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Abstract: Tar removal from gasification gases is a determinant step to guarantee the operational
feasibility of gasification-to-chemicals/energy systems. However, this is a very complex process
requiring catalytic materials to proceed under reasonably low temperatures and to convert the tars
into fuel gases (i.e., CHx). The use of Fe-based catalysts for application has been reported before,
however, there are still unsolved questions related to its stability and interaction with some species
of gasification gases. Therefore, we evaluated carbon-supported Fe for the decomposition of tar
using simulated gasification gases, and toluene, naphthalene, and benzene as models for tar. The
effects of temperature (565 < T < 665 ◦C) and co-feeding CO on the catalytic activity and stability
were inspected at laboratory and bench scales. The activity of catalysts for decomposing tars was in
the following order: benzene > toluene e > naphthalene. Moreover, there was evidence validating a
reversible elemental step toluene⇔benzene over the Fe surface. The characterization of the spent
catalysts evidenced the oxidation of the active phase and the carbon deposition on the surface. The
formation of FexOy caused a marked loss of activity. Conversely, the carbides were stable and still
active for tar decomposition.

Keywords: gasification; tars; catalytic conversion

1. Introduction

Gasification is one of the most promising processes to produce energy from biomass [1].
The tuning of gasifier operation conditions allows the production of a syngas-like product
with several applications [2]. However, regardless of the biomass source, reactor model or
operational conditions, the gasification gas contains tars. The tarry fraction of the syngas
is detrimental to most technologies using gasification gases as feedstock, even for small
concentrations (in the order of ppm). Therefore, the elimination, removal, or conversion
of tar into valuable products, are among the main concerns in the endeavor to establish
the biomass-to-energy/chemicals route via gasification [3]. The literature reports several
ways to remove tar, most requiring post-treatments to guarantee target concentrations [4].
Several authors ascribe the major challenges for transforming tars into simpler molecules
to their complex and reactive chemical composition. In this sense, thermal and catalytic
cracking are attractive processes to break down the poly-(mono)aromatic structure of tars
into valuable gases. However, the results obtained to date are still far from commercial
application [5–7]. In the case of the catalytic processes, there is a lack of information on the
reaction mechanisms describing catalytic tar conversion, thus an insufficient development
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of active and stable catalysts. Meanwhile, the thermal (non-catalytic) decomposition
of tar exhibits low conversion for mono and poly-aromatics at temperatures close to
the gasification process; a high energy consumption is required to achieve the required
conversions [8,9].

For the conversion of catalytic tar, metallic active sites play a relevant role in achieving
the primary tar cracking and the further radicals–ring bonds and C–H bonds scissions
(only in molecules with radicals as methyl in toluene) at reasonable temperature levels,
viz., close to gasification gases [10].

Among the most common catalysts for gasification gas cleaning, olivines and dolomites
stand out as natural solids easy to handle and dispose [11–13]. However, dolomites are
highly sensitive to chlorine poisoning and suffer erosion and deactivation at high tempera-
tures, while olivines have lower activity but a higher resistance to erosion [14]. A common
issue of these catalysts is coke deposition, which leads to the rapid blockage of pores,
reducing catalytic activity [15]. Recently, supported transition metals (mainly Fe and Ni)
have emerged as candidates for the catalytic upgrading of gasification gas [13,16]. Nickel
catalysts have shown high selectivity to H2 [17] and a lower apparent activation energy
for tar decomposition than other transition metals [18]. During pine sawdust gasification,
the use of Ni catalysts led to an improvement of fuel gas production; but the catalyst was
prone to sintering [19]. Other studies reported an increment in H2 and CO yields while CO2
decreased when using Ni/γ-Al2O3 catalyst with metal loading between 4% and 8% wt [20].
The activity of this metal as an active phase for tar decomposition was mainly affected by
coke deposition and sulfur poisoning [21].

Iron is the most active metal for breaking C–C bonds, and it is also more environmen-
tally friendly and economically accessible than other transition metals [13,22,23]. Moreover,
Fe is the main active phase to produce light hydrocarbons via gasification and tar conver-
sion (up to 96% has been reported using Fe supported as catalyst) [13]. Alumina-supported
Fe catalyst (10% wt of metal) was tested in toluene decomposition, reaching 57% conversion
at 750 ◦C and obtaining benzene as one of the main products [24]. Other authors tested the
activity of Fe oxides supported on silicalite-1 (15% wt of metal) for toluene decomposition;
the conversion at 700 ◦C was 34.8%, which suggested that Fe oxides were active for tar
decomposition [25]. Madadkhani et al. [26] demonstrated the flexibility of Fe for this appli-
cation, by applying bauxite residues to produce a catalyst capable of converting up to 98%
of naphthalene (model tar). However, similar to Ni, Fe is deactivated during gasification
gas treatment, owing to Fe0 oxidation, coke deposition, poisoning, or sintering [27]. An
example is the same study of Madadkhani et al., which reported a reduction of 33% in the
tar conversion after 14 h of operation [26]. This reduction in activity can be mitigated by
controlling operational parameters (injecting air, steam) or from the design of the catalyst.
In the latter, the selection of the support has a strong influence, mainly by using supports
resistant to coke deposition. Among other factors, this resistance can be tailored by chang-
ing the acidity and the solid’s crystalline structure, or by providing a sufficient surface to
obtain a high dispersion of the metal clusters on the support [28].

In particular, carbonaceous supports have attracted attention because of their con-
trollable properties and renewability [29]. The textural properties (surface area and pore
size distribution), surface chemical composition, and redox capacity are among the crucial
aspects in carbons. Moreover, carbon supports could have intrinsic activity for tar conver-
sion, as was demonstrated by [30], who obtained high yields of benzene as a product from
toluene pyrolysis, by using activated carbon as a catalyst. Similar results were reported
by Fuentes-Cano et al., after testing three chars to decompose toluene or naphthalene [31].
Among carbon-based supports, carbon aerogels (CAG) have shown exceptional properties
as adsorbents and catalyst supports [32–34]. CAG have previously been used as Fe sup-
port for upgrading pyrolysis vapors, reaching 70% conversion of carboxylic acids, while
increasing the selectivity of hydrogenation [35,36].

Despite the plethora of works published in this field, the relationship between catalyst
properties and operational parameters, with the reaction mechanisms of tar decomposition,
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remains unsolved [37]. Mukai et al., performed in situ kinetic measurements to study
the conversion of aromatics and aliphatic compounds (as tar models) over Ni/LSAO and
Ni/αAl2O3, and concluded that the nature of the support had a strong influence on the
reaction mechanism (e.g., providing oxygen or adsorbing tar compound) [38]. Kaisalo
et al., also studied the kinetics of benzene reforming over Ni/Al2O3, accurately fitting
the experimental data to a first order kinetic model [39]. However, the limited capability
of the first-order with respect to tar concentration for describing the reaction mechanism
appears as a limitation of these valuable analyses. Moreover, there are no reports proposing
plausible reaction mechanisms for the conversion of tar (toluene, naphthalene, and benzene
as models) over CAG-supported Fe catalysts.

Therefore, the present work aims to understand the mechanism for tar decomposition
over CAG-supported Fe catalysts by studying the effect of temperature and the role of
some gasification gases (CO). Moreover, the influence of the metal oxidation state and coke
deposition on the reaction performance is also posed as a question in our analysis.

2. Results
2.1. Compositional Analysis of Support

The support contained 91.2% wt of elemental carbon, which is characteristic of carbon
aerogels (CAG) according to Standard 472:1999. Nitrogen, hydrogen and oxygen were
1.7%, 0.8% and 5.3% wt, respectively. The inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis did not evidence any inorganic element in a concentration
capable of causing a significant change in the catalytic activity.

2.2. CAG Surface Characterization

Figure 1a–c shows the N2 adsorption–desorption isotherms for CAG, Fe/CAG, and
Fe/CAG-ps. The specific surface (by BET model) and the average pore size obtained for the
support were 370 m2/g and 11 nm, respectively. Normally, after active phase impregnation,
CAG lose part of their specific surface, which was confirmed here for Fe/CAG (249 m2/g)
and Fe/CAG-ps (304 m2/g). The shape of the isotherm and the hysteresis loops found are
quite common for biochars. Previous reports ascribed these results to restricted diffusion of
N2 or irreversible pore deformation by the sorbate. Liquid displacement and sedimentation
measurements cause swelling, that is, the internal matrix expands in response to the
presence of N2 [40]. The presence of metals alters the CAG pore morphology, as evidenced
here by the behavior of the hysteresis, classified as type H4 for the catalysts, which are
typical for zeolites and micro-mesoporous carbons [41]. Based on these results, it was
confirmed that the catalysts and the support had favorable textural properties for tar
diffusion. In particular, they had sufficient specific surface area for the active phase to be
adequately dispersed, and the average pore sizes were of suitable dimensions for diffusion
of the model tar molecules used here (the largest being naphthalene, at approximately
0.72 nm).

Figure 1. N2 adsorption–desorption isotherms at 77 K and pore size distribution on: (a) CAG,
(b) Fe/CAG, and (c) Fe/CAG-ps.
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2.3. Particle Size Distribution and Metallic Surface

The reactions implying the break of C–C bonds are sensitive to the metal particle
structure and the presence of edges, more common on particle sizes lower than 10 nm [42].
Above this size, the surface is determined by the termination of the bulk structure, as in
the case of the catalysts prepared here [43]. The average particle sizes calculated from
transmission electron microscopic images (TEM) were 22.2 ± 0.73 nm for Fe/CAG and
11.9 ± 0.21 nm for Fe/CAG-ps (Figure 2a,b). According to the ICP-OES, Fe/CAG had
10.5% wt, and Fe/CAG-ps 7.4% wt, of metal, respectively. This implied that Fe dispersion
on Fe/CAG and Fe/CAG-ps surfaces were 6.6% and 9.2%, respectively. Finally, exposed Fe
(moles of metal in cluster surface/grams of metal impregnated) were estimated from these
results to calculate turn over frequency (TOF) values (Figure 2c,d).

Figure 2. Transmission electron microscopy image and particle size distribution (PZD) of the catalysts:
(a) Fe/CAG image, (b) Fe/CAG-ps image, (c) Fe/CAG PZD, and (d) Fe/CAG-ps PZD.

The slight difference between the dispersion measured for Fe/CAG and Fe/CAG-ps
was attributed to the thermal response of the pellets during the reduction. In this case, the
heat transfer limitation to the pellet interior led to a milder reduction, thus to lower cluster
sizes. However, regardless of the shape of the catalysts, both dispersions were lower than
10%, which allowed us to rule out the effect of surface coordination on the catalytic activity
for tar decomposition. In other words, any difference observed in the catalytic activity
could be attributed only to the nature of the active phase.

2.4. Throughput Study on Tar Decomposition over Fe/CAG
2.4.1. Kinetic Measurements

The effect of external mass transport limitations on the kinetic data gathered for
toluene decomposition over Fe/CAG were excluded by applying the Mears criterion, which
resulted in the effect being far below the established limit (2.06× 10−9 < 0.15). Additionally,
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the internal mass transfer limitations were excluded by using the Weizs–Prater criteria
(1.78 × 10−3 < 0.3) [44].

Figure 3a shows an example of an experiment at 600 ◦C and 1979 ppm of toluene
decomposition. It was observed that benzene (primary product) concentration spiked
to 8.9 × 10−6 mol/s as toluene was converted during the first 2 h. From this point,
benzene started converting, while toluene flow increased to plateau at 2.2 × 10−7 mol/s.
This result suggested that toluene and benzene were involved in a reversible step. This
reversibility was studied by adding benzene to the feed and the results are shown in
Figure 3b. Given that pure benzene was injected, detecting toluene during the first 4 h
of the experiment demonstrated that a quasi-equilibrated reversible step, as represented
in Equation (2), was taking place. In this case, the reaction mechanism started with
benzene adsorption (Equation (1)), and the *CH2 radicals formed after the ring breaking
(Equations (3) and (4)) may have reacted with other adsorbed benzene molecules to form
toluene again (Equation (2)). Toluene was no longer detectable 5 h after the start of the test
and a quasi-steady state was reached, with propylene being the main species detected in
the gas stream.

Figure 3. Tar model decomposition: (a) toluene (1979 ppm) decomposition over Fe/CAG catalyst,
(b) benzene (1175 ppm) decomposition over Fe/CAG catalyst; temperature, 600 ◦C; space velocity,
350 mL/(min·gcat).

The following elementary steps imply that the aromatic rings break into segments
formed by two carbon atoms as proposed by Oemar et al. [45], which, according to
Equation (3), takes place on two active Fe sites. Without any oxidizing or reducing agents
to remove carbon atoms, the subsequent steps imply carbon deposition (Equation (5);
confirmed here by SEM–EDX analysis, Table 1). Intermediate CH2 * promotes the propa-
gation of the aliphatic chain and the formation of ethylene and propylene as described by
elementary steps Equations (6) and (7).

C7H8 +
∗ 
 C7H8

∗ (1)

C7H8
∗ + ∗ 
 C6H6

∗ + CH2
∗ (2)

C6H6
∗ + ∗ → C2H2

∗ + C4H4
∗ (3)

C4H4
∗ + ∗ → C2H2

∗ + C2H2
∗ (4)

C2H2
∗ + ∗ → CH2

∗ + C∗ (5)

2 CH2
∗ → C2H4

∗ + ∗ (6)

C2H4
∗ + CH2

∗ → C3H6
∗ + ∗ (7)

C6H6
∗ 
 C6H6 +

∗ (8)

C3H6
∗ 
 C3H6 +

∗ (9)

C∗ → C + ∗ (10)
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Table 1. C/Fe ratio of spent catalysts at different toluene concentrations in the inlet. Elements detected
by electron microscopy–energy dispersive X-ray spectroscopy (SEM–EDX). The space velocity of the
experiments was 700 mL/(min gcat) except when another value is specified.

Catalyst C/Fe Ratio

Fe/CAG 575–990 ppm 7.14
Fe/CAG 600–990 ppm 5.13
Fe/CAG 625–990 ppm 5.58

Fe/CAG 575–990 ppm SV 875 6.84
Fe/CAG 600–990 ppm SV 875 6.72
Fe/CAG 625–990 ppm SV 875 7.22

Fe/CAG 625–1485 ppm 5.97
Fe/CAG 625–1979 ppm 8.71

A simplified model based on Langmuir–Hinshelwood formalism is proposed to de-
scribe the kinetics of the process, including the effects of reactant and intermediate interac-
tion on the surface (Equation (11)):

TOF =
k3K1K2 ptoluene

(1 + ∑ Ki pi)
2 (11)

where k3 is the forward kinetic constant for the third step (Equation (3)); K1 is the equilib-
rium constant in the toluene adsorption (Equation (1)); K2 is the equilibrium constant for
the dissociation of adsorbed toluene into benzene and CH2 * (Equation (2)); ptoluene is the
toluene partial pressure in the feed; Ki is the adsorption constant related to each reaction
intermediate on catalyst surface; and pi is their corresponding partial pressure.

According to the proposed model, Equation (12) can express the apparent activation
energy (Eapp) as a relation between the activation energy of the RDS and the heat of
adsorption for reactant and intermediates.

Eapp = E3 −Qtoluene −Q2 + Qi (12)

where E3 is the activation energy of the rate-determining step (RDS), in this case, Equa-
tion (3); Qtoluene is the adsorption heat corresponding to toluene adsorption, in this case,
Equation (1); Q2 is the heat associated with the equilibrated toluene dissociation; and Qi
represents the adsorption heat of all reaction intermediates on the catalyst surface.

This equation is applied in the upcoming sections to estimate the kinetic parameters
describing toluene decomposition on Fe/CAG.

Figure 4 shows the Arrhenius plot where a slope change is evident, which is typical of
experiments influenced by mass transfer. However, the mass transfer limitations were dis-
carded, as explained above. Therefore, this kinetic effect can be explained by Equation (12),
which suggests that the surface coverage of intermediates is lower at higher temperatures,
leading to a reduction in their heat of adsorption, Qi. The adsorption and dissociation heats
of toluene (Qtoluene and Q2) may have higher modular values than the activation energy of
the rate-determining step (Equation (11)); this fact, combined with a decrease in Qi, causes
the apparent activation energy (Eapp) to be negative, and thus the slope of the Arrhenius
plot to be negative. If this is the case, the combined effect of higher temperature and lower
toluene concentration in the feed must cause a stronger fall in the coverage of intermediates,
and a steeper drop in the slope, as evidenced when the lowest concentration of toluene
(990 ppm) is fed.

The change in the slopes of Arrhenius plots for different values of toluene concentra-
tion in the feed reinforce the previously posed hypothesis of the correlation between surface
coverage and the consequent reduction in Qi. Another explanation might be that at higher
temperatures and lower toluene inlet concentrations, the adsorption step became slower
and so, consequently, did the RDS. In fact, an RDS resulting in a negative activation energy
is commonly associated with exothermic equilibrium reactions—such as the adsorption
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step—thus the behavior shown in Figure 4 can be also explained by a change of this nature
in the reaction pathways.

Figure 4. Arrhenius plot for toluene decomposition. Temperature values were 575 ◦C, 600 ◦C,
and 625 ◦C. The space velocity was 700 mL/(min·gcat). Catalyst mass of 0.1 g. Note that the y-
axis is logarithmic. For TOF calculation the metal exposed surface was as follows: Fe/CAG had
0.03894 mmol Fe/g of the catalyst; Fe/CAG-ps had 0.03789 mmol Fes/g of the catalyst.

On the other hand, steps Equations (1) and (6) in the proposed mechanism fail to
explain the reduction in TOF represented in Figure 4, thus it can be assumed that C atoms
and traces of aromatic rings remain on the catalyst surface, which contribute to C deposition
via polymerization reactions. This last point was witnessed by Korus et. al. who detected
the formation of polyaromatics from toluene under similar temperatures as those used
here [30].

Post-reaction characterization of the catalysts using X-ray diffraction (XRD) was made
to verify changes in the crystalline phases during the reaction. It is well known that the iron
metallic phase is active for C–C bond breaking, but the oxide phase has a lower activity [23].
The XRD patterns (Figure 5) of spent catalysts show oxidized Fe phases (Table A1), which
suggest that the decreases observed in the catalytic activity were due to Fe oxidation.
According to these results, and considering that O2 was not fed into the reactor, the Fe
oxidation is ascribed to the formation of metal-support complexes in the absence of H2.
Therefore, it can be inferred that no H2 was formed from toluene decomposition, which
supports its exclusion from the mechanism as previously proposed. In addition, there were
no significant differences in crystallite sizes of Fe and oxides clusters, suggesting that metal
sintering may play a role in deactivation (Table A2).

Figure 6 shows the percentages of the XRD peak areas corresponding to metallic Fe,
which were calculated as the ratio of Fe0 peaks area/total pattern area; it was observed that
the amount of active phase (metallic Fe) rose with temperature, while the space velocity
showed a lower effect on Fe0 concentration. These results also allowed the discard of
sintering and oxidation as the main deactivation causes at higher temperatures. It is
important to note that the FeO:Fe3O4 ratio was almost constant at 3:2, and independent of
the reaction conditions, which indicated that the type of iron oxide had no influence on the
activity loss.

The C/Fe ratios of the spent catalysts demonstrated that the amount of carbon in-
creased at higher temperatures regardless of the toluene concentration fed and space
velocity used (Table 1). This can only be explained by the formation of polyaromatics
(PAHs) and coke deposition.
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Figure 5. Normalized XRD patterns of fresh and spent catalysts during toluene decomposition.
Each pattern is identified with the corresponding spent catalyst condition, temperature, and toluene
concentration in the feed. All experiments were carried out at 700 mL/(min·gcat), except for the spent
catalyst marked SV 875, which was performed at 875 mL/(min·gcat).

Figure 6. Percentage of Fe0 remaining in the Fe/CAG spent catalyst at different conditions. Each
experiment is denoted with the toluene concentration in the feed. All experiments were carried
out at 700 mL/(min·gcat), except for spent catalysts marked 875 SV, which were performed at
875 mL/(min·gcat).



Catalysts 2022, 12, 391 9 of 18

2.4.2. Reaction in Quasi-Real Conditions

Naphthalene is considered the most difficult tar constituent to be decomposed [46]. As
was described before, the Fe/CAG-ps catalyst (used at bench-scale) has similar properties
to the Pd/CAG, but is shaped as pellets to avoid a high pressure drop in the catalytic bed.

Figure 7 shows the behavior of experiments in dynamic conditions. These results
evidenced a first period of stabilization where the conversion decreased at all reaction
conditions. The total loss of activity registered for the steady state at 565 ◦C and 665 ◦C
coincided with the extensive oxidation of Fe0 and the absence of carbides, as confirmed by
the XRD pattern, as is discussed below. Conversely, the presence of CO in the gas stream at
the same temperatures led to an increase in naphthalene conversion, even when the CO
promoted the oxidation of metal clusters. This apparent contradiction suggests that, in the
presence of CO, the reaction mechanism changed or the carbothermic reduction of FexOy
was promoted, generating additional active sites for naphthalene conversion.

Figure 7. Naphthalene decomposition on Fe/CAG-ps at different temperatures and with co-fed CO
at 565 ◦C; both 960 mL/(min·gcat) space velocity, 3130 ppmv of benzene, 660 ppmv of naphthalene.

The experiments shown here suggest differences between reaction mechanisms for
toluene and naphthalene decomposition. While the benzene produced after toluene decom-
position is consumed completely in the reaction, suggesting the presence of free active sites,
the benzene produced during naphthalene decomposition leaves the reactor. Naphthalene
should be adsorbed on the surface by one ring in the planar form [38]. According to the
results of the experiments with pure benzene in the feed, both catalysts are capable of
breaking the aromatic ring, due to their similar characteristics. It is possible to assume
that the ring from the naphthalene molecule in contact with the surface is broken, and the
second ring is released, increasing benzene concentration in the product gas.

The kinetic measurements for naphthalene decomposition (without CO co-feed) over
Fe/CAG-ps exhibit a similar behavior as for toluene (Figure 8), but in this case we attributed
the slope change to the partial deactivation of the catalyst. According to Equation (11), a
change in the balance of the most abundant reaction intermediate (MARI) by the catalyst
deactivation (carbon deposited or change in the Fe0/Fe+n site balance) could imply a
proportional effect in the Qi (see Equation (12)). To confirm such deactivation, the spent
catalysts were characterized by XRD and the activity measurements were discussed along
with the nature of metal sites.
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Figure 8. Arrhenius plot for naphthalene decomposition over Fe/CAG-ps. Temperature values:
565 ◦C, 620 ◦C, and 665 ◦C.

Oxide formation on metal clusters was verified by the XRD patterns for the spent
catalysts (Figure 9 and Table A3). Again, the loss in activity for naphthalene conversion
is attributed to the formation of Fe oxides of different nature [47]. The oxide formation
depends on O availability; at higher O concentration, the oxidation state changes from FeO
to Fe3O4 and finally to γ-Fe2O3 [48]. The catalysts used in experiments with CO in the
feed showed a higher oxidation degree after being used. The CO favored the Fe oxidation,
which is why the XRD patterns for those spent catalysts show almost exclusively γ-Fe2O3
and Fe3C phases.

Figure 9. XRD pattern of fresh and spent Fe/CAG-ps during naphthalene decomposition.

3. Discussion

The performed experiments allow the proposal of a mechanism for the decomposition
of different tar components. Benzene and toluene decomposition over Fe/CAG compared at
similar conditions show strong differences; while benzene is consumed, toluene conversion
is poor. The decomposition of each generates the other tar, suggesting that the elementary
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step on the surface of the Fe/CAG that governs the conversion of toluene into benzene
and vice versa, seems to be reversibly balanced. The model that is proposed with these
results can explain the drop in the activity not related to Fe oxidation. According to the
model’s apparent activation energy expression, a decrease in toluene conversion can be
caused by the concentration of surface intermediates decreasing at higher temperatures
while the modular values of toluene adsorption and dissociation remain constant.

On the other hand, naphthalene decomposition over Fe/CAG-ps produces benzene
as the main product, evidenced in a rise of benzene concentration fed together with naph-
thalene (Table A4). This suggests that the surface is covered by naphthalene, preventing
benzene decomposition after its formation during the naphthalene break. The incorpora-
tion of CO into the reactor generates an increment in naphthalene conversion. However,
CO promotes oxidation of the active phase at a level higher than observed during decompo-
sition of pure tars where only the support contains O in the solid matrix. Contrary to what
is expected, this oxidation does not deactivate the catalyst, due to the formation of Fe3C,
which probably acts as a new active site. The present work opens the discussion to the
possibility that iron carbides act as active sites, which is of marked importance since this
metal is one of the most abundant and environmentally friendly active phases available for
gasification gas cleaning.

4. Materials and Methods
4.1. CAG Promotor Cellulose Microfibrils

The University of Maine (U.S.A.) provided the freeze-dried microfibrils used for the
CAG preparation. The cellulose microfibrils (MFC) were prepared from a gel produced
from a bleached Kraft pulp at 3% wt of solids. The gels were freeze-dried according
to the procedure reported by Demers [49] and known as ice segregation induced self-
assembling (ISISA). The MFC were treated with a flame retardant. The freeze-dried MFC,
were disk-shaped (200 mg of MFC, 10 mm diameter, 2 mm of thickness) in a Parr press
(Parr Instrument Company, Moline, IL, U.S.A.). The pellets were impregnated via incipient
wetness with an appropriate amount of ammonium sulfate ((NH4)2SO4, 99.5% purity,
Merck, Darmstadt, germany) to achieve 5% wt (dry basis) of salt in the pellets, according to
a procedure reported in [50]. Impregnated samples were dried at 40 ◦C for 20 h, and the
impregnation effectivity was confirmed by gravimetric analysis.

4.2. CAG Preparation

Carbonization of the pre-treated MFC was carried out in a split Thermo Scientific
Lindberg/Blue M tube furnace. Approximately 7.4 g of pre-treated MFC were pelletized
in a manual press (Parr Instrument Company, Moline, IL, U.S.A.) prior to carbonization.
Then, 36 pellets of 10 mm (DI), 2 mm of height were stacked in aluminum-oxide trays,
which were placed in parallel to the direction of N2 gas flow (Air Liquide, 99.999% purity,
Coronel, Chile) of 20 mL/(min·gcat of sample). The Thermo Scientific Lindberg/Blue M
tube furnace was heated up to 900 ◦C at a constant heating rate of 10 ◦C/min, without
dwell time. The resulting solid was a carbon aerogel (CAG) used as the catalyst support,
and ground under 53 µm for lab scale experiments or kept as pellets of ~8 mm diameter ×
1.5 mm high after carbonization. These conditions were optimized in a previous study [34].

4.3. Preparation of Catalysts

For toluene decomposition, catalysts with 10% wt of Fe were prepared via incipient
wetness impregnation. Iron nitrate (Fe(NO3)3·9H2O, >99% purity, Merck, Darmstadt,
germany), was used as a metal precursor. Briefly, the corresponding salt aqueous solution
was added dropwise to the CAG support (<80 meshes) in the appropriate quantity, to
reach 10% wt of metal in the final catalyst, according to the pore volume determined by N2
adsorption–desorption (see Section 4.5). For the bench-scale experiments, CAG pellets were
impregnated to obtain the same metal loading (10% wt) without a previous grounding of
the support. Thereafter, the metal-loaded samples were dried at 105 ◦C for 4 h and reduced
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for 2 h at 700 ◦C, under 40 mL/min of H2, using a heating rate of 2 ◦C/min to reach the
final temperature before each tar decomposition experiment. Synthetized catalysts were
identified as Fe/CAG and Fe/CAG-ps, where ‘ps’ refers to pellet shape.

Spent catalysts nomenclature was specified as Catalyst Name–Temperature–Initial tar
concentration_Space velocity (only if space velocity was different to 700 mL/(min·gcat). For
example, a sample of Fe/CAG-ps used at 600 ◦C with an initial toluene concentration of
990 ppm under a space velocity of 875 mL/(min·gcat) was denoted as Fe/CAG-ps 600-990
SV875.

4.4. Compositional Analysis

Inductively coupled plasma optical emission spectrometry (ICP-OES) analysis was per-
formed to determine the actual content of metal on the catalysts Fe/CAG and Fe/CAG-ps.
Support samples were also characterized using standard practice for elemental analy-
sis [51] and a Leco TruSpec analyzer (LECO Argentina S.A., Buenos Aires, Argentina). The
main and trace inorganic elements were quantified using a PerkinElmer Optima 7000 DV
ICP-OES series instrument to discard the presence of other metals with reported catalytic
activity in tar decomposition.

4.5. N2-Physisorption

N2 adsorption was performed to estimate the specific surface area using the Brunauer-
Emmet–Teller (BET) model and pore volume. Barret–Joyner–Halenda (BJH) pore size
distribution was determined using desorption data. Both isotherms were recorded in a
Micromeritics Gemini VII 2390t device (Micromeritics, Communications Dr, Norcross, GA,
USA), for support and catalysts. Before tests, 0.2–0.5 g of samples were degassed at 150 ◦C
under a continuous pure N2 flow for 24 h, as recommended by De Lange et al. [52].

4.6. X-ray Diffraction (XRD)

XRD analysis of catalysts before and after use was performed to evaluate the crystallite
size of the samples and changes in oxidation states during the reaction. The XRD patterns
were recorded on a Bruker AXS model D4 Endeavor diffractometer (Bruker AXS GmgH,
Karsruhe, Germany), using monochromatic CuKα radiation (λ = 0.15418). The signal was
generated at 40 kV and 20 mA. The intensities were measured in the range 5◦ < 2θ < 90◦ for
CAGs, with a step size of 0.02◦ and scans at one s/step. The crystallite apparent size was
calculated using Scherrer’s equation for all solids (Equation (13)).

L =
Kλ

β cos(θ)
(13)

where K is a constant equal to 0.94 for all catalyst samples, λ is the wavelength (in nm), β is
the full width at half-maximum intensity (FWHM) (in rad), and θ is the plane angle.

4.7. Transmission Electron Microscopy (TEM)

The metal particle sizes for the catalyst were measured from transmission electron
microscopy images, recorded in a JEOL JEM 1200 EXII device (JEOL Ltd., Peabody, MA,
USA), with voltage 120 kV. The sample was suspended in a solution of ethanol–water
(50% wt), supported in a copper grill, and covered by a carbon layer. The size distribution
and mean cluster sizes were estimated after measuring more than 10 images.

4.8. Scanning Electron Microscopy–Energy Dispersive X-ray Spectroscopy (SEM–EDX)

Carbon deposition on the Fe catalysts was correlated by comparing the C/Fe ratio
before and after the reaction. The relative amounts of C, H, N, O, and Fe elements were
estimated using SEM–EDX in a LEO 1420VP microscope using 300 × magnification for
fresh and used (during toluene decomposition) Fe/CAG. Similar elements were recorded
in a TESCAN VEGA3 SBU EasyProbe device for fresh and used (during naphthalene
decomposition) Fe/CAG-ps. The change in the C/Fe ratio was attributable to the C
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deposition or consumption during the reaction, assuming negligible or no Fe loss in
the process.

4.9. Kinetic Measurements for Tars Decomposition on Fe/CAG

The activity tests were carried out in a custom-designed system (Figure 10) using
100 mg of Fe/CAG catalyst (fine powder, 53 µm < particle size < 73 µm), which was loaded
into a U-shape quartz reactor (10 mm inside diameter) placed inside a tubular furnace
(Omega Eng, CRFC-312/240-C-A, Stamford, CT, USA).

Figure 10. Representation of lab-scale workplace for tar decomposition.

The tar sample (toluene >99% purity, Merck, Darmstadt, Germany) was fed by a
syringe pump (Cole–Parmer GmbH, Wertheim, Germany) to a custom-made evaporator
where a He flow (Air Liquide, 99.999% purity, Coronel, Chile) circulated with a specific
rate according to the required concentration between 900 and 1979 ppm of tar. A mass flow
controller (Kofloc, model 8500, Kyoto, Japan) was used to control the He flow. Both He and
toluene streams were oxygen-free. All pipes were heated at 150 ◦C using heating tapes
(Omega Eng, Stamford, CT, U.S.A.), and a reactor by-pass was installed to measure the
feed concentration before the reaction. The composition of reactant and product streams
were analyzed in a Clarus 580 GC (Perkin Elmer, Santiago de Chile, Chile) equipped
with an Elite-5 (PerkinElmer, Chile) and a Carboxen-1000 (Supelco Analytical, Darmstadt,
Germany) column coupled to FID and TCD detectors, respectively.

The sample was injected by a 10-way automatic valve heated at 150 ◦C. The feed
concentrations and reaction temperatures were varied to estimate the kinetic parameters.
The reaction products, identified by comparing their ionization patterns were measured
in a gas chromatograph (GC-2010 Plus, Shimadzu, Montevideo, Uruguay) equipped with
a single quadrupole mass spectrometry detector (QP 2010 Ultra, Shimadzu, Montevideo,
Uruguay) with the NIST database.

The conversion of toluene (x) was calculated according to Equation (14) assuming
constant volume and pressure.

x =
Pp

◦
Toluene − Pp f

Toluene
Pp◦Toluene

(14)

where Pp
◦
Toluene and Pp f

Toluene are the partial pressure of toluene at the inlet and outlet of
the reactor, respectively.
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4.10. Evaluation of the Catalytic Performance of Fe/CAG-ps for a Tar Mixture

The effectivity of the Fe/CAG-ps catalysts for converting model tar was studied at
the bench-scale plant installed in the Fraunhofer Institute for Environmental, Safety and
Energy Technology (UMSICHT) facilities in Oberhausen, Germany. A detailed description
of this system was reported in a previous paper and a schematization is provided in
Figure 11 [53]. In a typical experiment, the reactor was loaded with 1 g of catalyst, using a
small steel basket.

Figure 11. Representation of bench-scale workplace for tar decomposition.

The experiments (Table 2) were performed at a fixed ratio of 2.45:1 (mL/min)bzn/(mL/min)nph,
except for 1 control experiment carried out under pure benzene at 565 ◦C. The CO and H2 (Linde
gas, Munich, Germany) were fed along with the tar model mixture to emulate a real syngas [54–56].
Gas composition was measured before and after the reaction by switching the position of a mul-
tiport valve (Valco Instruments Co. Inc., Houston, TX, U.S.A.). The tar constituents studied here
(benzene, toluene, and naphthalene, >99% purity, Merck, Darmstadt, Germany) did not suffer
thermal decomposition (homogeneous reaction) in the temperature and residence time ranges
studied here [8].

Table 2. Experiments carried out with benzene: naphthalene flowrate ratio of 2.45:1 (catalyst: 1 g,
space velocity 940–960 mL/min g catalyst).

N◦ Temperature (◦C) Gases 1 (v/v)

1 565 Ar (balance)
2 620 Ar (balance)
3 660 Ar (balance)
4 565 10% CO, Ar (balance)

1 CO > 99.5% and Ar > 99.999%, Linde gas, Munich, Germany.
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Appendix A

Table A1. XRD planes identifications in spent Fe/CAG.

Signal’s Angle (◦) Plane Metal Phase References

30 (220) Fe3O4 [57,58]
35.4 (311) FeO [57,58]
43 (400) Fe3O4 [57,58]

44.6 (110) Fe0 [59]
54 (422) Fe3O4 [57,58]

56.9 (511) Fe3O4 [57,58]
62.5 (440) FeO [57,58]
65 (220) Fe0 [59]

82.2 (211) Fe0 [59]

Table A2. Particle size, estimated and by XRD patterns, for three different Fe phases in toluene
decomposition spent catalysts.

Catalysts
Particle Size (nm) Pattern Area

FeO (311) Fe0 (110) Fe3O4 (511) Fe0 (%) Fex+ (%)

Fe/CAG fresh - 27.1 - ~99 ~1
Fe/CAG 575 ◦C-990 19.7 31.7 15.2 38.3 61.7
Fe/CAG 600 ◦C-990 21.2 29.6 17.3 51.7 48.3
Fe/CAG 625 ◦C-990 17.4 30.2 14.9 61.5 38.5
Fe/CAG 575 ◦C-1485 20.0 29.6 16.4 57 43
Fe/CAG 600 ◦C-1485 18.7 29.6 17.3 62.9 37.1
Fe/CAG 625 ◦C-1485 17.0 29.3 20.0 75.5 24.5

Fe/CAG 575 ◦C-990 SV 875 21.9 30.8 14.8 54.3 45.7
Fe/CAG 625 ◦C-990 SV 875 20.5 30.8 14.3 77.3 22.7

Table A3. XRD plane identification in spent Fe/CAG-ps.

Signal’s Angle (◦) Plane Metal Phase References

37.6 (222) Fe3O4 [48]
39.7 (109) γ-Fe2O3 [48]
40.6 (119) γ-Fe2O3 [48]
43 (400) Fe3O4 [57,58]

43.7 (202) α-Fe2O3 [48]
44.56 (102) Fe3C [60]
44.6 (110) Fe0 [59]
45.8 (330) γ-Fe2O3 [48]
49.12 (112) Fe3C [60]

50 (421) γ-Fe2O3 [48]
51.7 (00 12) γ-Fe2O3 [48]
54 (422) Fe3O4 [57,58]
58 (21 12) γ-Fe2O3 [48]

61.8 (440) γ-Fe2O3 [57,58]
65 (220) Fe0 [59]

70.7 (620) Fe3O4 [48]
78.6 (133) Fe3C [60]
82.2 (211) Fe0 [59]
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Table A4. Benzene flow in the exhaust at different temperatures and feed conditions.

Catalysts Benzene Flow
Inlet (µmol/s)

Benzene Flow
Exhaust (µmol/s) Change (%)

Fe/CAG-ps 565 ◦C 0.00424 0.004314 1.57
Fe/CAG-ps 620 ◦C 0.00424 0.004310 1.47
Fe/CAG-ps 665 ◦C 0.00424 0.004308 1.44
Fe/CAG-ps 565 ◦C 10% CO 0.00424 0.004296 1.15
Fe/CAG-ps 565 ◦C
(pure benzene) 0.00424 0.00390 −8.01
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