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Abstract

Fe-based catalysts doped with Mo were prepared and tested in the catalytic
decomposition of methane (CDM), which aims for the co-production of CO,-free
hydrogen and tubular nanostructured carbon (NC). Catalysts performance were tested in
a thermobalance operating either at isothermal or temperature programmed mode by
monitoring the weight changes with time or temperature, respectively, as a result of NC
growth on the metal particles. Maximum performance of Fe-Mo catalysts was found at
the temperature range of 700-900°C. The addition of Mo as dopant resulted in an
increase in the rate and amount of deposited carbon, reaching an optimum in the range
2.5-7.5% (mol) of MoOs for Fe-Mo/Al,O3 catalysts, whereas for Fe-Mo/MgO catalyst
an optimum at 7.5 % MoOs loading was obtained. XRD study revealed the effect of the
Mo addition on the Fe,Os/Fe crystal domain size in the fresh and reduced catalysts.
Tubular carbon nanostructures with high structural order were obtained using Fe-Mo
catalysts, mainly as multiwall carbon nanotubes (MWCNTs) and bamboo carbon
nanotubes. Fe-Mo catalysts showing best results in thermobalance were tested in a pilot-
scale plant with a rotary bed reactor leading to high conversions of methane (70%) and

formation of MWCNTs (8 gncth).
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1. Introduction

Nanostructured carbon (NC) has attracted the aitemf numerous researchers since
the discovery of the carbon nanotubes (CNTSs) lmdijin 1991 [1]. CNT consist of one
or more rolled graphene layers resulting in marular structures, differing in length,
thickness, type of helicity and number of layersaaidls, from single wall (SWCNTS)
and double (DWCNTSs) to multiwall carbon nanotuldd¥(CNTSs).

CNTs are typically produced by Chemical Vapor Deéjpms (CVD) from
decomposition of various hydrocarbons (mainly,@ GH,) or CO using as catalysts
transition metals supported on different metal egid2]. One interesting approach to
the production of such carbon nanofilaments isstirealled catalytic decomposition of
methane (CDM) [3, 4]. CDM is an endothermic reatttbat produces in one single
step free-C@ hydrogen and carbon nanostructures with varioxtal and structural
properties [5]. Co- and Ni-based catalysts are lyidsed in CDM due to their high
activity and the formation of filamentous carbonr1[6. However, Ni and Co-based
catalysts suffered from rapid deactivation wherdustetemperatures higher than ca. 650
°C due to metal particle encapsulation by carb@rll@]. Fe-based catalysts can operate
at higher temperatures than Co or Ni based casalysithout suffering from
deactivation, resulting in higher methane conversidue to the positive shift of the
thermodynamic equilibrium. As an example, the eguim methane conversion at
650°C is 71%, whereas at 800°C increases up to B2%tde this, Fe based catalysts are

cheaper and more environmental friendly than CoNirtshsed catalysts.



Our group has recently synthesized high loaded axide based catalysts with 283
and MgO as textural promoters (Fe/MgO and F&34I[14, 15, 17, 18]. These catalysts
showed methane conversion values close to equilib@long with the production of
MWCNTs and bamboo CNTs (also named as chain-lile tji9]). Iron catalysts,

however, exhibited lower catalytic activity thare thickel ones [7, 14, 20].

In order to improve Fe-based catalysts performaseeeral transition metals (Co, Ni,
Mo, Pd, Mn and Cu) have been used as catalystiaelli{6]. Bimetallic Fe-based
catalysts such as Fe-Co [8, 21-23] or Fe-Mo [244&8ulted in higher CNTs yield
compared to undoped catalysts, besides prevenditadyst particle aggregation [35]. It
is known that an increase in Mo content in bimatadatalysts led to narrower
nanotubes, i.e. less graphene layers, at the exqdrsarbon yield in the hydrocarbon
decomposition process [27, 29, 30, 33, 34, 36].

Stable oxides (ADs3;, MgO, SiQ, TiO,, ZrO,, etc.) are the supports most commonly
used for NC formation by CDM in high-loaded metatatysts [21, 37]. In Fe catalysts,
the support acts like textural promoter affectirgghbthe NC yields and the structure
and morphology of the carbon nanofilaments prodJig@f

In this work, massive Fe catalyst doped with déférMo loadings were prepared using
either MgO or A}O3 as textural promoters. CDM performance was evatufitstly in a
thermobalance in isothermal and ramp mode. Catalsgisbwing better performance
were subsequently scaled up in a rotary bed realiGrquality, which is of utmost
importance for its future application, has beeredrined by structural, textural and

morphological characterization.



2. Experimental

2.1. Catalyst preparation

In order to study the NC formation in CDM reactiohe following Fe-based catalysts
were prepared: Fe/fD; (molar ratio: 2:1) and Fe/MgO (2:1), where Fe adsactive
phase in the CDM process anth@4 and MgO as textural promoters. Fresh catalysts
were synthesized by the fusion method from mixtafethe respective salts and
subsequent calcination in air at 450 °C during Bred17]. The molar ratio of the
components (2:1) was selected according to prigkwonducted by our research group
[15]. Catalysts were doped with Mo in differentdazgs: 2.5, 5, 7.5 and 10 % (molar,
expressed as Ma Catalysts are hereafter denoted as FeMo(X@PAI or
FeMo(X)/MgO, where X refers to the M@@mount in molar percentage. The fresh-
catalyst powder were then grounded and sievediéotggarticles with sizes in 100-200

um range.

2.2. Experimental configurationsand CDM tests

The performance of the catalyst synthesized imtathane decomposition reaction was
preliminarily studied in a thermobalance (CAHN T@52) at different operating
temperatures. The evolution of the catalyst agtiwias recorded gravimetrically via the
observed weight changes of the sample due to @®gee carbon deposition as a
reaction product of the CDM, as previously repoiitef38]. Two temperatures modes
were used: temperature programmed mode (usingte@eate of 10 °C/min) from 400
°C to 900 °C and isothermal mode (at 700, 750 &P8) for 10 h. In a typical run, 10
mg of fresh catalyst was used and a methane flde o& 1Ly/min. Under these
conditions, maximum carbon deposition and subsegdeactivation of the catalyst is

assured [6, 36, 37]. Prior to CDM tests, freshlgatavas reduced using a heating ramp



of 10 °C/min from room temperature to 750 °C witHaflow rate of 1 Ly/h and then
maintained at this temperature until complete rédo®f catalyst.

A rotary bed reactor (RBR) set-up consisted of Bndsical drum made of Kanthal
rotating around its horizontal axis was used toeata at higher scale magnitude the
best catalysts synthesized. The diameter and lesfgtie cylinder were 0.065 and 0.80
m, respectively, and the rotational speed can beddrom 1 to 20 rpm. Additional
details of the experimental apparatus can be falselvhere [39]. Prior to CDM tests,
fresh catalysts were subjected to a reduction rireat using a heating ramp of 10
°C/min from room temperature to 750 °C with a ftbw rate of 70 ly/h and then
maintained at this temperature for 1 h. Next, CQddcation temperature was set at 750
°C. The feed consisted of pure methane (99.99%)stetj to a weight hourly space
velocity (WHSV, defined here as the methane flow steormal conditions per gram
of catalyst initially loaded) of 1,5N/(h-ga). The composition of the outlet gas was
determined by micro GC (Varian CP4900) equipped wito packed columns and a
Thermal conductivity detector (TCD). The carbonduweed was directly measured by
weight difference, corresponding satisfactorilylwihe mass of carbon expected from
the mass balance within an error of less than 5%th&he conversion was calculated
from the eq. (1), wher&H, is the B content in the outlet gases expressed as a volume

percentage.

%H,
= 1
XcH, 200— %, (1)

An estimation of carbon accumulated, during CDM reaction in RBR was determined

from the methane conversion evolution by the eguati

M t
gc = 7Cf0'FCH4 * Xch, * dt (2)
wherea is the standard molar volumilc is the atomic weight of carbofy, is the

methane flow rate fed to the reactor, amsdthe total run time.



Carbon content is expressed as the carbon depositiedespect the amount of active

phase in the catalysts: Fe or Fe + Mo (when Maesgnt in the catalyst formulation).

2.3. Characterization techniques

The catalysts were characterized by X-ray diffacti(XRD) and temperature-
programmed reduction (TPR), while the NC qualitytamed in CDM tests was
determined using structural (XRD), textural ,(Nadsorption) and morphology
characterization (SEM and TEM).

XRD patterns of fresh catalysts and obtained NCewacquired in a Bruker D8
Advance Series 2 diffractometer. The angle rangarsed was 10°-80° using a counting
step of 0.05° and a counting time per step of 8 suitable sample holder with a very
low noise level was used, allowing for pattern asijons from a small amount of
sample with high resolution. The powder XRD patsewere further processed using
the accompanying DIFRAC PLUS EVA 8.0 to obtain refirstructural parameters of
crystal domain sizes of iron (metal, oxide or cdediand deposited carbon through the
application of Rietveld methods. The interlayercspg, dooz, the mean crystallite size
along c axisL.c, and graphitization degreg, are used in this study to assess the degree
of structural order of the materials [40]. The meaterlayer spacingdo,, was
evaluated from the position of the (002) peak apglyragg’s equation [41]. The mean
crystallite sizelc, was calculated from the (002) peak using the 8eh&rmula, with

a values of K = 0.9 [41]. The graphitization degmgewas calculated from the Mering
and Maire equation (validity range: 0.3354ly0,< 0.3440 nm) [37, 42].

The reducibility of the fresh catalysts was studsdTPR. The respective reduction
profiles were obtained in an AutoChem Analyzer R@%Micromeritics) provided with

a TCD from a sample amount of 10 mg and using & te#a of 5 °C/min within a



temperature range from room temperature to 1050nt@r a flow rate of 50 ml/min of
a H (10%)/Ar mixture.

The textural properties of the deposited carboreweeasured by Nadsorption at 77 K
in a Micromeritics ASAP2020 apparatus. The speditidace areas and pore volumes
were calculated by applying the BET method to tepective Madsorption isotherms.
The morphological appearance of the deposited oavbas studied with a scanning
electron microscope (Hitachi S-3400) coupled ta/ki Setector for energy dispersive
X-ray (EDX) analysis, and a transmission electrdarascope (Tecnai F30), equipped

with a cannon of 300 KeV, EDX / EELS analyzers armdaximum resolution of 1,5 A.

3. Results and Discussion

3.1. Fresh catalysts characterization

XRD diffraction patterns of the fresh catalysts @ioiferent MoQ loading ranging from

0 to 10% and textural promoters, namely@J and MgO, are shown in Figure 1a and
1b, respectively. In both cases, undoped catabysigved typical reflexions assigned to
Fe0s. Figure 1a did not show ADs reflections, revealing its amorphous nature [36],
whereas two reflexions were observed in Figure ddigaed to MgO. Doping of the
Al,O3; catalysts with Mo resulted in the disappearanceth® FeO; reflexions,
regardless of the Mo loading, and the presencesf broad signals typically assigned
to y-Al,03 can be distinguished [22]. The disappearance gbfeeflexions as a result
of Mo addition may be attributed to a good dispersof the FgO3; phase, since Mo
promotes the formation of small metal particles, [88] with crystal domain size below
the detection limit of the XRD technique. In catty/prepared with MgO, diffractions
assigned to MgO and F@; can be observed. A reduction in the crystallimtyFe,03

and MgO is also observed with increasing Mo conf@i@j. On further inspection,



catalysts doped with Mo amount higher than 5% sldoweak reflexions around 20-35°
(20) that could be assigned to Mg@ost representative planes [44]. Furthermore,rothe
species, formed upon interaction between Fe amMdéowith textural promoters such as
MgFe0,4, MgFe0,, FeMoQ, Fe(MoOys);, MgMoO, and MgMaO; may be present in
this narrow B range, although the identification of these peaksot straightforward
[27, 29, 33]. These phases are originated in tHeinzdion process by interaction
between metal and promoter precursors; MGg@nd FeMoQ@were detected in a high
temperature calcination (900 °C) [33], where irenvill-dispersed in a MgE®,/MgO

or FeMoQ/MgO solid solution formed by the interdiffusiontiveen FeOx and MgO
[45]. MgMoO; is formed by interaction between Mo and MgO forghansolid solution
[27, 29]. FeO; and MoQ (or Mo like heterometaloxanes) may be well dispérs

small sizes in a low concentration in a solid soluin the support lattice [43].

Table 1 shows the F®; crystal domain size in the fresh catalyst obtaibgdXRD.
Undoped catalysts prepared with,®% had a crystal domain size of 17.7 nm, lower
than the one prepared with MgO (24.5 nm). Mo eftecthe FgO3 crystal domain size
can be evaluated for the FeMo(X)/MgO catalyst. Tlaugradual reduction in the J&
crystal domain size is observed as the Mo@ntent increased up to 7.5%. Thus;(ze
crystal domain size was 24.5 nm for the undopealystt whereas for FeMo(7.5)/&b;
catalysts was 18.4. However, further increase inOMdpading provoked a slight
increase in F®3 crystal domain size. In all cases, crystal donsare is within the
range 18.4-25.9 nm. @3 sizes below 30 nm promotes the formation-é¢fe and F¢C
(cementite) during methane decomposition [19]. Esmecies are catalytically active in
the process allowing a gradual carbon accumuladiaiing nanofilament growth. By

contrast, larger KL®3 particles favor its transformation into non-cat&ly-Fe saturated



with carbon atoms (austenite). For FeMo(X}&{ catalysts, F€s crystal domain size

cannot be calculated due to the low crystallineireadf these samples.

The study of the reducibility of the fresh catadystarried out by TPR is shown in
Figure 2. The TPR profiles of FeMo(0)/8); catalysts showed the presence of three
well differentiated reduction regions, indicatingt@pwise reduction process. The first
region was composed by a Ebnsumption peak centred at temperatures around@5
which reflected the first stage of the reductionhematite, bulk principally [46], to
magnetite: Fg€; — Fe0O,4. The second broad reduction peak found at tempesat
between 420 and 750 °C represented the reductiamaghetite to metallic iron: @,

— a-Fe. This intermediate temperature region is assigio the two-step magnetite
reduction sequence, & — FeO— a-Fe [47]. The appearance of broad reduction
region in the high temperature range (750-950 P@jcated the presence of different
mixed oxides whose chemical nature and degree yaftadlinity cannot be assessed
surely. These species can be assigned to Fel(li)imates reduced in successive stages
to form Fe (1) aluminates andFe [46]. Mo addition induced significant changeshe
Al,O3 catalysts TPR profiles. The peak in the first aun region presented a similar
shape as the undoped catalyst, although it wabktklighifted to higher temperatures.
The H consumption in the second region diminished dravalt. A new reduction
peak appeared centred at ca. 750 °C, being largeth@ Mo content increased.
Therefore, this peak is ascribable to the reduatioMo species (Mo@or Mo ferrites)

to an oxide with a lower chemical valence, thatM®0,, in accordance with literature
data [48, 49]. The two peaks observed in the thagion did not change as the Mo

content increased.

The TPR profiles of the MgO catalysts showed twabhsumption regions: in the first

region, between 300 °C and 550 °C, a shoulder grehk centred at 350 and 470 °C,



respectively, were observed. Both, ldonsumption regions can be assigned to the
reduction of bulk Fg3; species with different interactions with MgO. Tagpearance

of the shoulder can be attributed to the highercéetent of the MgO catalysts as
compared to the AD; based catalysts. The second region between 5@h@Z00 °C
was related to the stepwise reduction o0 FeO and Fe. Nottonsumption in the
high temperature domain was detected, which mayyitinat weaker interaction takes
place between Fe and MgO, as compared to th®;Alased catalysts. Mo addition to
MgO based catalysts shifted the peaks in both nsgio higher temperatures. The
intensity of the peak observed in the first reduttiegion diminished as the Mo content
increased. The broad peak observed centered at56a300 °C corresponded to the

reduction of FeO and Mof})48].

In both cases, Mo doping shifted the reduction petkward higher temperatures,
indicating that it promoted a decrease in the raulity of catalysts. This fact can be
ascribed to a stronger metal particles and texpn@hoter interaction, probably due to

the small size of metal particles, as indicatethenxXRD discussion.

XRD of catalysts reduced at 750 °C are shown imiféi@ a and 3 b for the Ab); and
MgO based catalysts, respectively,@d present typical reflections related to 110 and
200 planes of Fe [50], whereas MgO based catalystsented a better developed
cristallinity resulting in the appearance of Fdaetions assigned to 110 and 200 planes,
and MgO assigned to 200 and 220 planes [51]. Fetalrgdomain size in the reduced
catalysts was calculated and the results are slwable 1. It is observed in all cases
that the reduction of @3 to metallic Fe in the reduction pre-treatment @fd the Fe
crystal domain size by enlarging it, probably dosintering upon the catalyst reduction

stage. For instance, the Fe crystal domain sizeameduced catalysts is 89.7 and 50.2
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nm for the FeMo(0)/AlOs; and FeMo(10)AIOs, respectively. Fe crystal domain size in
FeMo(X)/Al,O3 catalysts is lower than in FeMo(X)/MgO catalysh Acrease in Mo
loading had no effect in the Fe crystal domain siizéhe ALO; based catalysts, whereas
it promoted a decrease of the Fe domain size i@ based catalysts. Regarding Mo
content, the trend in Fe crystal sizes was sintdahat of FeO3 in fresh catalysts. Mo
presence is known to form heteropolymolybdateseorités type structures in fresh
catalyst which favor formation and stabilizationroétallic particles of smaller size in
the reduction step. It also hinders the sinterihthe active nanosize metal clusters into

coarse poorly active particles [43].

3.2. Thermogravimetric analysis of Fe-based catalysts
3.2.1. Temperature-ramp tests

As previously commented, CDM reaction was studigdnbnitoring the mass gained as
the temperature was increased from 500 °C to 900itCa heating rate of 10 9@in™.
TGA results obtained with Fe and FeMo catalystpa@red with A}JO; and MgO as
textural promoters are shown in Figures 4a andefpectively. Insets in Figure 4 show
the carbon formation rate (CFR) for the catalystpared with AlO; and MgO as
textural promoter, respectively, calculated frora ttumerical derivative of the carbon

contentvs.time curves.

For both textural promoters used, Mo addition inweb catalyst performance as
compared to the undoped catalysts, as previouplyrted [27, 29, 30, 33, 34, 36]. This
fact can be confirmed attending to the higher arhoficarbon accumulated (Figures 4
a and 4 b) and the higher CFR in the ramp teste@). This improvement in catalyst

performance was observed up to a certain amouMadd; loading. Thus, maximum
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carbon accumulation capacity was found to be 5%7ak&o for the catalysts prepared
with Al,O3; and MgO, respectively. Comparing with other resitt literature, Mo@
optimum loading in AlO; supported catalysts varies from 5.8% (mol) in &5&vt.)
FeO3 content catalyst [36] to 12% (mol) in very low leaded catalyst (3.5 wt.%) [34].
Similarly, CFR was higher for catalyst preparedhwit5% Mo loading for the case of
MgO catalyst, whereas optimum results were obtafoedatalyst prepared with 5 and
7.5% when AJO; was used as textural promoter. The evaluationhef textural
promoter used revealed that better results, botlieims of carbon accumulation

capacity and CFR, were obtained for catalysts pespaith ALOs.

Ramp temperature tests can also provide valuali@nmiation about the optimum
window temperature to carry out the CDM avoidingabst deactivation, highlighting

the differences upon the textural promoter used.

CFR curves of AlO; catalysts show almost negligible values up to enafures of 650
°C, and from this temperature and onwards, a sharpase in the CFR was observed.
The curves ended with a dramatic decrease of Cé$silgly due to catalyst deactivation
at high temperature. CFR curves obtained with Mg®algsts revealed a different
shape. CFR was very low at temperatures lower tHa@PC. A sharp increment
occurred at 700-750°, followed by a progressiveement up to a maximum (850°C)
and then a progressive deactivation. In this cagdhe time that the ramp ended, the
catalysts maintained a relative high CFR, therefotal deactivation was not attained
during the course of these tests. For Mo dopedysttaa constant CFR temperature
range appeared. Thus, Mo doped@l based catalysts had a temperature window in
which CFR was maximum between ca. 700-850 °C, velselkéo-doped MgO catalysts

this window is shifted to higher temperatures, lgtw 750 and 900°C.
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It can be concluded that Mo addition improved gatalperformed in the catalysts
prepared with AlO; and MgO as textural promoter. Catalyst prepareth Wil,O3
yielded higher carbon accumulation capacities aamtban formation rates than MgO
catalyst in the tests carried out in isothermatste$hese results can be tentatively
explained according to the characterization resptesented in Section 3.1. Thus,
maximum carbon accumulation was obtained for catalyith smallest Fe crystal
domain size (Table 1), related to a stronger m@tatoter interaction, as discussed in

section 3.1.

Taking into account both carbon accumulation camaciand CFR, optimum Mo
loading was in the range 2.5-7.5% for®@4 catalysts, whereas for MgO based catalyst
an optimum at 7.5 % Mo loading was obtained. Catalywith 7.5% Mo content
prepared with both textural promoters were seledtednext studies carried out at

isothermal conditions.

3.2.2. Isothermal tests

CDM was carried out in isothermal mode at threéediint temperatures, namely 700,
750 and 800 °C. Figure 5 shows the carbon accueduigith time for FeMo(0)/AlOs
(Figure 5a), FeMo(0)/MgO (Figure 5b), FeMo(7.584 (Figure 5c) and
FeMo(7.5)/MgO (Figure 5d) catalysts. Runs wereiedrout until the mass gain was

almost negligible.

In both cases, Mo addition improved significantte tcatalyst performance, indicated
by the higher ultimate carbon accumulation, (UCAg., the amount of carbon

accumulated until deactivation occurred. It waseobsd that temperature did not affect
catalyst performance on non-doped catalysts, whatdead a great impact on the Mo

doped catalysts. For both catalyst tested, testeedaout a 700 °C resulted in a relative
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slow initial carbon deposition rate, as revealezldtrve slopes. At 800 °C, TGA curves
were characterized by a sharp increase in the ammfucarbon accumulated in the
initial stage of the reaction followed by a rapigadtivation after ca. 50-100 min time
on stream (TOS). Catalyst performance at 750 °Gepted an intermediate behaviour,
achieving larger value of UCA for both catalystiefiefore, it can be concluded that
optimum operation temperature for these catalysthe CDM reaction is 750°C. It is
known that temperatures above 680 °C guaranted~#&@ transformation into its
metastable state and the formation ofdHee phase in a considerable amount, the latter

being active to CDM [37].

Isothermal tests revealed that the UCA obtainedHercatalyst doped with 7.5% Mo
was slightly larger for AlO; based catalysts, although the main impact onekiital
promoter used was observed in the time neededatth rihis value. This implies that
catalyst prepared with AD; had higher kinetics in the CDM reaction.

At isothermal conditions, CFR decreased dramaticaith time, as deducted from the
curve slopes. This indicates that a large fractibthe carbon accumulated is obtained
during the initial stage of the runs. UCA valuestamed at 750 °C with
FeMo(7.5)/AbO; and FeMo(7.5)/MgO were 13.4 and 12.4/gg. respectively.
Comparing the UCA values of this work with others-Mo catalysts employed in
literature for CNTs synthesis, large differencespatgling on WHSV, reaction
temperature, pressure, feed or Fe/Mo ratio in #talgst were observed, therefore the
comparison is not straightforward. As an exampléAWalues ranging from 8.6 to 46.2

0c/gre for Fe-Mo catalysts were reported [29, 34].

3.3. Characterization of spent catalysts
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Figure 6 shows the diffractograms of the catalgétsr isothermal tests at 750 °C. In all
cases, besides the Fe reflection at ca. 44.9° ¢1 F&, new reflections as compared to
the fresh reduced catalysts appeared: a promiedettion at ca. 26°, assigned to the
002 plane of the graphitic structure of depositadban, several reflections identified as
Fe;C and the presence of MD at ca. 39.9°. Rietvel analysis revealed somendist

features in the crystal domain size of Fe angCFen the spent catalysts, as shown in
Table 2. Thus, Fe crystal domain size diminishedlircases as compared to the fresh
reduced catalysts. This can be attributed to anfeagation of Fe particles after the

initial stage of carbon filaments formation [37].

Fe;C crystal domain size on the spent catalysts text@80 °C varied considerably as a
function of the textural promoter used. Thus, Mg&3dd catalysts had a relative large
FeC crystals (ca. 40 nm), and Mo addition had no ichp@n the other hand, AD;
catalysts showed smaller J&ecrystals as compared to MgO catalysts. Additignal
was observed that Mo addition led to }oformation, which prevents the enlargement
of FeC crystal and improve the dispersion and catabgiivity of Fe [43]. Thus, RE€
crystal domain size was 21.5 and 12.6 nm in thentsgeeMo(0)/AbO; and
FeMo(7.5)/AbOs, respectively. Mo addition avoids the crystalliaat of FeC
inhibiting the catalytic activity of metal due tbet slower diffusion of carbon in @,
compared with solutions of carbondrFe [43, 52].

It is known that the eutectic mixture of Mo and fe@d their carbides, has a lower
melting point which would favor the diffusion ofsdiolved carbon during formation of
carbon nanofilaments [43]. The presence ofCFéMo,C and active Fe particles in the
spent catalysts, as shown in Figure 6, supportsdh@de cycle mechanism [37]: &

is formed by methane decomposition on the freeasarffragment of the catalytic

particle. Since F£ is metastable under certain conditions, it isodgmosed to form
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graphitized carbon in form of filamentous carbor anFe, the latter being active to
hydrocarbons decomposition. Thus, the presence-l6éé and F¢C in the catalytic
particle is necessary for oriented carbon growihalfy, deactivation may be due to the
fragmentary dispersion of Fe particles, which igomepanied by encapsulation of
residual particles by growing carbon nanofilaméltiis fact is in agreement with a
reduction Fe crystal size as compared to the redeegalysts shown in Table 2, as
discussed above.

SEM study shown in Figure 7 provides more insighbwt the morphological
differences of the carbon deposited on the differestalysts used, which clearly
appeared as nanofilaments emerging from Fe-Moagtesti AbO; catalysts (Figures 7a
and 7b) led to more homogeneous filaments and hagpect ratio than those produced
with MgO catalysts (Figures 7c and 7d). Mo dopiffgcs the final appearance of the
NC depending on the textural promoter;@d spent catalysts exhibited no significant
topographic differences influenced by Mo dopingy(ffe 7b), whereas MgO Mo-doped
catalysts improved the formation of carbon nanofgéats with a higher aspect ratio
(Figure 7d).

Product quality is determined as a function ofuexitand structural parameters of NC.
Surface area of products (NC + catalyst) dependb@extent of CDM reaction as seen
in Table 2. Mo addition enhanced carbon formatiesulting in a spent catalyst with
larger surface area values (118-123grfor FeMo(7.5)/A}O; and FeMo(7.5)/MgO,
respectively), than the analogous spent undopealyss (82-35 1fig), larger pore
volumes and lower pore sizes. The high graphittanesof nanofilaments is reflected by
the structural parameter of graphitic carbon (sabld 2) such as the graphitization
degreeg, the interplanar distanceg,, or crystallite sizel.c, which are close to those of

graphite.
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3.4. Scaling-up in arotary bed reactor installation

In this section, the scaling up of the CDM using o doped catalysts selected in

previous section was carried out using a RBR. $htsup has been previously used as
an alternative to other types of moving bed reac{tuidized bed) and to study of Fe-

and Ni-based catalysts in CDM [14, 39]). Figure [&ws conversion and carbon

accumulation data for FeMo(7.5)/8); and FeMo(7.5)/MgO catalysts tested in 180
min duration tests in the RBR at 750°C and a WHSW.6 \l-gcai-HY. Methane

conversion and carbon accumulated were calculabed €q. 1 and eq. 2, respectively.

Al ;O3 yielded higher Cllconversion during the course of the tests, as eoenf the
MgO catalysts, with initial Cklconversions of 75 and 69%, respectively. Bothlgsts
suffered from slight deactivation as the TOS insegh This deactivation was more
dramatic for the catalysts prepared with MgO adutex promoter. Comparing the
carbon accumulated during the TOS (180 min) at bekperimental set-ups
(thermobalance and RBR), same trends in termsrbboaaccumulation capacity were
observed. Thus, after 180 min TOS, the amount dfazaaccumulated in RBR was
2.88 and 1.64 andc@/gre+mo for FeMo(7.5)/AbOs; and FeMo(7.5)/MgO, respectively.
On the other hand, TB obtained 7.73 and 5.430ge+mo (ON 180 min), respectively.
Therefore, TB at isothermal mode represents a bk#u&ool for rapid testing of
catalysts, although RBR is needed in order to abiger NC productions. However,
the ultimate mass gained per gram of metal (Fe } bfahese catalysts is lower due to
less forced operation: TB works at much higher WH8¥xhaust catalyst activity until

its deactivation as compared to RBR.

3.4.1. Nanostructured carbon characterization
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Some TEM micrographs of the NCs produced in RBFCBDWM are shown in Figures 9
(spent FeMo(7.5)/AlD3) and Figure 10 (FeMo(7.5)/MgO). In Figures 9a 4@ are
shown some representative overviews of spent cdsalgevealing certain heterogeneity
in diameters and the presence of nanofilament®wdral sizes and structures, mainly
carbon nanotubes. Spent FeMo(7.5)@% showed tubular structures with a relative
narrow diameter distribution (Figure 9a and 9b)ilevepent FeMo(7.5)/MgO presented
a wider diameter distribution (Figure 10a) showsage tubular structures up to 100
nm in diameter grown from coarse particles (Figl®b). Both samples showed coarse

catalyst particles with deposits of carbon andbphty, inactive crystalline € [52].

Carbon nanofilaments are formed from Fe crystalsdifferent sizes, resulting in
different graphitic carbon structures. In Figurds &hd 9c, and Figures 10c and 10d
several metal particles can be observed, varyingize (from 10 to 60 nm) and
morphology, with common characteristics as enlargedl rounded appearance.
Graphene parallel planes are generated from catbfusion through Fe-Mo particles
to the longitudinal sides, thereof emerging différearbon nanofilaments. This process
occurs until eventual catalyst deactivation oncdamparticles are fully covered by

carbon and as a result of catalyst particles segjay(Figure 10c) [15, 37].

As discussed, CNTs production consist of bamboo £NHigures 9b and 9c and
Figures 10b and 10c), nanotubes with a few lay@reyn as thin multiwalled carbon
nanotubes (t-MWCNTSs) (Figure 9d), and MWCNTs of 2MHnm in diameter (Figure
10d). These carbon nanostructures are charactebyetthe parallel arrangement of
graphene layers to nanotube axis forming a contisudwllow core (5-10 nm); except
for the bamboo type that presented internal nda&sdisrupt the hollow core. Bamboo
nanotubes appeared after the segregation of datggrticles evidencing the high

fluidity of Fe particles during carbon nanofilamemfrowth. Metal particle segregation
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accounts for the formation of bamboo nanotubes.[&@garding carbon quality,
structural and textural parameters were similaraidoons obtained in TB, characterized

by having high graphitic order and slightly low fae areas.

4. Conclusions
On the basis of the results described above, weluwded as follows:

« Ramp mode thermobalance was stated as a reliablefdo rapid catalysts
screening in the CDM reaction. Catalyst performangere evaluated in carbon
formation terms where optimum catalyst formulati@md its operation
temperature range can be easily determined.

e Carbon formation by CDM started from 500 °C andebarate between 650 and
700 °C for iron catalysts due to the formation ddtastable R, resulting in
carbon growth. Maximum CFRs were obtained at teatpegs in the range of
700-900 °C depending on textural promoter used.

* Mo addition enhanced carbon formation showingedéht optimum contents
depending on the catalyst promoter used. This wim#bwged to a different
metal/support interaction, as TPR study revealedh &bping favored the
dispersion of small R®; particles in the fresh catalyst, which in subseque
stages of reduction and CDM reaction were conveaadee and F£, favoring
the carbon diffusion into the catalyst particle idgrthe carbon nanofilament
growth.

* Fe-Mo catalysts formed carbon nanofilaments, maMWy/CNTs and bamboo
nanotubes with high grade of graphitization aneériegting textural properties.
During CDM, the fragmentation of the active metatftgeles took place leading

to bamboo structures and the deactivation by emdaipen. Morphological
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differences as a function of the textural promotessd resulted in different
diameter distribution in tubular carbon nanostrresu

* A pilot-scale plant with a rotary bed reactor iswh as an efficient and scalable
set-up for free-C@ hydrogen production and carbon nanofilaments, ioioig

high methane conversions (70%) and formation of MWWE (8 gc/h).
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Table 1. Crystal sizes of K©3; and Fe of the fresh and reduced catalysts, rasphct

Catalyst FeOs crystal size (nm)Fe crystal size (nm)
FeMo(0)/ALOs 17.7 34.2
FeMo(2.5)/Ab03 - 18.7
FeMo(5)/ALOs - 18.5
FeMo(7.5)/AbO3 - 20.1
FeMo(10)/ALO3 - 19.2
FeMo(0)/MgO 24.5 89.7
FeMo(2.5)/MgO 25.9 65.8
FeMo(5)/MgO 23.3 58.0
FeMo(7.5)/MgO 18.4 54.6
FeMo(10)/MgO 21.0 50.2
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Table 2. Properties of spent catalysts after isotherm C@tst at 750 °C. Textural
parameters determined by lddsorption: BET surface areag£p, pore volume (V)
and average pore size. Structural parameters deeatmby XRD for graphite
(interplanar distance {gb), crystallite size (L) and graphitization degree (g)) and Fe
and FeC (crystal size).

Textural Properties Structural Properties
SgET Vp Pore d002 g L. Fe FeC
(m?g) (cmlg) size (A} (hm) (%) (nm) (hm)  (nm)

FeMo(0)/ALOs 82 0.29 143.2/0.3385 64 7.2 30,0 215

Catalyst

FeMo(7.5)/AbOs| 118 0.31 105.4|0.3373 78 5.3 19.2 126
FeMo(0)/MgO 35 0.15 169.1|0.3362 091 11.3 82.0 420

FeMo(7.5/MgO| 123 042 1354|0.3372 79 6.0 339 392
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FIGURE CAPTIONS

Figure 1. Powder XRD patterns of fresh calcined catalys)sFaMo(X)/Al,Os; b)
FeMo(X)/MgO.

Figure 2. TPR profiles of the fresh calcined catalysts: a&MB(X)/Al.Os; b)
FeMo(X)/MgO.

Figure 3. Powder XRD patterns of fresh reduced catalystsFealylo(X)/Al,Oz; b)
FeMo(X)/MgO.

Figure 4. Evolution of carbon accumulated for catalysts dyirihermobalance ramp-
mode CDM tests. Insets: evolution of the carbormfation rate with time: CFR
(gc Gresmo - S7) vstemperature (°C). a) FeMo(X)/4Ds; b) FeMo(X)/MgO.

Figure 5. Evolution of carbon accumulated with time at difiet reaction temperatures
for catalysts: a) FeMo(0)/AD;; b) FeMo(0)/MgO; c¢) FeMo(7.5)/ADs; d)
FeMo(7.5)/MgO.

Figure 6. Powder XRD patterns of spent catalysts after eotlal test carried out in
thermobalance at 750 °C: a) FeMo(0)/MgO; b) FeM®(KgO; c) FeMo(0)/AlOs; d)
FeMo(7.5)/Ab0:s.

Figure 7. SEM micrographs of spent catalysts after isothértest carried out in
thermobalance at 750 °C for catalysts: a) FeMo(ePA b) FeMo(7.5)/Al0s; c)
FeMo(0)/MgO; d) FeMo(7.5)/MgO.

Figure 8. Methane conversion (closed symbols, left axis) aatbon formation per
gram of metal (Fe + Mo) (open symbols, right axt3DM reaction performed in RBR,
T: 750 °C and WHSV: 1.Kl- geai ™ h™.

Figure 9. TEM micrographs of spent FeMo(7.5)48); catalysts after tests carried out in
RBR, T: 750 °C and WHSV: 18- geai - h™.

Figure 10. TEM micrographs of spent FeMo(7.5)/MgO catalysterafests carried out
in RBR, T: 750 °C and WHSV: 18- gca ™ h™.
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Figure 4.
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Figure 8.
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Figure 9.
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Figure 10.
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