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Abstract: Amongst the issues associated with the commercialization of biomass gasification, the
presence of tars has been one of the most difficult aspects to address. Tars are an impurity generated
from the gasifier and upon their condensation cause problems in downstream equipment including
plugging, blockages, corrosion, and major catalyst deactivation. These problems lead to losses of
efficiency as well as potential maintenance issues resulting from damaged processing units. Therefore,
the removal of tars is necessary in order for the effective operation of a biomass gasification facility for
the production of high-value fuel gas. The catalytic activity of montmorillonite and montmorillonite-
supported nickel as tar removal catalysts will be investigated in this study. Ni-montmorillonite
catalyst was prepared, characterized, and tested in a laboratory-scale reactor for its efficiency in
reforming tars using naphthalene as a tar model compound. Efficacy of montmorillonite-supported
nickel catalyst was tested as a function of nickel content, reaction temperature, steam-to-carbon ratio,
and naphthalene loading. The results demonstrate that montmorillonite is catalytically active in
removing naphthalene. Ni-montmorillonite had high activity towards naphthalene removal via
steam reforming, with removal efficiencies greater than 99%. The activation energy was calculated
for Ni-montmorillonite assuming first-order kinetics and was found to be 84.5 kJ/mole in accordance
with the literature. Long-term activity tests were also conducted and showed that the catalyst was
active with naphthalene removal efficiencies greater than 95% maintained over a 97-h test period.
A little loss of activity was observed with a removal decrease from 97% to 95%. To investigate the
decrease in catalytic activity, characterization of fresh and used catalyst samples was performed
using thermogravimetric analysis, transmission electron microscopy, X-ray diffraction, and surface
area analysis. The loss in activity was attributed to a decrease in catalyst surface area caused by
nickel sintering and coke formation.

Keywords: biomass gasification; tar removal/conversion; clay; steam reforming; nickel montmorillonite

1. Introduction

With an increasing global population comes an increase in energy demand. The global
energy demand has been increasing by an annual average of 1.8% over the past 10 years [1].
This demand is expected to increase by 15% from 2015 to 2030 and then by an additional
11% by 2040 [2]. Another concern is related to fossil fuels in their possible depletion as
well as the effect the industry has towards climate change. Globally, more than 50% of
the atmospheric CO2 increase, about 50% of the rise in the mean surface temperature, and
the sea level rise (26–32%) between 1980 to 2010 have been linked to 90 carbon producers.
Fossil fuel aerosols have been linked to an increase in surface temperature of 0.97 ◦C
during the same period [3]. Owing to the increasing energy demand and overwhelming
evidence of the negative impact of fossil fuels with regard to climate change, there has
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been a push for alternative and renewable energy sources. Lignocellulosic biomass is
one of the renewable energy sources and is considered to be a potential feedstock for
sustainable energy generation [4] amongst others such as wind, solar, geothermal energy,
etc. [1,2]. In 2015, 4% of electricity came from renewable energy (RE) sources; however, the
investment in RE technology continues to increase with a 14.1% increase in 2016 alone [1].
Moreover, biofuel energy sources are expected to increase to 25% by 2040 [2]. Gasification is
a thermochemical process of converting biomass/carbonaceous waste to syngas (producer
gas or synthesis gas). Amongst many applications, syngas produced from the process
can be used in electricity generation, as a feedstock in transportation fuels and specialty
chemical production, or can be further processed and separated for the production of
hydrogen fuel [5]. From 2005 to 2015, the global biofuels production increased by 14.1%
and by an additional 2.6% in 2016 alone [1]. In addition to tars, many impurities are
present in fuel gases, including ammonia, hydrogen sulfide, hydrogen chloride, alkali and
non-alkali metals, and particulate matter [6]. Tar removal has been proven to be a cost-
intensive step in the purification of the resulting fuel gases. Tars are defined as a mixture of
polycyclic hydrocarbons having molecular weights of greater than 72, ranging in size from
one ring compound such as toluene to six-ring compounds such as coronene [7]. Catalyst
deactivation, plugging, corrosion, and blockages that result from tar buildup cause many
operational and maintenance difficulties. These problems lead to efficiency losses in the
overall gasification process in terms of energy and material. Further converting tars to fuel
gases [8] would improve efficiency as well as reduce the environmental and health impact
that the carcinogenic tars pose [9]. Owing to the abovementioned reasons, cleanup of tars
from biomass syngas is essential and will allow for economic and effective use of syngas in
various applications.

Typically, tar removal techniques have been categorized into (a) physical, (b) ther-
mal, and (c) catalytic [5]. The catalytic technique is of particular interest since instead of
simply removing tars, they can be reformed into syngas, which will result in an increase
in the gasification process efficiency. Catalysts for cleanup of tars have been categorized
into the following groups: fluid catalytic cracking catalysts, calcined rocks, olivine, clay
minerals, ferrous metal oxides, char, alkali metals, activated alumina, and transition metal
catalysts [10]. Most of the research on catalytic tar removal has been focused on using
dolomites, olivine, alkali metals, and nickel. Several researchers [4,11–18] have investi-
gated dolomites owing to their availability, lower cost, and decent catalytic performance.
However, issues with dolomites include deactivation due to coke formation leading to a
gradual loss in the mechanical strength over time [14,16] and their relatively lower removal
efficiencies [19]. Alkali metals is another group of catalysts that has been extensively
investigated. Alkali metals are typically introduced by mixing with biomass or through
wet impregnation. These catalysts exhibit good tar removal activity; however, there are
some disadvantages as well. At high temperatures, these catalysts exhibit loss of activity
due to particle agglomeration and volatility [10]. Recovery of these catalyst materials can
be challenging owing to their mixing with biomass feed. Furthermore, separation of the
char and ash containing alkalis can lead to additional expenses thus making the overall
commercialization more difficult [8].

One of the most widely evaluated catalysts for syngas cleanup (tar removal) are nickel-
based. Owing to the high steam and dry reforming activity, nickel-based catalysts allow
for complete tar removal. While the cost of these catalysts is relatively higher compared to
dolomites, their activity is 8–10 times higher under similar operating conditions [18,20].
The ideal catalytic steam reforming conditions were found to be between 650 ◦C and
800 ◦C for supported nickel catalysts; however, the optimum temperature might depend
on the support media [21–24]. Operating in the upper end of the temperature range (near
800 ◦C) promotes greater activity and a longer lifetime for the nickel catalyst and operating
at the lower end (around 650 ◦C) can lead to producing syngas rich in methane [24].
It was also observed that the commercial nickel-based catalysts synthesized for heavy
hydrocarbon steam reforming are more suitable and active for tar reforming compared to
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those tailored for light hydrocarbons [25,26]. Shortcomings of nickel include the gradual
loss in its catalytic activity over time. This comes as a result of carbon deposition (coking),
sintering, and fouling. Nickel sintering causes irreversible loss of activity due to material
changes; however, coke deposition on the surface of the catalyst can be eliminated through
regeneration and its activity can thereby be restored [8].

Dolomites and olivine catalysts exhibit decent activity towards the removal of tars,
but their inability to reduce tars to desired low levels has prompted several researchers
to explore nickel-based dolomite and olivine catalysts [19,27–29]. Tar removal efficiencies
of 97% using dolomite-supported Ni were reported by Wang et al. [19] while operating at
750 ◦C and maintaining a space velocity of 12,000 h−1. At a space velocity of 6000 h−1,
Quitete et al. [30] observed tar (toluene) conversions of 68%, 76%, and 79% using Ni/LaAl11
O18, Ni/La0.8Ce0.2 Al11O19, and Ni/CaAl12O19, respectively, at 700 ◦C. Swierczynski
et al. [27] investigated the use of an olivine-supported Ni catalyst. They reported complete
removal of toluene (which was used as a model compound for tar) with negligible coke
deposition at temperatures above 650 ◦C [27]. Excellent catalytic activity was comparable
to commercial nickel-based steam reforming catalysts [31]. At lower temperatures when
there is risk of carbon deposition, it can be kept to a minimum by optimizing the loading
of nickel on the support material. It was concluded that when using an olivine support,
the ideal loading is 2.8 wt% Ni [32]. These results suggest that catalysts consisting of
Ni supported on olivine or dolomite have demonstrable high activity for tar removal.
Further, these catalysts are relatively less expensive in comparison to commercial steam
reforming catalysts.

The other group of materials that have the tar removal potential includes clay min-
erals [10]. Clay minerals that are commonly available are montmorillonite, bentonite,
kaolinite, and palygorskite. The catalytic activity of clay minerals for tar removal has been
related to the effective pore diameter, high surface area, and acidity [31,33]. These minerals
have several advantages owing to abundant availability and their being inexpensive. The
main disadvantage of this material is its lower activity compared with dolomites and nickel
catalysts. Liu et al. [34] obtained 99.5% tar conversion using the highly active Fe–Ni on
palygorskite support at 700 ◦C [34].

Montmorillonite is a group of clay minerals composed of hydrous alluminosilicates.
The surface area of montmorillonite (239 m2/g) is relatively high compared with dolomites
(12 m2/g) and olivine (4 m2/g). The pore size of montmorillonite reported by Wang et al. is
5.2 nm [35]. High surface area results in an increase in active metal surface due to improved
dispersion of metals on its surface. Wen et al. [31] reported that the catalytic activity of clay
minerals increases with pore diameters greater than 0.7 nm, increase in the surface area,
and acid strength. This pore size allows for the diffusion of the high-abundance molecules
within tars, naphthalene and acenaphthene, with measured sizes of 0.499–0.681 nm and
0.65–0.681 nm, respectively [36]. The conclusion of increased activity correlating with acid
strength agrees with Buchireddy et al. [33] whereby nickel on zeolite supports of various
SiO2/Al2O3 were tested for tar (naphthalene) reforming.

Transition metal (group VIII) catalysts have been proven effective for steam and dry
reforming applications. Owing to the relatively lower cost and high activity in comparison
to cobalt, platinum, ruthenium, and rhodium, nickel has been widely used in such applica-
tions [8,37]. Thus, taking the advantages of clay mineral properties and nickel, this study
evaluated montmorillonite-supported nickel for tar removal application. Owing to its sta-
bility and relatively high concentrations in tars, naphthalene was chosen as a tar model com-
pound. Coll et al. [38] concluded that naphthalene is the least reactive compound among
several tar model compounds tested, including benzene, toluene, naphthalene, antharacine,
and pyrene. Furthermore, naphthalene is one of the most abundant polycyclic hydrocar-
bons produced during biomass gasification [10]. Moreover, several researchers [33–36] used
naphthalene as a model compound in their studies and using the same model compound
will allow comparison of kinetic data from this study. In this study, Ni-montmorillonite
was synthesized, characterized, and tested for its efficiency in reforming naphthalene. Tests
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were also conducted using silica alumina (SiO2/Al2O3), and SiO2/Al2O3-supported nickel
for comparison. Furthermore, the efficacy of the montmorillonite-supported nickel catalyst
was tested as a function of nickel content, reaction temperature, naphthalene loading,
steam-to-carbon ratio (S/C), and over extended time periods. Varying these operating
conditions is common in experimental catalytic steam reforming using a variety of fuel
sources [39].

2. Materials and Methods
2.1. Catalyst Preparation

Montmorillonite K10 was used as a support material and was obtained from Aldrich
Chemicals. The chemical composition, surface area, and pore diameter for this material
were obtained from Wang et al. [35] and are presented in Table 1. Nickel-impregnated
montmorillonite was prepared using the incipient wetness impregnation method. The
procedure detailed in [33] was used in this study; the only change being the support
material (montmorillonite in place of zeolite). Five different catalysts were prepared with
different nickel loadings of 0%, 2.5%, 7.5%, 15%, and 25%.

Table 1. Properties of montmorillonite [35].

Composition % Wt.

SiO2 73
Al2O3 14
MgO 1.3
Fe2O3 3.2
CaO 0.2
K2O 1.8
TiO2 0.5
MnO 0.14

Surface area, m2/g 239
Pore size, nm 5.2

2.2. Experimental Setup

A schematic representation and details of the experimental setup can be found in the
article by Buchireddy et al. [33]. The composition of feed gas used in this study was CO
(20%), H2 (20%), CO2 (9%), CH4 (3%), and N2 (48%). This composition is representative
of typical biomass syngas, although they vary widely depending on the feedstock and
operating conditions. More specifically, these values were chosen based on the data from a
pilot scale downdraft gasifier at Mississippi State University [40]. Details of naphthalene,
water, and syngas feeding methodology including the detailed procedure are presented
elsewhere [33]. Furthermore, unconverted naphthalene and gas collection procedures are
listed in the same article.

2.3. Sampling and Analysis

”Unconverted naphthalene in the gas exit stream was measured by purging the exit gas
stream from the catalytic reactor through a series of impingers. The impinger set up was
performed according to the guideline for sampling and analysis of tars and particulates
in biomass producer gases [41]. However, the impinger size was reduced to 25 mL. The
temperature of the impingers placed in the ice bath was maintained at −5 to −10 ◦C
using an ice and salt mixture in a bath. The temperature of the gases leaving the last
impinger was 10–15 ◦C. Purged isopropyl alcohol from the impingers was then collected
and stored at 4 ◦C for further analysis”. [33]

Calculations of the operating conditions including naphthalene conversions, tempera-
tures, steam-to-carbon ratio, and gas hourly space velocity were performed according to
formulae provided by Buchireddy et al. [33].
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“An Agilent 6890N gas chromatograph with flame ionization detector (GC-FID) was
used to quantify the unconverted tars condensed in the isopropyl alcohol. A DB-5
(0.25 mm× 30 m) capillary column was used on the GC-FID and instrument parameters
were set to separate and quantify aromatics (8 compounds) and PAHs (22 compounds),
including naphthalene listed in tar sampling guide [41]. Samples were prepared with
n-decane as an internal standard. Gas samples collected in 1-L bags were analyzed
using a GC (SRI 8610) equipped with thermal conductivity detector. Gases H2, CO, N2,
CO2, and CH4 were separated and quantified using a Carbosphere 80/100 (6 ft × 1/8”)
stainless steel column (Alltech Associates Inc., IL, USA)”. [33]

2.4. Catalyst Characterization

“Catalyst samples were characterized by powder X-ray diffraction (XRD) on a Rigaku
Ultima III X-ray Diffractometer using Cu Kα (λ = 0.154 nm, 40 kV, 44mA) radiation to
determine the nickel phase. The diffractographs were scanned in the range of 2θ between
10◦ and 80◦ with a sampling width of 0.02◦ and a scan speed of 4◦/min. Transmission
electron microscopy (TEM) was performed on JOEL model JEM-100 C XII (80 kV).
Catalyst specimens were prepared by dispersing the powdered samples in IPA. The
mixture was transferred onto a Cu grid and dried at room temperature. Microscopy
analysis was performed on the specimens to determine nickel particle size. Surface area
measurements of the fresh and spent catalysts was obtained from nitrogen adsorption
isotherms at 77 K, using a Quantachrome AUTOSORB-I instrument. Samples were
outgassed for 4 h at 180 ◦C prior to making these measurements. Thermogravimetric
analysis was performed on a Versa Therm HS Thermogravimetric Analyzer (TGA)
(Thermo Cahn Inc., Waltham, MA, USA), to determine the extent of coke deposition on
the catalyst” [33]

3. Results and Discussion
3.1. Catalytic Activity

Naphthalene removal studies were conducted with different catalysts at 750 ◦C, S/C
ratio of 5.0, gas hourly space velocity (GHSV) of 12,800 h−1, and naphthalene loading of
12 g/m3. Figure 1 shows the effect of catalysts and supports on naphthalene conversion. In
the absence of a catalyst, naphthalene removal was limited to 6.7% via thermal cracking
reaction as shown in Equation (1). As shown in Figure 1, montmorillonite had a higher
removal efficiency at 33.8% compared to SiO2/Al2O3 (13.6%). Although the surface area
of SiO2/Al2O3 (429 m2/g) was higher than that of montmorillonite (239 m2/g), mont-
morillonite was more effective. This could be attributed to the higher acidic strength of
montmorillonite [31,33], which aids in the removal of naphthalene via the cracking reaction
(Equation (1)). Impregnation of nickel on montmorillonite and SiO2/Al2O3 improved the
naphthalene removal significantly. The conversion of naphthalene increased to 99.6% for
Ni-montmorillonite and 79.8% for Ni-SiO2/Al2O3. This increase in catalytic activity is
attributed to the steam reforming activity of nickel metal. Steam (Equation (2)) reform-
ing is thermodynamically favored at high temperatures. Furthermore, dry reforming
((Equation (3)) could have contributed to naphthalene conversion.

C10H8 → C∗ + gas + lower hydrocarbons (1)

C10H8 + 10H2O→ 10CO + 14H2 (2)

C10H8 + 10CO2 → 20CO + 4H2 (3)

CO + H2O↔ CO2 + H2 (4)

2CO→ CO2 + C∗ (5)

CH4 + H2O↔ CO + 3H2 (6)
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Figure 1. Naphthalene conversion with a catalyst (T—750 ◦C, S/C—5.0, GHSV—12,800 h−1, naph-
thalene loading—12 g/Nm3).

Figure 2 presents the variation in syngas composition for the different catalysts. The
gas analysis was conducted on the gas samples collected at the end of the experiment. No
substantial change occurred in the gas composition when SiO2/Al2O3 and montmorillonite
were used as catalysts. However, there was an increase in H2 and CO2 content with a
corresponding decrease in CO for the experiments performed with Ni-montmorillonite
and Ni-SiO2/Al2O3 catalysts. This increase was attributed to the activity of nickel metal
that promotes both water gas shift (Equation (4)) and methane reforming.

Figure 2. Variation of gas compositions with a catalyst (T—750 ◦C, S/C—5.0, GHSV—12,800 h−1,
naphthalene loading—12 g/Nm3).

Table 2 presents the carbon balance for the same experiments. More than 95% of
carbon was accounted for all the tests. Due to very low conversion of naphthalene for
tests using support materials (SiO2/Al2O3 and montmorillonite), there was no noticeable
increase in moles of carbon from syngas leaving the reactor. On the contrary, a slight
decrease from 13.27 to 12.98 and 12.86 moles of carbon was observed for SiO2/Al2O3 and
montmorillonite, respectively, although there was some naphthalene conversion. This
decrease could be due to formation of coke on the surface of the catalyst and losses during
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analysis (to a smaller extent). Further, a decrease in syngas volume suggests the possibility
of carbon deposition on catalyst surface from both gases and naphthalene. Presence of
nickel promoted reforming of both naphthalene and syngas components resulting in an
increased syngas carbon content. Volume of syngas increased in both cases, which could
have resulted from steam/dry reforming as well as cracking of naphthalene into gaseous
products. It should be noted that an increase in syngas volume does not translate to an
increase in naphthalene conversion due to the possibility of steam reforming of syngas
(Equations (4) and (6)).

Table 2. Carbon balance: effect of a catalyst on naphthalene conversion (T—750 ◦C, S/C—5.0, GHSV—12,800 h−1,
naphthalene loading—12 g/Nm3).

Moles of Carbon in Moles of Carbon out

Catalyst Syngas Naphthalene Total Syngas Naphthalene Total %, Closure Volume Increase
Syngas (Dry), %

SiO2/Al2O3 13.27 0.93 14.21 12.98 0.86 13.84 97.40 −1.02

Montmorillonite 13.27 0.93 14.21 12.86 0.66 13.52 95.13 −1.83

7.5% Ni-
montmorillonite 13.27 0.93 14.21 13.72 0.00 13.72 96.55 9.99

7.5% Ni-
SiO2/Al2O3

13.27 0.93 14.21 14.76 0.20 14.96 105.26 16.67

3.2. Effect of Catalyst Bed Temperature

A series of tests were performed over a temperature range of 550–850 ◦C, S/C ratio
of 5.0, gas hourly space velocity of 12,800 h−1, and naphthalene loading of 58 g/m3 to
investigate the influence of temperature on naphthalene conversion. These tests showed
that the activity of the catalyst increases with an increase in temperature from 550 ◦C to
850 ◦C, as presented in Figure 3. Naphthalene removal efficiency increased from 83% to
100% with an increase in temperature from 550 ◦C to 850 ◦C during the first 30 min of testing.
However, a drop in the removal efficiency was noticed with time at all temperatures. At
700 ◦C, the removal efficiency dropped from 100% to 44% during the first 210 min. Similar
trends were obtained at all the temperatures tested. This drop in the removal efficiency
with time (∆η/∆t) could be attributed to the formation of coke on the catalyst. Coke covers
the active sites on the catalyst surface thereby reducing the removal efficiency. It was
also observed that removal efficiency (∆η/∆t) increases with an increase in temperature.
From 30 min to 90 min, the removal efficiency dropped from 84% to 3% at 550 ◦C, whereas
a drop from 100% to 90% was observed at 850 ◦C during the same time period. As the
temperature increases, the reactivity of coke with water and carbon dioxide is favorable,
thereby reducing coke formation [19].

In general, hydrogen (H2) and carbon monoxide (CO) gas compositions in the exit gas
stream are expected to be higher than the initial compositions due to the steam and dry
reforming and thermal cracking reactions as shown in equations 1, 2, and 3. These reactions
aid in conversion of naphthalene to H2, CO, and lower hydrocarbons. However, that was
not the case as shown in Figure 4. There was an increase in the hydrogen and carbon
dioxide (CO2) content associated with a decrease in carbon monoxide content at 550 ◦C.
As the temperature increases from 550 to 675 ◦C, the water gas shift reaction is favorable
as shown in Equation (4). Hence, the H2 and CO2 contents increase with a corresponding
decrease in CO. At higher temperatures, above 700 ◦C, the reverse water gas shift reaction
is thermodynamically favorable [27]. Hence, there is a decrease in H2 (32–28%) and CO2
(15–9.9%) while the CO content increases (15–22%) with an increase in temperature from
675 ◦C to 850 ◦C. Further, steam reforming of methane could contributed to the increase
in H2 and CO. Furthermore, the relatively high values of H2/CO at lower temperatures
could be due to the consumption of CO via the Boudouard reaction (Equation (5)).
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Figure 3. Effect of temperature and time on naphthalene removal efficiency (S/C—5.0, GHSV—
12,800 h−1, catalyst—7.5% Ni-montmorillonite, naphthalene loading—58 g/Nm3).

Figure 4. Effect of temperature on gas compositions. Initial gas composition: H2 (20%), CO (20%),
CO2 (10%), CH4 (3%) (S/C—5.0, GHSV—12,800 h−1, catalyst—7.5% Ni-montmorillonite, naphtha-
lene loading—58 g/Nm3).

Table 3 presents the carbon balance for the tests performed to evaluate the influence
of temperature on naphthalene conversion. It should be noted that carbon accountability
was greater than 92% for all the cases. Carbon from exit syngas increased with an increase
in temperature. Syngas carbon increased from 14.47 to 17.54 moles with a corresponding
increase in temperature from 550 ◦C to 850 ◦C. This increase could primarily be due to
reforming and cracking of naphthalene as is evident from Table 3. Unconverted carbon
from naphthalene dropped from 3.11 to 0.26 moles, which suggests that naphthalene was
converted to gases in addition to the gas phase reactions as explained in the previous
paragraph. Moreover, the increase in the syngas volume went up (from 19.11% to 26.62%)
with an increase in temperature suggesting naphthalene conversion to gases via reforming
and cracking reactions. The reaction of steam with gases might have contributed to an
increase in exit syngas volume to an extent.
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Table 3. Carbon balance: influence of temperature on naphthalene conversion (S/C—5.0, GHSV—12,800 h−1, catalyst—7.5%
Ni-montmorillonite, naphthalene loading—58 g/Nm3).

Moles of Carbon in Moles of Carbon out

Temperature,
Celsius Syngas NaphthaleneTotal Syngas Naphthalene Total %, Closure Volume Increase Syngas

(Dry), %

550 13.28 4.53 17.81 14.47 3.11 17.58 98.74 19.11

650 13.28 4.53 17.81 15.36 1.41 16.77 94.16 31.47

700 13.28 4.53 17.81 15.32 1.07 16.39 92.04 20.36

750 13.28 4.53 17.81 16.59 0.79 17.38 97.59 25.07

850 13.28 4.53 17.81 17.54 0.26 17.79 99.93 26.62

3.3. Effect of the Steam-to-Carbon (S/C) Ratio

Figure 5 presents the effect of varying the S/C ratio on steam reforming of naphthalene.
In the absence of steam, the removal efficiency of naphthalene was very low at 37%. When
the S/C ratio was increased from 0 to 2.5, the removal efficiency of naphthalene increased
from 37% to complete naphthalene conversion (100% removal). These results show that
steam reforming (Equation (2)) is one of the dominant reactions that aid in the removal of
hydrocarbons, including naphthalene.

Figure 5. Effect of the S/C ratio on naphthalene removal efficiency (T—750 ◦C, GHSV—12,800 h−1,
catalyst—7.5% Ni-montmorillonite, naphthalene loading—58 g/Nm3).

No noticeable change in naphthalene removal was observed by increasing the S/C
ratio from 2.5 to 15 as shown in Figure 5 (30 min). This could be attributed to the saturation
of steam on the catalyst surface at S/C ratios above 2.5; similar results were reported by
Simell et al. [17]. These observations were also reported by Garcia and Hüttinger [42]
who studied the steam reforming of naphthalene over CaO and reported that the rate of
reaction of hydrocarbons is independent of steam partial pressure when the ratio of steam
to hydrocarbons is equal to or greater than the stoichiometric values. They assumed that
the catalyst surface was saturated with steam at steam/naphthalene values greater than 10.
However, a drop in the removal efficiency with time was observed at all S/C ratios. This
drop can be attributed to formation of coke on the catalyst surface, nickel sintering, and/or
formation of nickel aluminate spinel (NiAl2O4) at higher temperatures.
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The effect of the S/C ratio on the gas composition is shown in Figure 6. There is an
increase in the H2 and CO2 content while the CO content decreased with an increase in the
S/C ratio from 2.5 to 10. This could be attributed to the fact that an increase in the S/C
ratio increases the steam partial pressure which shifts the water gas shift reaction towards
hydrogen formation [24]. Therefore, the H2 and CO2 contents increased from 25% to 31%
and from 8.5% to 11.5%, respectively. This was accompanied by a decrease in CO content
from 22.5% to 18.4% when the S/C ratio was increased from 2.5 to 10. However, these
trends were reversed when the S/C ratio was increased from 10 to 15, which could be due
to the dilution of gas at a higher S/C ratio.

Figure 6. Effect of the S/C ratio on gas composition. Initial gas composition: H2 (20%), CO (20%), CO2

(10%), CH4 (3%) (T—750 ◦C, GHSV—12,800 h−1, catalyst—7.5% Ni-montmorillonite, naphthalene
loading—58 g/Nm3).

Table 4 presents the carbon balance for the experiments conducted with various steam-
to-carbon ratios. Mass closure values were slightly higher than 100% for a few runs and
could be due to errors associated with accuracy of instrumentation and calibration using
average efficiencies for unconverted naphthalene and gas compositions over time. An
increase in exit syngas carbon was seen compared to the syngas carbon introduced to the
reactor (13 to 17 moles). Similar to the earlier discussion (Table 3), the increase in exit
syngas carbon was very likely caused by naphthalene conversion to gas phase products.
Furthermore, the corresponding increase in the volume of exit syngas ranging between
17.18% to 26.28% was observed, which could have resulted from both reforming reactions
of water with syngas components and naphthalene.

Table 4. Carbon balance: influence of temperature on naphthalene conversion (T—750 ◦C, GHSV—12,800 h−1, catalyst—
7.5% Ni-montmorillonite, naphthalene loading—58 g/Nm3).

Moles of Carbon in Moles of Carbon out

Steam/Carbon Syngas NaphthaleneTotal Syngas Naphthalene Total %, Closure Volume Increase Syngas
(Dry), %

2.5 13.28 4.53 17.81 16.12 2.58 18.70 105.05 17.18

5.0 13.28 4.53 17.81 16.64 1.54 18.19 102.15 25.29

10 13.28 4.53 17.81 16.19 1.45 17.65 99.16 27.59

15 13.28 4.53 17.81 17.09 1.56 18.65 104.78 26.28
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3.4. Effect of Nickel Content

The influence of metal loading on naphthalene removal was evaluated by performing
experiments with 2.5%, 7.5%, 15%, and 25% nickel-impregnated montmorillonite catalysts.
Figure 7 presents the effect of nickel loading on naphthalene removal. In the absence
of nickel, montmorillonite had a significantly lower activity leading to a naphthalene
removal rate of 13%. Experiments were performed with an inert material to investigate
the destruction of naphthalene via thermal cracking. The results showed that at 750 ◦C,
naphthalene removal was 6.7%. This suggests that montmorillonite is an active catalyst in
tar removal. This activity is attributed to montmorillonite’s acidic nature, high surface area,
and large pore sizes as shown in Table 1 [35].

Figure 7. Effect of nickel loading on naphthalene removal efficiency (T—750 ◦C, S/C—5, GHSV—
12,800 h−1, naphthalene loading—58 g/Nm3).

As shown in Figure 7, naphthalene removal rates increased with an increase in nickel
content from 2.5% to 15%. Increasing the nickel loading from 15% to 25% did not result
in any significant change in the removal efficiency. Similar results were reported by
Bangala et al. [43] and Ishihara et al. [44]; however, Bangala et al. reported that naphthalene
conversion dropped with an increase in nickel loading from 15% to 20%, which was not
the case in our study. The variation in these results could be due to the support material
used by Bangala et al., which was alumina [42]. Montmorillonite (239 m2/g) has a higher
surface area compared to alumina (82 m2/g). Hence, the maximum metal loading would
be higher for montmorillonite because of the higher surface area. Once the maximum metal
loading is reached, the dispersion of metal on the support decreases, which results in lower
activity of the catalyst.

Figure 8 presents the effect of nickel loading on gas composition. No noticeable change
in the composition of the input gas was observed in the absence of nickel (0% nickel).
However, there was an increase in H2 and CO2 contents to 34% and 14%, respectively, with
a corresponding decrease in CO from 20% to 16% when the nickel content was increased.
This increase could be attributed to the water gas shift activity of nickel. With an increase
in the nickel content, an increase in the H2/CO ratio was noticed as shown in Figure 8.
Furthermore, the methane content decreased from 3% to 0.6% with an increase in the nickel
content. This could be due to methane reforming, which is favorable at high temperatures
(740–760 ◦C) [8].
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Figure 8. Effect of nickel loading on gas composition. Initial gas composition: H2 (20%), CO (20%),
CO2 (10%), CH4 (3%) (T—750 ◦C, GHSV—12,800 h−1, S/C—5, naphthalene loading—58 g/Nm3).

Table 5 shows distribution of carbon from syngas and naphthalene and its mass
balance. The closure was above 97% in almost all cases. With an increase in nickel
content, carbon in unconverted naphthalene decreased from 4.18 to 0.05 moles while a
corresponding increase of carbon in exit syngas was observed (13.43 to 16.31 moles). This
suggests that carbon from reformed/cracked naphthalene was converted into gaseous
products due to the steam reforming ability of nickel metal as explained in the earlier
paragraphs, which could further be justified to an extent by the increase in exit gas volume
from 0.5% to 41.89%.

Table 5. Carbon balance: influence of nickel loading on naphthalene conversion (T—750 ◦C, GHSV—12,800 h−1, S/C—5,
naphthalene loading—58 g/Nm3).

Moles of Carbon in Moles of Carbon out

Nickel
Loading, % Syngas Naphthalene Total Syngas Naphthalene Total %, Closure Volume Increase Syngas

(Dry), %

0 13.28 4.53 17.81 13.43 4.18 17.61 98.90 0.50

2.5 13.28 4.53 17.81 15.68 1.94 17.62 98.93 18.64

7.5 13.28 4.53 17.81 16.65 0.79 17.43 97.91 25.29

15 13.28 4.53 17.81 17.35 0.07 17.42 97.81 41.63

25 13.28 4.53 17.81 16.31 0.05 16.35 91.84 41.89

3.5. Naphthalene Loading

The effect of naphthalene loading on its removal efficiency is presented in Figure 9.
There is a decrease in the removal efficiency with an increase in naphthalene loading.
This could be due to the unavailability of active sites for naphthalene adsorption onto
the catalyst surface with an increase in the naphthalene concentration. In contrast, Devi
et al. [45] reported an increase in the removal efficiency with an increase in naphthalene
loading. However, it should be noted that Devi’s experiments were carried out in a different
naphthalene loading range (3.2–9.3 g/m3) [45].

Figure 10 presents the effect of naphthalene loading on syngas composition. In the
absence of naphthalene, it can be observed that there was an increase in H2 (20% to 29%)
and CO2 (10% to 16%) with a corresponding decrease in CO (20% to 13%). This could be
attributed to the water gas shift activity as shown in Equation (5). Furthermore, steam
reforming of methane as shown in Equation (6) contributed to the increase in H2 and CO.
The concentration of methane decreased from 3% to 1.6% in the absence of naphthalene.
The water gas shift activity dropped substantially when naphthalene was introduced into
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the reactor (12 g/m3). The H2 and CO2 contents dropped with a corresponding increase in
CO. This could be due to the increase in the partial pressure of naphthalene which increases
its availability and allows for its reforming over water gas shift activity. A steady increase
in CO and H2 contents was observed when the naphthalene loading was increased from
12 to 58 g/m3. This increase could be due to the steam and dry reforming of naphthalene
that produces CO and H2 as shown in Equations (2) and (3).

Figure 9. Effect of naphthalene loading on its removal efficiency (T—750 ◦C, S/C—5, GHSV—
12,800 h−1, catalyst—7.5% Ni-montmorillonite).

Figure 10. Effect of naphthalene loading on gas composition. Initial gas composition: H2 (20%),
CO (20%), CO2 (10%), CH4 (3%) (T—750 ◦C, GHSV—12,800 h−1, S/C—5, catalyst—7.5% Ni-
montmorillonite).

Table 6 presents the carbon balance information for the tests conducted to evaluate the
effect of naphthalene loading on its conversion in the presence of 7.5% Ni-montmorillonite.
In the absence of naphthalene, the volume of exit syngas increased by 20.94%, which further
strengthens the possibility of water reacting with syngas components (CO and CH4) via
water gas shift and steam reforming reactions. However, the volume increase dropped
by almost half to 9.99% when naphthalene was introduced while 100% of naphthalene
(0.94 moles of C) was converted into gases. This suggests that the reaction between water
and syngas dropped in the presence of naphthalene and supports the point made in
the prior paragraph. Further increase in naphthalene (from 24 to 58 g/m3) contributed
to an increase in carbon in the gas phase and an increase in gas volume (from 14% to
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25%). Further, this can be explained by taking the case of naphthalene loading at 58 g/m3.
The moles of carbon in syngas exit increased by 3.32, while 3.74 moles were lost from
naphthalene. This suggests that 0.42 moles of carbon either went unaccounted and/or
were deposited in the form of coke, which was not analyzed for these tests.

Table 6. Carbon balance: influence of naphthalene loading on its conversion (T—750 ◦C, S/C—5, GHSV—12,800 h−1,
catalyst—7.5% Ni-montmorillonite).

Moles of Carbon in Moles of Carbon out

Naphthalene
Loading, g/cu.m. Syngas NaphthaleneTotal Syngas Naphthalene Total %, Closure Volume Increase Syngas

(Dry), %

0 13.28 0.00 13.28 13.48 0.00 13.48 101.56 20.94

12 13.28 0.94 14.21 13.72 0.00 13.72 96.55 9.99

24 13.28 1.88 15.15 15.01 0.01 15.02 99.11 14.31

40 13.28 3.13 16.40 16.71 0.17 16.88 102.91 24.48

58 13.28 4.53 17.81 16.60 0.79 17.39 97.63 25.13

3.6. Estimation of Apparent Activation Energy

The first-order reaction model was assumed while estimating apparent activation
energy, which has been widely accepted in tar removal studies using naphthalene as a
model compound [46–49]. One of the advantages of this assumption is that a comparison
of the results could be made with the available literature. Details of apparent energy and
frequency factor calculations are presented elsewhere in detail [33].

Experiments were conducted using 7.5% Ni-montmorillonite in the temperature range
of 550–850 ◦C, naphthalene loading of 58 g/m3, to determine the activation energy. Ac-
tivation energy and frequency factors were calculated using the Arrhenius plot shown
in Figure 11 and are presented in Table 7. Activation energy for naphthalene removal
was estimated to be 84.5 kJ/mole and is well within the range reported in the litera-
ture as shown in the Table 7. Table 7 also provides the activation energy and frequency
factor for naphthalene removal reported by various researchers. The activation energy
obtained in this study was within the range of activation energies reported, but on the
lower side, which demonstrates the efficiency of the Ni-montmorillonite catalyst for tar
removal. The only other study which reported a much lower activation energy was by Abu
El-Rub et al. [47] who used fluid catalytic cracking and char as catalysts.

Figure 11. Estimation of apparent activation energy using an Arrhenius plot (S/C—5.0, GHSV—
12,800 h−1, catalyst—7.5% Ni-montmorillonite, naphthalene loading—58 g/Nm3).
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Table 7. Comparison of kinetic data for decomposition of naphthalene over various catalysts.

Catalyst Temperature, ◦C Reaction Medium Residence
Time, s

Activation
Energy, kJ/mole Frequency Factor Ref.

Ni-montmorillonite 550–750 H2O + CO2 + CO + H2 0.3 84.5 3.7 × 105 s−1 This study
FCC* 700–900 H2O + CO2 0.3 50 650 s−1 [33]

Ni-MgO 660–880 H2O + H2 0.26 332 4.3 × 1013 m0.5

mol1.5 s−1 kg−1 [34]

Olivine 825–900 H2O + CO2 + CO + H2 0.3 141 1.7 × 107 s−1 [35]
Char 700–900 H2O + CO2 + CO + H2 0.3 61 7.6 × 104 s−1 [36]

* FCC—fluid catalytic cracking.

3.7. Catalyst Activity and Stability

Experiments were conducted on 7.5% Ni-montmorillonite to evaluate the effect of
catalytic activity on naphthalene conversion. Furthermore, an experiment was conducted
on the 7.5% Ni-SiO2/Al2O3 catalyst to evaluate the effect of catalyst support. Figure 12
presents the naphthalene conversion with time on stream for the catalysts tested. There was
a 4.5% decrease in the activity of 7.5% Ni-montmorillonite towards naphthalene removal.
Naphthalene conversion dropped from 100 to 95.5% over a 97-h test period. The results
from the test performed with 7.5% Ni-SiO2/Al2O3 showed a 24% drop in the activity from
94% to 70% over the test duration. This shows that montmorillonite support had a longer
lasting activity than SiO2/Al2O3. The improved activity of montmorillonite support could
be attributed to its acidic nature as discussed in Section 1. The variation of gas composition
with time on stream is shown in Figure 13. An increase in the CO and H2 contents and a
decrease in the CO2 and CH4 from the initial gas composition (H2 (20%), CO (20%), CO2
(10%), CH4 (3%)) was noticed in the first 10 h. However, no substantial change in the
gas composition was noticed after the initial 10-h test period. These variations in the gas
compositions could be due to multiple reactions occurring simultaneously as discussed
earlier in Section 3.1 (Equations (1) and (5)).

Figure 12. Naphthalene conversion with time on stream (T—750 ◦C, S/C—5, GHSV—12,800 h−1,
naphthalene loading—12 g/m3).
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Figure 13. Gas composition variation with time on stream. Initial gas composition: H2 (20%),
CO (20%), CO2 (9%), CH4 (3%); (T—750 ◦C, GHSV—12,800 h−1, S/C—5, catalyst—7.5% Ni-
montmorillonite, naphthalene loading—12 g/m3).

Carbon balance data from Tables 2–7 suggest that catalytic conversion allows for
increase in energy density of syngas owing to tar cracking and reforming reactions by
transferring carbon from naphthalene to the gas phase (syngas). Thus, catalytic tar removal
is advantageous over physical tar removal techniques such as scrubbing where tars are
merely transferred to a liquid phase without effectively utilizing the energy content avail-
able in tars. Moreover, further processing of the tar-laden liquid phase might be necessary
suggesting catalytic tar removal’s advantages over physical methods.

Characterization of fresh and used 7.5% Ni-montmorillonite (spent catalyst from
the experiment that was performed over a period of 97 h at T—750 ◦C, S/C—5, GHSV—
12,800 h−1, and naphthalene loading—12 g/m3) was conducted to elucidate the reasons
behind catalytic deactivation such as formation of inactive nickel aluminate spinel phases
at high reaction temperatures. X-ray diffraction was performed on the catalyst samples,
the XRD patterns of which are shown in Figure 14. The catalyst samples are composed of
NiO and Ni phases as shown in the figure. Peaks were identified at 2θ values of 37.2, 43.2,
and 63 degrees on the fresh calcined sample which correspond to the NiO phase. However,
only two peaks were identified at 2θ values of 44.3 and 51.8 degrees for the used sample.
These peaks correspond to the Ni phase instead of the NiO phase [19,29,35,50]. This change
in the NiO phase is due to the reduction of the NiO species on the catalyst during steam
reforming, which was carried out under reduced (H2 and CO) atmosphere. Peaks could
not be identified at 2θ values of 31, 37, 46, and 66 degrees, which are signature peaks for
nickel aluminate [38]. This could be attributed to the absence of inactive nickel aluminate
phase formation under the reaction conditions tested. Furthermore, the absence of nickel
aluminate peaks could also be attributed to lower concentrations of nickel in the catalyst
which makes it difficult to distinguish signature peaks from noise.
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Figure 14. X-ray diffraction patterns of fresh and used Ni-montmorillonite.

Transmission electron microscopy was performed on fresh and used catalyst to de-
termine the size of nickel particles. Figures 15 and 16 provide the TEM images at 40,000×
magnification of fresh and post-run catalyst samples, respectively. The dark spherical
spots on the catalyst surface represent the Ni particles. A broad particle size distribution
is present in both cases. However, the metal particles on the used catalyst samples were
larger compared to the fresh catalyst. Nickel particles on the fresh samples were up to
15 nm in size, which were smaller compared to the used catalyst. The size and shape of
nickel particles reported by Ahmed et al. [51] were similar to the results from this study.
The sizes of nickel particles were up to 50 nm on the used catalyst. This increase in the
nickel particle size was due to sintering of nickel which occurs at high temperatures. Hence,
one of the reasons for the decrease over time in the catalytic activity of Ni-montmorillonite
can be attributed to the sintering of nickel particles. Sintering of nickel reduces the effec-
tive surface area of nickel which in turn reduces the number of active sites, reducing the
catalytic activity.

Figure 15. Transmission electron microscopy image of a fresh Ni-montmorillonite catalyst at 40,000×.
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Figure 16. Transmission electron microscopy image of used Ni-montmorillonite at 40,000×.

Thermogravimetric analysis was performed to determine the amount of coke de-
posited on the spent catalysts, the results of which are provided in Table 8. The amount of
coke deposited was lower for 7.5% Ni-montmorillonite (1.28%) compared with 7.5% Ni-
SiO2/Al2O3 (3.21%). The lower coke formation on the Ni-montmorillonite in comparison
to Ni-SiO2/Al2O3 could be due to the presence of 1.8% potassium as shown in Table 1 [35].
Alkali-promoted catalysts, especially potassium-promoted catalysts enhance the resistance
to coke formation [50,52]. Hence, the presence of potassium could have resulted in a lower
amount of coke deposited on Ni-montmorillonite. Although the amount of coke deposited
on Ni-montmorillonite was limited to 1.28%, the presence of coke reduced the overall
catalytic activity.

Table 8. Coke deposited on catalysts.

Catalyst Coke Deposited, %

7.5% Ni-SiO2/Al2O3 3.21
7.5% Ni-montmorillonite 1.28

Surface area analysis of the catalysts was performed, the results of which are listed
in Table 9. It can be seen that the surface area of both catalysts decreased by more than
50% after the experiment that was performed over a period of 97 h at T—750 ◦C, S/C—5,
GHSV—12,800 h−1, and naphthalene loading—12 g/m3. This decrease in surface area
could be due to the collapse of montmorillonite structure at high temperatures in the
presence of steam. This decrease in surface area resulted in reduced availability of acidic
sites for reaction. Furthermore, the accessibility of reactant molecules to nickel species
encaged in the pores of the catalysts was reduced due to structural collapse. This results in
a reduced activity of catalysts [53,54]. In addition, sintering of metal particles leads to a
decrease in surface area of the support, which in turn reduces the catalytic activity [55].

Table 9. Surface area of fresh and used catalysts.

Surface Area, m2/g

Catalyst Fresh Used % Decrease

7.5% Ni-SiO2/Al2O3 439 190 56.7
7.5% Ni-montmorillonite 206.2 90.6 56.1
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4. Conclusions

Experiments were conducted using montmorillonite and Ni-montmorillonite as tar
removal catalysts. Based on the results obtained, the following conclusions can be drawn.

1. Montmorillonite is a catalytically active material for naphthalene removal and its
activity is attributed to its acidic nature.

2. Ni-montmorillonite was found to possess a very high catalytic activity for naphthalene
removal. Complete removal was accomplished under the conditions tested. The
activity of this catalyst was attributed to the nickel species and the acidic nature of
montmorillonite support.

3. Naphthalene conversion increased with increasing nickel loading of up to 15%. In-
creasing the nickel content from 15 to 25% did not improve its conversion.

4. Long-term activity tests showed that Ni-montmorillonite achieved naphthalene con-
versions of greater than 95% with very little loss of activity during the 97-h stream
test. The loss of activity was associated with the deactivation of the catalyst due to
sintering of nickel, loss of surface area, and coking.

5. Ni-montmorillonite had a better activity compared with the conventional Ni-SiO2/Al2O3
catalyst and Ni-montmorillonite catalyst is more economical.

6. Apparent activation energy was estimated assuming the first-order reaction model.
The calculated activation energy was 84.5 kJ/mole, which is comparable to data found
in the literature.
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