion
of about 18%, the conversion over zeolite (pure support) increased
slightly from 9% to 18% and then remained almost stable for 80 min. In
contrast, Ni-Fe/zeolite (0.71) showed an initial conversion of 63%,
reaching a peak conversion of 60% before decreasing slightly. On the
other hand, Ni-Fe/zeolite (0.77) had an initial conversion of 72%
reaching 74% at 60 min, which subsequently decreased slightly before
hovering near 72% conversion.

A quantitative analysis was carried out to determine the composi-
tion of products resulted from tar reforming. The retention times of the
peaks, the product gases assigned, and their corresponding concentra-
tions were accurately recorded. Part of synthesized mono, bi, and
promoted dual-function catalysts including 7% Ni/zeolite, 15% Fe/
zeolite, 5% Ni-7% Fe/zeolite, and 5% Ni-7% Fe-9%Mg/zeolite were
tested for toluene cracking at 873 K. It should be noted that the
cracking reaction with zeolite was carried out for comparison purposes
only. The toluene conversion, as well as the product distribution at
initial time and after 10 h of operation, were recorded and analyzed.
The main gaseous products of catalytic cracking of toluene were H,,
CH4, C2H4, C2H6, and C3H6.

Since Ni-Fe/zeolite (0.77) catalyst showed the highest conversion of
toluene among other catalysts, it was chosen for further catalytic ana-
lysis. Fig. 7 shows the catalytic performance of Ni-Fe/zeolite in steam
reforming of tar at 1073 K. The catalytic performance was evaluated for
60 min in the activity test. The formation rate of the gaseous products
was almost stable during 15 min. In the case of Ni/zeolite, the amount
of the residual tar was large and the H,/CO ratio was rather low. These
behaviors represent the low steam reforming activity of monometallic
catalyst (Ni/zeolite). The addition of Fe to Ni/zeolite promoted the
steam reforming reaction monotonously in the range of the molar ratio
of Ni to Fe (Ni/Fe) < 0.7, and the amount of tar decreased. In contrast,
the excess addition of Fe (Ni/Fe > 0.7) significantly decreased the
formation rate of gaseous products. The catalytic activity of Ni/zeolite
in the steam reforming of tar, which is reflected by unconverted tar
amount, is highest at Ni/Fe = 0.77, and the addition of Fe on the steam
reforming process has both promoting and suppressing effects. It should
be noted that Fe/zeolite exhibited very low activity, under the specified
reaction condition, although iron-based catalysts have been in-
vestigated in literature and showed effective to the tar reforming. High
activity of Ni/zeolite can be caused by synergy between Ni and Fe. The
bimetallic catalysts (Ni-Fe) derived from Zeolite supports was effective
to methane reforming. In addition, the effect of Fe addition on the coke
deposition is more remarkable over Ni/zeolite catalysts with larger
amount of Fe addition, although the amount of deposited carbon was
large on Ni/zeolite (monometallic catalysts).
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Fig. 7. Reaction time dependence of steam reforming of tar at 1073 K over: (a) Ni (7 wt
%) zeolite and (b) Ni-Fe/zeolite (Ni/Fe = 0.77) (Ni 7 wt%).

In Fig. 8(a &b), the SRT has been tested under prolonged time-on-
stream to investigate the stability of mono and bimetallic catalysts. It is
noted that the monometallic catalysts experienced inconsistency in the
formation rates of gaseous products. This is due to the formation of the
filamentous and amorphous carbons over the active sites. It can be
shown that the catalytic activity approached the deactivation stage
after 200 min, whereas, the bimetallic catalyst maintained the catalytic
efficiency at higher time-on-stream stages (Fig. 9)

3.3. Effect of H,O/C on hydrogen yield

The monometallic and bimetallic catalysts have shown good cata-
lytic cracking properties. However, the hydrogen yields ranged only
55-65% (Fig. 7). The lower hydrogen yield can be attributed to the low
number of basic sites through these catalysts. Therefore, a good can-
didate was magnesium. According to the basic nature between nickel,
iron, and magnesium, stronger basic catalytic sites would be synthe-
sized when magnesium was added to these metals. It was observed that
the addition of magnesium to the Ni-Fe/zeolite at a molar ratio of H,O/
C, close to 1:1, yielded the highest reforming of 86%. However, a higher
H,0/C molar ratio of more than 1:1 resulted in lower hydrogen yield.
This phenomenon is due to the oxidant/hydrocarbon content in the
feed. At operating condition with high H,O/C ratios, the catalyst be-
haves like oxide-base catalysts, which provide low catalytic reforming
activity.
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4. Conclusions

Steam reforming of toluene (SRT) as a biomass tar model compound
was investigated over Ni/zeolite, Ni-Fe/zeolite, and Ni-Fe-Mg/zeolite
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catalysts. The addition of Fe to Ni enhanced SRT performance in terms
of suppressing coke deposition and improving stability. It has been
shown that iron indeed promoted the reducibility of the Ni species.
However, low catalytic activity has been observed in the Ni-Fe/zeolite
catalyst. The lower SRT catalytic activity of Ni-Fe/zeolite is due to the
depletion in basicity strength of this catalyst composition. The com-
position of the Ni-rich surface with loaded Mg enhanced SRT in terms of
coke suppression and catalytic activity. The high catalytic activity of
the N-Fe-Mg/zeolite catalyst can be attributed to the presence of free
surface Ni metals compared to the Ni-Fe/zeolite catalyst. Finally, these
Ni-Fe/zeolite and Ni-Fe-Mg/zeolite catalysts have great potential for
application in the steam reforming of biomass tar.
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