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Abstract:

Tierga and Ilmenite Fe-based ores are studied for the first time in the catalytic decomposition of
methane (CDM) for the production of carbon dioxide-free hydrogen and carbon nanomaterials.
Tierga exhibits superior catalytic performance at 800 °C. The effect of the reaction temperature,
space velocity and reducing atmosphere in the catalytic decomposition of methane is evaluated
using Tierga. The highest stability and activity (70 vol% hydrogen concentration) is obtained at
850 °C using methane as a reducing agent. Reduction with methane causes the fragmentation of
the iron active phase and inhibits the formation of iron carbide, improving its activity and
stability in the CDM. Hybrid nanomaterials composed of graphite sheets and carbon nanotubes
with a high degree of graphitization are obtained. Considering its catalytic activity, the carbon
quality, and the low cost of the material, Tierga has a competitive performance against synthetic

iron-catalysts for carbon dioxide-free hydrogen and solid carbon generation.
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1. Introduction

Catalytic decomposition of methane (CDM) is recognized as a promising approach for
the co-production of CO,-free H, and high value-added carbon nanomaterials (CNMs) [1].
Conventionally, steam methane reforming (SMR) followed by the water-gas shift reaction is
one of the most developed processes for large-scale hydrogen generation. Despite the
optimizations, SMR is associated with high emissions of CO, (ca. 12 t CO,/t H,), high capital
and operating costs [2]. CDM has the advantage of producing H, and high value-added carbon
nanostructures in a single step without generating greenhouse gases (Reaction 1). In this regard,
the CDM process becomes increasingly cost-competitive when public policies support free
taxes or negative costs related to CO, yield and the solid carbon has commercial value [3]. The
carbon nanostructures formed in this process include mainly carbon nanotubes [4] or nanofibers

[5] and in some cases few-layered graphene or graphite nanosheets [6].
CHy(g) — C(s) + 2Hx(g), AH§’5OC= 75.6 kJ/mol (1)

Catalysts typically used in the CDM reactions are based on Ni and Fe, with operating
temperatures between 500 and 900 °C [7-9]. Although Ni-based catalysts are the most active
and stable at temperatures between 500 and 700 °C, it rapidly deactivates with increasing
temperature [10,11]. On the other hand, Fe-based catalysts are cheaper and require higher
temperatures (700-900 °C) [8,12,13]. This latter range of temperatures provides a positive shift
of the thermodynamic equilibrium of the CDM reaction, and thus higher methane conversion
may potentially be obtained, as well as an improved structural order in the obtained graphitic

nanomaterials [14].

The main steps involved in the CDM reaction are: (1) methane cracking, (2) dissolution
and diffusion of carbon through the metal particle, and (3) the supersaturation and subsequent
precipitation of carbon for the formation of nanostructured carbon [5]. Although the stages of
the formation and growth of carbon for Ni- and Fe-based catalysts are certainly related to
common factors, there are some differences. The production of as-grown carbon by CDM for Ni
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catalysts occurs through facet mechanism [15], while for Fe catalysts it is through a complex
system of different active phases composed of metallic Fe structures and Fe-C alloys, i.e., FesC,
a-Fe, y-Fe, and their alloys [16]. To the best of our knowledge, no studies have been concerned
with the influence of each of these components on the results of catalytic reaction, which is an
important aspect of the use of iron-based materials in the CDM reaction [17]. A possible reason
for this remains in the difficulty to rationalize the factors that lead to the formation of iron

phases and metaphase observed under different reaction conditions and catalysts.

Catalyst deactivation by carbon encapsulation and sintering is the prime challenge
found in the CDM process [18]. To promote a longer catalyst lifetime, different metal loadings
[19], supports [20], synthesis methods [21], reactor configurations and conditions [22] have
been studied. For example, Inaba et al. [23] investigated Fe-supported alumina catalyst at
different temperatures, CH, flow rates, and CO, concentrations for the production of carbon
nanotubes. CH,4 conversion achieved 60% at temperatures higher than 700 °C. They stated that
it was possible to increase stability by decreasing gas velocity. By adding CO, in the feedstock,
higher temperatures and longer catalytic lifetimes can be obtained. Besides this, the
prereduction of iron oxides using H, is not mandatory and their reduction can proceed during
the CH, stream at temperatures higher than 680 °C to provide a sufficiently high and stable

conversion.

Expensive catalysts and synthesis methods can compromise the viability of CDM [2].
Depending on the application of the carbon, it is necessary to purify the obtained carbon by
removing the metal with acid treatment [4]. An alternative approach is to regenerate the spent
catalyst from the CDM by oxidation to reuse the catalyst [24]. In both contexts, Fe-based
catalyst is considered suitable for CDM because of its price. Table 1 presents a literature survey
on Fe-based catalysts for CDM with their respective reaction conditions and main catalytic
results. Table 1 shows that the studies related to CDM mostly use H, in the catalyst activation
stage; however, from an industrial standpoint, it is desirable to operate with CH, in the

reduction stage to minimize costs. Enakonda ef al. [25] studied supported Fe-Al materials for
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CDM evaluating the reducing atmosphere with CH, and H,. Interestingly, the catalytic activity

using CH, activation was higher than H, activation (Table 1). The authors suggested that part of
spinel FeAl,O, was reduced by H,, which may result in the sintering of Fe’ and the lowering of
surface area. In contrast, the effect of CH, and H, gases as a reducer agent on non-supported

iron-based material is still poorly known, thus it was thoroughly investigated in this work.

Recently, iron ores have been identified as a promising unconventional catalyst for the
CDM reaction to minimize costs [18]. Here, this work explores the use of two different iron
ores as catalysts in the production of hydrogen and nanostructured carbon materials via CDM.
The iron ores (Tierga and Ilmenite) were chosen because of their low price, wide availability,
non-toxicity and catalytic activity in other reactions involving CH, [26,27]. Both were subjected
to CDM reaction for the first time. Tierga iron ore is mainly composed of Fe,Os, and Ilmenite
ore contains species of iron and titanium. After the selection of the most active ore (Tierga),
several aspects were studied such as reducing atmosphere, reaction temperature and weight
hourly space velocity (WHSV) to find an optimal reaction condition providing high catalytic
activity and stability. The reduction with CH4 had a positive impact on the structure of Tierga
and the yield of as-deposited nanocarbon mainly at more moderate temperatures. We observed
that various types of carbon nanostructures such as graphite-like nanosheets and tubular carbon

structures with a high degree of graphitization were obtained over Tierga.
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Table 1 - Data taken from the literature on methane decomposition catalyzed by Fe-based materials.

Carbon Carbon
Catalyst WHSV ) o o Initial CH; ~ Reaction Final CH,4 ) ]
Iron content Reduction Conditions ~ CDM Conditions ) ) ) ) yield yield Ref.
[L/(gearh)] conversion time (min) conversion
(gc/ gcat) (gc/ gFe)
Fe-Al 60% Fe 42 10% H,, 700 °C, 4 h 30% CH,, 700 °C 58% 60 20% 0.79 1.3 [4]
Fe,0; 100% Fe,Os 4.5 H,, 600 °C, 90 min CH,, 800 °C 21% 360 30% 0.47 0.67 [14]
Fe-Al 40% Fe 7.5 CH,, 750 °C CH,, 750 °C 66% 120 19% 24 6 [25]
Fe-Al
40% Fe 7.5 H,, 750 °C CH,, 750 °C 62% 120 15% 1.91 4.8 [25]
Fe-Ce 27% Fe 4.5 H,, 700 °C, 90 min CH,, 800 °C 35% 360 49% 9.6 35.5 [28]
Fe-La 27% Fe 4.5 H,, 700 °C, 90 min CH,, 800 °C 24% 360 33% 8.95 33.1 [28]
Fe-Mo-Al
62% Fe 1.5 H,, 750 °C, 1h CH,, 750 °C 75% 180 70% 2 3.2 [29]
Fe-Mg
50% Fe 1.5 H,, 700°C, 2h CH,, 700 °C 5% 600 27% 6 12 [30]
Fe—Ce
56% Fe 4 H,,750°C,3 h 30% CH,, 750 °C 86% 250 23% 4.07 7.2 [31]
Tierga 52.6% Fe 2 CH,, 900 °C, 1h CH,, 900 °C 67% 180 53% 2.07 3.9 This work
Tierga 52.6% Fe 2 CH,4, 900 °C, 1h CH,, 850 °C 41% 180 56% 1.63 3.1 This work
Tierga 52.6% Fe 2 H,, 900 °C, 1h CH,, 800 °C 30% 180 32% 0.82 1.6 This work
Ilmenite 33.3% Fe 2 H,, 900 °C, 1h CH,, 800 °C 8% 180 10% 0.23 0.7 This work
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2. Materials and methods

2.1 Materials

The iron ore that has iron oxide as its main component was named according to its place
of origin, Tierga. The other ore containing iron and titanium was called Ilmenite. Tierga was
supplied by PROMINDSA (Tierga, Spain) and the Ilmenite by Titania A/S (Sokndal, Norway).
The materials were sieved to 200-300 pm, and then used as a catalyst for the CDM reaction

without further treatment.

2.2 Techniques of characterization

The crystalline structures of the materials were characterized by X-ray diffraction using
a diffractometer Bruker D8 Advance Series 2. The powder XRD patterns were further processed
for quantitative and qualitative analysis by applying the Rietveld refinement method (see
Supplementary materials). The existence of impurities was determined by inductively coupled
plasma optical emission spectrometry (ICP-OES; Ametek Spectroblue). Temperature
programmed reduction (TPR-H,) tests were performed using an AutoChem Analyzer 11 2920.
TPR-H, profiles were acquired using 250 mg of fresh catalyst, under a hydrogen-argon mixture
(10% H;) with a flow rate of 50 mL/min from room temperature to 950 °C using a heating rate
of 10 °C/min. N, physisorption experiments were analyzed in a Micromeritics Tristar apparatus.
The adsorption and desorption of N, were determined at —196 °C. Thermogravimetric analysis
(TGA) was carried out in a NETZSCH TG 209 F1 Libra thermobalance coupled with the mass
spectrometer (MS), OmniStar TM. The sample (ca. 30 mg) was heated from room temperature
to 900 °C in a total flow rate of 50 mL/min of methane or hydrogen diluted in argon (10% CH,4
or 10% H,) using a heat rate of 10 °C/min. Temperature programmed oxidation (TPO) profiles
of the carbon were obtained in the same apparatus from room temperature to 900 °C using a
heating rate of 10 °C/min, under an air/nitrogen flow rate of 50 mL/min (25:75 vol:vol). The
microstructure of the samples was investigated by transmission electron microscopy (TEM,
JEOL-2000 FXII). Raman spectra were measured in a Horiba Jobin-Yvon LabRAM HR800 UV

spectrometer equipped with a charge-coupled detector. The degree of graphitization of carbon
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was measured using the Raman and XRD results. From the characteristic peaks of carbon from

XRD data, it was possible to obtain the interplanar distance (dy,) between graphene layers of
diffraction peak (002) using the Bragg equation. The graphitization index, g, was calculated
using Equation 2 [54]. The layer thickness (L.) of carbon was calculated by Equation 3, where 1
is the X-ray wavelength, B is the angular width of the (002) diffraction peak at half-maximum
intensity (radians) and 4 is the Bragg angle for reflection (002). The number of graphene layers

(n;) was estimated using Equation 4.

_0.3440 dgo;
" 0.3440- .3354 @
0.89 4
L= B cos 3)
ny, = (Le/dooz) + 1 4)

2.3 Catalytic reactions

The catalytic tests were performed in a fixed bed reactor at different pretreatment and
reaction conditions. In a typical run, 600 mg of fresh catalyst was reduced from room
temperature to 900 °C for 1 h under H, or CH, flow rate of 1.2 L/h. Then, the CDM reaction
was carried out using a pure CH, flow rate of 1.2 L/h, at 800, 850, or 900 °C for 3 h. The
samples after the reaction were named according to the reducing atmosphere and the reaction
temperature. For example, the sample Tierga reduced with H, at 900 °C for 1 h was named
Tierga-H,, and after CDM at 850 °C it was named Tierga-H,850. The composition of the
exhausted gases was determined by gas chromatography (see Supplementary materials). The
CH, conversion [Xcms(%)] is given by Equation 5, where Cy, = Fyy/Fr X 100 is referred to
the percentages of the hydrogen content in the exhausted gases and Fy, and Fr are the H, molar
flow rate and total molar flow rate in the reactor output, respectively. The amount of carbon
deposited on the catalyst (g./g...) was estimated using Equation 6, where M, is the carbon molar
mass (12.0107 g/mol), V,, is the CH,; molar volume (22.4 L/mol), Qcpg4 is the volumetric CH,

flow rate fed to the reactor (1.2 L/h), and t is the run time (h).
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Xen, (%) = zooff:ﬁz x 100 (5)
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9e =7y~ fo Qch, Xcn, dt (6)

3. Results and discussion

3.1 Characterization of fresh Tierga and Ilmenite
Tierga and Ilmenite presented a non-porous structure with surface area of 5.2 and 0.8
m’/g, respectively. The results of XRD and ICP can be seen in Table 2, Tierga consisted mainly

of iron (III) oxide (a-Fe,O3; hematite) and Ilmenite of pseudobrookite (Fe,TiOs).

Table 2 - Chemical composition (wt. %) of the fresh Tierga and Ilmenite determined by ICP-
OES and XRD Rietveld analysis.

o-Fe,0; Fe,TiOs Others minor phases

CaMg(COs),(11.2), Si0,(9), ALO;(3.3), K,O
Tierga 75.3 -
(1.0), Na,O (0.1), TiO, (1.0)

Ilmenite 11.2 54.7 Ti0, (28.6)

The reducibility of these iron ores was studied by TPR-H,, and its profile is shown in
Figure 1. The main peaks were observed in the profile at 440, 690, and 860 °C for Tierga. TPR
profiles observed in the literature for unsupported a-Fe,O; materials were analogous to those
observed for Tierga [32], which suggested the following global reduction mechanism: a-Fe,Os
— Fe;04 — FeO — a-Fe [32]. In Figure 1, the first peak close to 400 °C was related to the
transformation of hematite to magnetite, Fe,0; — Fe;04. The existence of peaks above 570 °C
in these conditions implied the occurrence of the intermediate FeO phase [32]. After that, the
transformation of the Fe;O,4 phase to metallic Fe between 500 and 900 °C occurred in a two-step

magnetite reduction pathway, Fe;0, — FeO — Fe [33].

Four main peaks centered at 430, 620, 920 and 945 °C were observed for Ilmenite in
Figure 1. The peak at 430 °C corresponded to the transformation of a-Fe,O; — Fe;0y4, followed

by the stepwise reduction process previously described. The other stages of the reduction of a-
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Fe,O; were overlapped by the changes of Fe-Ti-O. The peak between 500 and 650 °C was

attributed to the reduction of: Fe;0, — FeO, Fe,TiOs — FeTiO; (Reaction 7) and llmenite-Fe**
— Ilmenite-Fe** [34,35]. Peaks above 900 °C were ascribed to the reduction of FeO — Fe and
Ilmenite-Fe** — Ilmenite-Fe” [35]. The H, consumption of Tierga was five times higher than

Ilmenite, 314 and 56 cm’/g, respectively.

Fe,TiOs(s) + TiOx(s) + Hy(g) <> 2FeTiOs(s) + H,O(v) (7)

——Tierga
—— limenite

H, consumption (a.u.)

v T 4 T x T g T g T . T ¥ T L T
100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 1 - TPR-H, profile of fresh Tierga and Ilmenite.

3.2 Effect of reducing atmosphere

The steps of in situ activation with H, or CH, are the same for iron oxide: a-Fe,O; —
Fe;0, — FeO — a-Fe [25]. However, the in situ reduction of the catalyst with CH, may differ
from that with H, in the formation of gaseous byproducts throughout the reduction process. By
the reduction with CH,, the formation of traces of CO, gases is motivated by the reaction
between CH, and the oxygen of the catalyst from the metal oxide and support [25]. Regarding
the properties of the catalyst, it had been pointed out that the reducing agent can modify the type
of as-grown carbon [36]. Given these aspects, it is expected that the catalyst undergoes different

transformations in particle size, sintering and carbon deposit when reduced with CH,. The study
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of the reducing atmosphere effect was conducted with Tierga because it has a greater amount of

active phase.

3.2.1 Evaluation of the formation of gas byproducts

The evaluation of byproduct formation during the reduction step of Tierga was carried
out in a thermobalance using 30 mg and a flow rate of 50 mL/min containing 10% of CH, or
10% of H, in Ar. The gases evolved were analyzed by mass spectrometry. Figure 2 shows the
variation of each gas during the experiment, as well as the sample mass variation and
temperature. The appearance of CO and CO, mainly occurred at approximately 700 °C for both
atmospheres (CH, and H,) due to the decomposition of the dolomite phase that takes place at
that temperature [37]. The profile of CO and CO, occurred differently between the two
pretreatments because an additional formation of CO4 gas was expected from the interaction
between CH, and catalyst between 600 and 900 °C as aforementioned. Simultaneously, the
reduction with CH4 can lead to other interactions between CH, and the byproducts formed
during the reduction (H,O, CO,, CO, H,), i.c., the gas-water shift reaction, steam and dry
reforming of CH,. This can be evidenced by the diverse water vapor profiles between CH, and
H, reduction pretreatments. For Tierga pretreated with H, (Figure 2-b), the water vapor profile
had maximum peaks at 490, 710, and 810 °C, similar to that observed in the TPR-H, (Figure 1).
However, the water vapor profile for CH, reduction pretreatment material had more discrete
peaks with maximum peaks at 740 and 880 °C (Figure 2-a), suggesting a CH,; reforming
reaction along the reduction stage as also indicated in another study [38]. Additionally, it is
worth mentioning that neither CO nor CO, was found at 900 °C for Tierga-H, or Tierga-CHy,, in

good agreement with the previously reported results [25].

10
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Figure 2 - TGA and MS profiles of reduced Tierga with (a) CH, and (b) H,.

When the reduction with CH, was carried out in a fixed bed reactor, the onset of the
CH, decomposition reaction and the formation of byproducts became more evident (Figure 3).
The CH,4 decomposition started after 30 min of reduction at 900 °C as the CH,; conversion
increased abruptly. The profiles of CO and CO, were similar to those seen in the experiments
using thermobalance (Figure 2-a). The same experiment was not carried out with H, at fixed bed
because the analysis of gaseous byproducts during the reduction with H, had already been
verified in Figure 2-b and the CDM reaction proceeds only by contacting methane. According to
these reducibility tests, the reduction step for both atmospheres was established up to 900 °C

after 1 h. The reduction stage for 1 h at 900 °C is called the activation step hereafter.
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Figure 3 - CHy, H,, CO, and CO profiles of Tierga reduced with CH, in a fixed bed reactor.
3.2.2 Characterization after activation

XRD patterns for Tierga pretreated with H, or CH4 at 900 °C for 1 h are shown in
Figure 4. Both materials presented characteristic peaks of the a-Fe phase (ICSD 64998), SiO,
(ICSD 42498) and new peaks regarding CaO (ICSD 673084) and MgO (ICSD 88058) phases
resulting from the decomposition of dolomite. The absence of iron oxides peaks indicated the
complete reduction to a-Fe. Fe;C (ICSD 064689) and graphite (ICSD 76767) were also
identified in Tierga-CH,, suggesting that the CDM reaction started during the reduction step
with CHy. In fact, Zhou ef al. [33] demonstrated that CDM starts with the formation of Fe;C and
graphite simultaneously on the surface of o-Fe through the reaction between Fe and CH,
(Equation 8). As soon as Fe;C is formed, it acts as a catalyst and promotes the methane
decomposition into H, and carbon [33]. The carbon diffuses into Fe;C to form supersaturated
Fe;Ci.y, which is unstable and immediately decomposes back to stoichiometric Fe;C and

graphite carbon [33].

3Fe (s) + 2CH, (g) <> FesC (s) + C (s) + 4H, (g) ()

The concentration and mean crystallite size of o-Fe depended on the pretreatment
performed. The percentage of the a-Fe phase in Tierga-H, and Tierga-CH, catalysts were 85

and 73 wt.%, respectively. The lower concentration of this active phase in Tierga-CH, was

12
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explained by the transformation of this phase into Fe;C. Moreover, the mean crystallite size of

a-Fe in the Tierga treated with H, (80 nm) was bigger than the iron ore activated by CH, (46
nm), which indicated the fragmentation of the a-Fe phase in Tierga-CH, into smaller crystals by
the adjacent formation of iron carbide and graphite as previously reported in other catalysts
[39,40]. Another possibility involved the effect of Fe;C and carbon on the catalyst activity.
From literature, the iron carbide and carbon can act as textural promoters and prevent the
sintering of a-Fe particles, positively impacting in the catalytic activity, as already reported for
Ni-based materials during CDM above 500 °C [41]. To confirm this hypothesis and to probe in
more detail the ability of these structures to act as promoters in Tierga, different temperatures
were used in the reaction (see section 3.3.3). Other works also report that the reduction with H,
is more severe and leads to larger crystallite sizes by sintering [42]. Once the catalyst is reduced

along the activation stage, the reaction step proceeds.

*
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-*g v Fe,C @ MgO
£ ® SiO, % Graphite
Tierga-H,
*
(@]
@ A e A ,JL k
20 ' 3|0 ' 4IO l 5‘0 ' 6I0 ' 7|0 ' 80

20

Figure 4 - XRD patterns of the activated Tierga catalysts.

3.3 Activity in the CDM

3.3.1 Preliminary activity over Tierga and Ilmenite

After pure H, prereduction at 900 °C for 1 h, Tierga and Ilmenite were subjected to a
reaction with pure CHy at 800 °C. Figure 5 shows the profiles of the samples in terms of H,

production (left y axis) and CH, conversion (right y axis) during the reaction. Only H, and CH,
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gases were detected during the reaction. The catalytic activities of both declined with time on

stream, and after 1 h it increased. A more detailed discussion of this behavior was made in
section 3.3.3. Due to the lower Fe loading and higher reduction temperature of the Fe-Ti-O
structures, Ilmenite exhibited worse catalytic activity than Tierga in terms of H, concentration
ranged from 15 to 18%, than those of Tierga with 46-47%. The CH,4 conversion ranged from 8
to 10% for Ilmenite, and 30 to 32% for Tierga. Tierga produced a high carbon yield at 800 °C
(0.82 g./g.s and 1.6 g./gr.), indicating that is a promising natural catalyst to be used in CDM

and, consequently, it was conducted to further experiments.
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Figure 5 - H, concentration and CH, conversion evolutions for Tierga and Ilmenite in the CDM

reaction at 800 °C. WHSV = 2 L/(g...h).
3.3.2 Effect of the WHSV

The influence of the space velocity at 850 °C, with CH, activation, and WHSV ranging
from 2 to 6 L/(g..-h) was evaluated and the corresponding H, concentration and CH4 conversion
evolutions over Tierga catalyst are shown in Figure S1. With decreasing the space velocity,
there was a gain in contact time and consequently, an increase in conversion. The H, content
profile slightly rose for a WHSV of 2 L/(g..ch). When increasing the WHSV to 4 and 6
L/(geah), the catalyst underwent a deactivation process after 1 h of reaction. The trend of the

WHSYV of 2 L/(g..-h) will be described in detail in the following section.
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3.3.3 Effect of temperature

The effect of the operating temperature on Tierga-CH, and Tierga-H, activities was
evaluated at 800, 850 and 900 °C using WHSV = 2 L/(g.ch). H, concentration and CH,
conversion changes are shown in Figure 6-a. A significant increase in the amount of produced
H, was obtained with rising temperature for both catalysts: Tierga-H, and Tierga-CH,.
According to literature, the amount of produced H, by CDM increases as the temperature
increases and the pressure falls [7]. High H, concentration (70%) and no deactivation were
observed for Tierga-H, and Tierga-CH, at 850 °C. At 800 °C stable conversion was observed
for the catalyst treated with H, during about 100 min, followed by slowly rose to 32%, while the
CH,4 conversion increased from 24 to 40% after 3 h of reaction for the catalyst treated only with
CH,. At 900 °C, although it exhibited the highest initial catalytic activity, there was a slight
deactivation after the first hour of reaction for both Tierga-CH,4 and Tierga-H, (ca. 10% H,
decay). The decrease in the catalytic activity of Tierga-CH4900 and Tierga-H,900 after 1 h can

be primarily assigned to the encapsulation of the active phase.
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Figure 6 - a) H, concentration and CH, conversion evolutions for Tierga-CH,4 and Tierga-H, in
the CDM reaction at 800, 850, and 900 °C; b) H, concentration and CH, conversion for Tierga-

CH, and Tierga-H, after 3 h of CDM. WHSV =2 L/(gc..h).

The early period of catalytic activity, immediately before the period of constant carbon
growth, is commonly named the induction period. This step in CDM is usually associated with
carbon migration and saturation in catalysts, and metal reconstruction [15]. In Figure 5 and 6-a,
the samples Ilmenite-H,800 and Tierga-H, (at 800, 850 and 900 °C) showed an initial drop of
H, production and CH, conversion between 10 and 50 minutes. This fall may be related to the
period necessary for carbon supersaturation of a-Fe and Fe;C to take place. Such induction
period tended to decrease with rising temperature over Tierga (Figure 6-a). After carbon
supersaturation, carbon precipitation occurs. Regarding Tierga-CH,, the active structures were
already partially saturated and therefore had an increasing trend of catalytic activity. The low
initial concentrations of Fe;C and graphite were not sufficient to make these catalysts act as a
structural promoter at the beginning of the reaction. As there was an increase in the

concentration of Fe;C and carbon, they could act as support and possibly explain the high

stability at 800 and 850 °C.

Figure 6-b summarizes the amount of formed H, and the conversion of CH, after 3 h of
reaction as a function of temperature. The final conversion of CH,4 at 800 °C was about 35% for

Tierga-H, and Tierga-CH,. At higher temperatures, the conversion was close to 56% and it was
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independent on the treatment of Tierga. This result revealed that the initial fragmentation and

previous saturation with carbon observed in the XRD pattern (Figure 4) had a positive impact
on the catalytic results mainly at 800 and 850 °C after 3 h of reaction. Such initial catalyst
fragmentation with CH, may have brought about the inhibition of agglomeration and sintering
of iron-based materials. This disaggregation likely led to greater exposure of the active phase
which resulted in higher catalytic activity for Tierga-CH, catalyst, as other authors previously

reported [43].

Table 3 - Carbon formation and structural parameters for Tierga catalysts after CDM for 3 h at
different temperatures.

Tierga- Tierga- Tierga- Tierga- Tierga- Tierga-
H,800 CH4800 H,850 CH,4850 H,900 CH,900

Je (8/2e)" 0.82 1.05 1.49 1.63 2.04 2.07
dgo> (nm) 03373 03374 03368 03376 03369  0.3366
g° 0.78 0.77 0.84 0.74 0.83 0.86
L, (nm)° 18.55 17.30 20.85 20.77 20.47 21.24
n, 56.1 524 63.3 63.0 61.8 64.1
I/l 0.25 0.19 0.23 0.25 0.22 0.21

Carbon yield (Equation 6).
°Graphitization degree (Equation 2).

“The layer thickness of carbon (Equation 3).

The amount of deposited carbon from these CDM experiments is shown in Table 3.
Despite the slight difference between the results for the same temperature, the carbon formation
was favored with CH, as the reducing agent and with rising temperature. Comparing the carbon
yield of Tierga with data taken from the literature (Table 1) is a non-trivial task owing to the
diversity of experimental systems. In some cases, Tierga has superior performance than iron-
based synthetic catalysts (e.g., 100% Fe,0s), which contribute to boosting the competitiveness
of Tierga iron ore to reach a commercial level. On the other hand, Tierga material displayed
inferior carbon yield than other ones possibly due to an absence of support and a small number
of alkaline impurities such as potassium and sodium (Table 2) as previously reported [20]. The

experimental conditions used in this work and the results obtained for Tierga without H,
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pretreatment could be considered as a good advantage for industrial application. In addition,

Tierga presents other advantages such as low-cost and high Fe loading.

3.4 Characterization of spent Tierga catalysts

Figure S2 shows the diffractograms of the Tierga catalysts after the reaction. The spent
catalysts were composed mostly of a-Fe (ICSD 64998), y-Fe (ICSD 185721), Fe;C (ICSD
064689) and graphite (ICSD 76767) phases in all samples except for Tierga-H,800 sample that
did not have the pattern of y-Fe. The as-deposited carbon presented dgy, values between 0.3376
and 0.3366 nm and g, between 0.74 and 0.86, respectively (Table 3), i.e., parameters close to
the perfect single crystal of graphite structure, which is 0.3354 nm and g, close to 1. The
characterization of carbon by XRD indicated the formation of graphite-like materials with L,
between 17 and 21 nm and a number of graphene layers (n;) between 52 and 64. Due to the low
carbon formation over Ilmenite (0.3 g./g.), only Tierga catalysts were characterized after

CDM.

Most samples after the reaction were composed of the y-Fe structure. This phase is less
characterized experimentally due to its instability at temperatures below the boiling point (727
°C). y-Fe can be an intermediate phase in the production of Fe;C and graphite at high
temperatures [44]. The o-Fe (body-centered cubic system) and y-Fe (face-centered cubic
system) phases have a great affinity with carbon, which allows the dissolution of carbon atoms
in the network of these metals, reaching a maximum of 0.022% wt. of C at 740 °C for a-Fe, and
2.14% wt. of C at 1150 °C for y-Fe. The diffractogram of y-Fe without carbon saturation found
in the literature (ICSD 41506) had peaks at 20 = 45.8, 53.4 and 78.9°; however, the peaks at 20
=43.8, 50.9, 74.9° presented in Figure S2 can be attributed to y-Fe saturated with carbon (ICSD
185721) [45,46]. This is because y-Fe allows the insertion of carbon in the interstices of the
crystalline network. The rearrangement decreases part of the associated metal-metal energy and
changes the diffraction lines of y-Fe metal to lower angles, as observed for Tierga. Similar
results have been reported in earlier publications [45,46]. The carbon-saturated y-Fe phase was
observed only after reaction (Figure S2), and not in the initial activation step (Figure 4), which
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suggests that enough carbon was formed during the reaction to protect and stabilize this

intermediate phase.

Based on the XRD data, the iron-based phases were quantified by Rietveld refinement
(Figure 7). The amount of Fe;C decreased with increasing temperature, while iron species
increased. The most striking variation in the final composition of the iron phase between the
materials took place at 800 °C: Fe;C was the major product in Tierga-H,800, while a-Fe and -
Fe become dominant in Tierga-CH4800. However, this difference between the catalysts
gradually decreased up to 900 °C. These results indicated that the characteristics of the catalyst
after diverse activation atmospheres led to distinct reaction mechanisms at moderate
temperatures motivated by the generation of iron phases with distinct crystal systems and

fractions.
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Figure 7 - Iron phase fractions in spent Tierga catalysts by Rietveld refinement of the

corresponding XRD patterns (shown in Figure S2).

The most widely reported reaction mechanism is based on the transformation of a-Fe
into FesC and graphite (Equation 8). In contrast, previous studies have shown that the
mechanism of carbon formation from a-Fe can vary according to the concentration [47] and
crystallite size [45] of the a-Fe phase in reactions performed at the same temperature. Wirth et

al. [47] revealed that depending on the concentration of a-Fe in a temperature range close to the
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eutectic temperature (700-800 °C), y-Fe or Fe;C can be obtained, the latter would give rise to

carbon. While for Takenaka et al. [45], the a-Fe structure was transformed into Fe;C or y-Fe
depending on the crystallite size of iron oxide. The supported Fe,O; crystallites with smaller
sizes were transformed into Fe;C, while larger ones were transformed into y-Fe saturated with
carbon atoms [45]. Based on these studies, it became evident that for Tierga with reaction taking
place at 800 °C (close to the eutectic point), Fe;C nucleation was favored when the active phase
of the catalyst was mainly composed of a-Fe with larger crystallite size, i.e., Tierga-H,
catalysts. Yet at 800 °C, the y-Fe phase was preferably promoted by a system with a lower
concentration of o-Fe and smaller average crystallite size (Tierga-CH, catalysts). As the
reaction temperature overpassed the ecutectic point towards higher temperatures for other
catalysts (Tierga-CH4850, Tierga-H,850, Tierga-CH4900 and Tierga-H,900), there was a higher
tendency to promote the nucleation of y-Fe [47]. Once a-Fe, y-Fe, or Fe;C appeared, the carbon
dissolution begins to happen and when it reaches the supersaturation of carbon in the metal

and/or carbide, the precipitation and growth of carbon occur.

Correlating the XRD results with the catalytic tests for Tierga-CH4800 and Tierga-
H,800 it was possible to evaluate the effect of the different active phases (a-Fe, y-Fe and Fe;C)
on the conversion and H, production. The concentration of 55% H, (v/v) was obtained in CDM
after 3 h for Tierga-CH,4800. As Tierga-CH,;800 was composed mainly of a- and y-Fe at the end
of the reaction, it seems to indicate that a- and y-Fe phases were more effective catalysts than
Fe;C. A possible explanation for these results may be that the carbide requires a higher amount
of carbon for supersaturation than the metal, maximum of 6.67% wt. of C for Fe;C [17]. While
a-Fe and y-Fe require a lower amount of carbon for graphite precipitation to occur, usually less
than 3% wt. of C [17]. In addition, the carbide bulk diffusion coefficient is lower than that of the
metals y-Fe and o-Fe, implying a higher difficulty in precipitating graphite using carbide [48].
Thus, the mitigation of carbide formation resulted in greater activity of the catalyst, and it was

achieved by changing the activation atmosphere to CH4. As seen in the XRD results, the
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activation with CH, led to the initial fragmentation of the a-Fe phase and inhibition of large

amounts of Fe;C.

Figure 8 shows the TEM images of the as-grown carbon from Tierga with different
pretreatments and CDM reaction conditions. TEM images confirmed as-deposited carbon in all
spent Tierga in the form of carbon nanomaterials (CNMs) with a high degree of graphitization
(dpo2 = 3.35 A), including multi-layered graphene, graphite nanosheets (GNSs) and carbon
nanofilaments. The nanofilaments were multi-walled carbon nanotubes and chain-type carbon

nanofibers.

In all samples, the GNSs structures (marked with white dotted rectangles) appeared in
higher quantities. Generally, they were transparent, rippled graphene/graphite layers, and
disengaged from the metallic particles (Figure 8-a, ¢). Tubular structures (marked with black
dotted rectangles) were sparser and shorter, without (Figure 8-f) and with (Figure 8-g)
encapsulated iron-based nanoparticles. The chain-type carbon nanofibers (Figure 8-g) had
multiple graphite walls around the metal, similar to those observed in previous works with Fe
[23]. The metallic particles in the images were round and covered with a thin layer of graphite
(Figure 8-c). As the temperature increased, the agglomeration of the metal particles increased

(Figure 8-¢) as well as the number of metal particles within the chains (Figure 8-f).
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Figure 8 - TEM images of spent samples: (a-b) Tierga-CH,4800, (c-d) Tierga-H,800, (e-f)

Tierga-CH4900, (g-h) TiergaH,900.
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The nanocarbon structures such as GNSs and carbon nanofilaments observed in this
work can be explained by the quasi-liquid state theory [16,20]. According to some studies
[50,51], iron species in the quasi-liquid state combined with the absence of support can produce
GNS. Iron-based species with low dispersion and large particles when in quasi-liquid state
elongate and expand to form a thin film composed of metal and carbide metal [51]. This film is
capable of allowing the dissolution, precipitation of carbon and growth of graphene or graphite
sheets on its surface [51]. The formation and growth of short carbon nanotubes and chain-type
carbon nanofibers observed in the TEM images may have happened analogously. We can infer
that the segregation of the active phase during the reaction enabled the formation and growth of
these carbons, as also noticed in some previous works [51,52]. The carbon was precipitated out
from the smallest metallic iron particle supersaturated with carbon. The growth occurs in a
cylindrical shape and extends to maintain the void inside the tube [7,20,33]. With its growth, the
interface between the carbon and metal walls decreases and the insertion of the metallic particle
into the tube or chain may occur during this process, thus forming the carbon nanotube or chain-

type carbon nanofibers [7,20,33].

Raman spectra of the as-deposited carbon nanostructures over the Tierga catalysts are
presented in Figure S3. In the Raman first-order spectra (1100 and 1700 cm™) of the materials,
it is possible to observe the characteristic peaks of disordered graphite including D, G, D' at
1350, 1580 and 1620 cm™ respectively. The second-order (2500-3300 cm™) is the result of
overtones and combinations of the bands in the first order, and for the studied materials, peaks
were observed in approximately 2450, 2720 and 3240 cm’', which are attributed to the first
overtone of bands at 1220, 1350, 1620 cm™, and the band 2950 cm™ is a combination of band G
and D. The 2D band (~ 2700 cm™) is characteristic of structures with few and multiple layers of
graphene and graphite. Analogous spectra are found in the literature for multilayer graphene and

graphite [53].

The integral intensity ratio /p/l; is widely used to express the degree of graphitization

for the carbon, i.e. the lower I/l ratio, the higher crystalline order of the carbon species. The
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average parameters of the spectra are shown in Table 3. The /p//; values of all samples were all

below 1 (Table 3), which means that the carbon is ordered, with minor contributions from

disordered particles.

The low I/l value corroborates TEM images, showing that the carbon nanostructures
were predominantly composed of multilayer graphene or graphite nanosheets and small
quantities of nanofilaments. The results presented in this work agreed well with other studies in
which low Ip/l; was favored when the final product was multilayer graphene flakes, high
temperatures, and flows of pure methane [36,54,55]. Compared to synthetic pure Fe,Os reported
in the literature [14], Tierga generated hybrid carbon with fewer defects and a higher amount of
carbon. The materials showed Ip/I; results close at the same reaction temperature (Table 3),
however, the most significant difference was between the materials Tierga-CH,800 and Tierga-
H,800. The Ip/I; value was 0.19 for Tierga-CH4800 and 0.25 for Tierga-H,800, which means
that the material Tierga-CH4800 was nanostructured with fewer defects than Tierga-H,800.
These same materials showed the greatest difference in carbon yield, 1.05 g./g.. for Tierga-
CH,4800 and 0.82 g./g.. Tierga-H,800. This result is in concordance with previous studies [56]
which suggested that one of the conditions for carbon growth is preventing disordered the
carbon formation. The quality of produced carbon depended on the catalyst treatment and
interestingly the results were better with the treatment of the catalyst with CH4 which is an

advantage in the development of the CDM industrial process.

Finally, TPO was performed to evaluate the thermal stability of the spent Tierga
catalysts (Figure 9). In all profiles, it is first observed that there was a slight gain in mass close
to 450 °C, which may be related to the oxidation of the metallic iron and iron carbide phases
located on the surface, followed by a sharp decay in mass between 600 and 630 °C. The higher
the reaction temperature, the greater the displacement of the oxidation temperature to higher
temperatures. This result is consistent with what was observed in Raman and TEM, which
indicates a highly ordered crystal structures (500-700 °C) with the absence of amorphous carbon

(~ 400 °C).
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Figure 9 - TPO profiles for spent Tierga catalysts.

4. Conclusions

Tierga and Ilmenite were confirmed as an active catalyst in the production of CO,-free
H, and carbon. However, Tierga showed significantly higher catalytic results than Ilmenite and
was therefore further investigated. The methane conversion and hydrogen concentration over
Tierga were 56% and 70%, respectively, after 3 hours of reaction. Tierga reduced with CH,4
demonstrated superior performance with greater activity and stability than Tierga pretreated
with H, at moderate temperatures. CH, activation has contributed to the fragmentation of the
active phase a-Fe which led to smaller crystallites preventing agglomeration and sintering. Such
characteristics also promoted the formation of y-Fe rather than Fe;C. The high stability of
Tierga can be primarily associated with a high degree of graphitization. At 900 °C, there were
no significant differences between the Tierga materials in terms of the conversion and reaction
mechanism, however, the deactivation started after a certain time, which is related to the
encapsulation of chain-like carbon nanofibers. XRD, TEM and Raman revealed the production
of structures with nanosheets of graphite and carbon nanotube structures with a high degree of
graphitization. WHSV and reaction temperature play a central role in the stability of this
material as well, in which the optimal conditions were 2 L/(g.h) and 850 °C. The use of iron
ore as a natural and low-cost catalyst in the production of nanocarbon structures can contribute

as an alternative to assessing the practical use of the CDM process.
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