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In this work, a new two-step route to store and transport associated natural gas, promoted by Ni, Fe and Co
supported catalyst was presented. Initially, CHy4 is converted into carbon deposits (M/C composite), being Fe
catalyst the most active catalyst. In Step 2, M/C composite reacts with H,0 producing H,, CO and CH4. TPO
experiments showed that efficiency and selectivity of oxidation depends on the metal. Ni catalyst produced

mainly H, and CO, while Fe system was more selective to convert carbon into CHy4. The formation of C; and C3
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compounds suggests the presence of a Fischer Tropsch like process.
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1. Introduction

Offshore petroleum exploration coproduces large amounts of a gas
composed of light hydrocarbons ranging from methane to hexane [1].
This gas fraction has many potential industrial and economical uses,
e.g. production of energy, syngas and other chemicals. However, due
to operational difficulties and high costs of gas transportation most of
this associated gas is simply released or burnt to the atmosphere [2].
Therefore, cost effective technologies to use this associated natural gas
lost in offshore exploration is of considerable interest.

In this work, we present a completely new concept in storage and
transportation of natural gas lost in petroleum offshore exploration
based on a two steps cycle composed of: (i) catalytic carbon deposition
and (ii) steam oxidation. In the first step, at the offshore platform, a
metal oxide is reacted with the associated natural gas (CH,4) to produce
the reduced metal and deposits of carbon (Egs. (1) and ((2)). This M/C
composite can then be stored and transported to the shore. In a second
step, the M/C composite is reacted with steam to produce syngas (CO
and H,) (Eq. ((3)) and converted to hydrocarbons by the well known
Fischer Tropsch process (Eq. (4)). This cycle is shown schematically in
Fig. 1.

MOxide + CH,—~M + CO, /H,0 (1)
M + CH,—»M/C + H, (2)
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M/C + xH,0—CO + H, + MOxide 3)
nCO + (2n + 1)H,—C,H,, , + nH,0 (4)

Recently an indirect storage and production of H, from bioethanol
based on a redox iron system [3] has been described where iron oxide
is reduced under controlled conditions by ethanol to form Fe®, which
can be easily stored and transported. When necessary, Fe® can be
reacted with water to produce H; [3]. This iron redox system has also
been used to purify H, from H,/CO mixtures produced by coal gasifica-
tion [4,5]. This reaction is based on the Fe oxide reduction to Fe® by a H,
and CO mixture. The obtained metallic Fe can then be reacted with H,0
to produce pure H, for different applications. The purpose of this work
is to apply a new process combination of deposition-oxidation in order
to store, transport and produce syngas from methane lost in offshore
exploration.

Hereon, we present the results obtained for the cycle in Fig. 1 in
the presence of three different catalysts, i.e. Ni, Fe and Co supported
on Al;Os. All these metals can promote both steps of the catalytic
cycle, i.e. carbon deposition from hydrocarbons [6-10] and steam re-
form of carbonaceous materials to syngas [11-18]. Moreover, Ni, Fe
and Co catalysts have different behavior in the presence of syngas.
For example, Ni catalysts hydrogenate CO to produce mainly methane
[19,20], whereas cobalt and iron can promote the classical Fischer
Tropsch synthesis from syngas [21-29]. We will disclose preliminary
results on the effect of Ni, Fe and Co catalysts for the direct production
of hydrocarbons during the steam oxidation step.
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Fig. 1. Schematic representation of the two steps process of carbon deposition and
steam oxidation using associated natural gas lost in offshore oil exploration.

2. Experimental
2.1. Synthesis and characterization of catalysts

The catalysts were prepared by wet impregnation of Fe, Ni and Co
nitrates on alumina (140 m? g~ !), with nitrate containing calculated
to produce materials with 10% w/w of the metal oxide named hereon
Fe10A, Ni10A and Co10A, respectively. The metal content in the cata-
lysts, determined by atomic absorption spectroscopy, was 10% 4+ 0.3.
After impregnation and drying at 110 °C for 12 h, the catalysts were
calcined at 400 °C in air for 4 h.

2.2. Temperature programmed chemical vapor deposition (Step 1)

Methane decomposition was performed in a conventional gas-flow
system with a fixed catalyst bed. Diluted methane (14% in nitrogen)
was used in order to obtain higher sensibility for the TPCVD experiments.
The powder catalyst (10 mg) was packed in a quartz tubular reactor and
heated at 5°Cmin~! from 25 to 900 °C in the CH4/N, stream at
22 mL min~! to obtain an WHSV of 85 h™! (considering temperature
of 25 °C). Methane concentration final temperature was maintained for
1 h. During the reaction, volatile products were analyzed by a gas chro-
matography (Shimadzu Model GC-2010), equipped with TCD and FID
detectors and an injector connected to a Carboxen-1010 column. GC cal-
ibration was done with a standard mixture (Air Liquide) containing
3.5 mol% of each gas, i.e. Hy, CO, CO,, CHy4, CoHg, C;H4 and CoH, in No.

2.3. Composites M/C characterization

Metal-carbon composites were characterized by Mossbauer spectros-
copy (CMTE spectrometer model MA250 with a >’Co/Rh source at room
temperature using o-Fe® as reference), X-ray diffraction (Rigaku
D\MAX, with Cu tube, 26 from 5 to 70° and scanning velocity of
4°min~"), scanning electron microscopy (SEM) (Jeol JKA 8900RL)
and Raman spectroscopy (HORIBA LabRAM HR, He-Ne excitation laser
with wavelenght of 632.8 nm). Thermal analyses (TG/DTG/DTA) were
carried out in a DTG 60H Shimadzu, with the following conditions: air

flow of 100 mL min~ ! and heating rate 10 °C min ..

2.4. Temperature programmed oxidation (Step 2)

The M/C composites obtained in Step 1 were submitted to the oxida-
tion with water. In this second step, N, (40 mL min~"') was used to car-
rier water from a saturator held at 25 °C (vapor pressure of 3,15 kPa,
3,1 mol% of water), thereby an WHSV of 162 h—! The materials were
heated up to 900 °C, keeping this temperature for 1 h. The production
of syngas, methane and other compounds was accompanied by GC anal-
yses as described above.

3. Results and discussion
3.1. Catalysts characterization

Three different catalysts based on Fe, Co and Ni supported on Al,O3
were prepared by wet impregnation. Preliminary work in our laboratory
showed that metal contents ca. 10 wt.% produced the best carbon yields
(Supplementary Material). X-ray diffraction patterns of the catalyst pre-
cursors showed the presence of the corresponding metallic oxides,
Fe,03, Co304 and NiO. For Co10A, cobalt aluminates, e.g. Co,AlO4 and
CoAl,0,4 were also identified (Supplementary Material).

3.2. Temperature programmed chemical vapor deposition TPCVD (Step 1)

TPCVD reactions initiate with the reduction of the Ni, Co and Fe oxides
by methane to produce the reduced metal. Mechanistic investigations
[30-32] suggest that this reduction involves hydrogen abstraction by
the oxide surface to form species M— OH and M - O — CHj5 that further de-
compose to the main products H,0 and CO,. The reduced metal works as
catalyst in carbon deposition and H, production. Since its formation, H,
acts as reducer specie, promoting the reduction of remaining metal
oxide. [33].

For Fe10A catalyst, Mossbauer spectra (Supplementary Material)
showed that the catalyst precursor, mainly Fe,03 and highly dispersed
Fe3™ species, is reduced to Fe® (9%) and other -Fe(C), 14%, and FesC
(71%) formed during carbon deposition.

The difference between catalysts behavior in carbon deposition
strongly depends on the metal and other various characteristics of the
system as clearly shown for Ni, Fe and Co by Narkiewicz et al. [6].

Profiles of methane consumption and H, production during the car-
bon deposition (Step 1) are shown in Fig. 2. All the obtained profiles
showed methane conversion by a decrease of the GC signal followed
by a return back to the baseline indicating the catalyst deactivation. Hy-
drogen production follows exactly the same CH, consumption profile
suggesting carbon deposition according to Eq. ((2). Fig. 2 also shows
that in the presence of Ni10A, methane decomposition initiated at rela-
tively lower temperatures, ca. 600 °C. Co10A reacted with methane only
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Fig. 2. Temperature programmed methane consumption (a) and H2 production
(b) during Step 1.
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at higher temperature, i.e. 750 °C, and deactivated rapidly. Fe10A also
reacted with methane at 750 °C but remained active for a longer time.

The yields of carbon produced were determined by TG weight
losses in the temperature range ca. 400-700 °C (Supplementary
Material). These weight losses are related to the oxidation of the
formed carbon by air. Fe10A, Ni10A and Co10A showed carbon contents
of ca. 23, 18 and 9%, respectively with estimated atomic C/M ratio of 20,
13 and 8.

Scanning electron microscopy images (Supplementary Material)
showed formation of carbon deposits as organized structures such
as filaments, especially for Fe10A catalyst. In fact, Raman spectra of
the composites obtained for Fe10A (Fig. 3) showed higher G/D band
intensity ratio, Ig/Ip=1.17, compared the value obtained for Ni and
Co, ca. 0.9. The G band is related to more organized carbon structures
whereas the D band can be associated to more amorphous or defec-
tives carbon structures [34]. This result suggests that Fe10A produced
more organized carbon structures compared to Ni and Co based
catalysts.

Temperature programmed oxidation with H>O (Step 2)

The oxidation of the produced M/C composites with H,0O (Step 2)
was investigated by temperature programmed oxidation TPO (Fig. 4).
During these reactions, the main products observed were H,, CO and
methane.

Ni10A showed two peaks of H, production, i.e. a more pronounced
peak centered at ca. 600°C and another less intense at 850 °C (Fig. 4a).
It is interesting to observe that H, is produced without CO up to
500 °C suggesting the oxidation of Ni°® by H,O to produce only H,
according to Eq. (5):

Ni’ + H,0—H, + NiO (5)

The production of small amounts of methane suggests that another
reaction pathway below 500 °C can be the oxidation of carbon to form
CO (Eq. (6)) followed by a rapid Ni catalyzed hydrogenation to methane

(Eq. (7)):

C + H,0—H, + CO (6)

CO + 2H,—CH, + H,0 (7)

At higher temperatures, H, and CO are produced concomitantly
suggesting the occurrence of carbon oxidation by H,O. The H,/CO
ratio of ca. 3.5 at 600 °C suggests the presence of both reactions de-
scribed in Egs. (5) and (6). On the other hand, at 850 °C, a H,/CO
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Fig. 3. Raman spectra for composites M/C.
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Fig. 4. TPO profiles for composites M/C obtained in Step 1:Ni10A (a), Fe10A (b) and
Co10A (c).

ratio of ca. 4.7 suggests that the reaction shown in Eq. (5) becomes
more important. No CO, was detected indicating that the water gas
shift reaction (H,0+ CO— H,+ CO,) was not present. This is likely
related to the complete consumption of H,O during reaction.

Fig. 4b shows that catalyst Fe10A also produced H, at the initial tem-
perature of 400 °C. On the other hand, CO is detected only at 800 °C and
CH,4 at 500 °C. These results suggest that up to 500 °C, the main process
is the oxidation of Fe® by H,0 similar to Ni (Eq. (5)). In fact, TPO exper-
iment with a pure Fe® sample showed the oxidation by H,O in a very
similar temperature range (Supplementary Material). Up to 800 °C,
significant amounts of methane were formed suggesting carbon de-
posits oxidation to CO, followed by hydrogenation to CH4. Also, control
reaction of the carbon deposited on Fe10A with pure H, showed that
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CH4 can be formed by direct hydrogenation in temperature range ca.
600-900 °C (Supplementary Material):

C/Fe + 2H,—CH, + Fe (8)

It is interesting to observe that the catalyst Fe10A produced much
more CH, compared to Nil10A, i.e. ca. 35% CH, (Fig. 5). Other hydro-
carbons such as C, and C3 were also detected in very small amounts
during the reaction with Fe10A suggesting the presence of a Fischer
Tropsch (FT) like process (Supplementary Material).

The catalyst Co10A showed small production of H, but no CO and
high selectivity to methane. As discussed for Fe10A, H, is formed
mainly by the reaction of H,O with Co metal (similar to Eq. (5))
whereas CH, is formed by the hydrogenation of CO or direct hydroge-
nation of the carbon deposits. Traces of C, and C3 were also observed
due to a FT like hydrogenation catalyzed by cobalt.

The H;, and CO TPO peak intensities for the Ni system is relatively
higher compared to the TPO of Fe and Co. This result is related to the
more efficient carbon oxidation over the Ni material. In fact, TG after
TPO showed almost complete oxidation of the carbon for the Ni system
whereas for Fe and Co only ca. 60% of the carbon was oxidized after TPO.

Fig. 5 shows the total amount of H,, CO and CH, formed during the
TPO runs for the different catalysts. The obtained results suggest that
the metals Ni, Fe and Co have a strong effect during oxidation of the
carbon deposits by H,0 with an important effect on the CH4 and CO
selectivity.

For Ni10A material, the total H,/CO ratio produced during TPO was
ca. 5.2. It can also be observed that the deposited carbon is converted
mostly to CO (99% selectivity) with low selectivity to CHy (1%). Fe and
Co are more selective to convert carbon to CH4 compared to Ni, which
was expected since these metals are the most active in Fischer Tropsch
synthesis. The TPO profiles suggest, specially for Fe10A, that the reac-
tion can be completely selective to CH, at lower temperatures. The reac-
tion conditions are currently being optimized in order to improve the
carbon oxidation and promote the direct carbon conversion into CHy
and other higher hydrocarbons in a single step.

4. Conclusions

Catalysts based on Ni, Fe and Co supported on alumina can be used to
produce large amounts of carbon which may be stored and transported.
These metal/carbon composites (M/C) can then be oxidized with H,0 to
produce H,, CO and CH,. The Fe based catalyst (Fe10A) was more effi-
cient in carbon deposition from CH,4, promoting mainly the formation
of filaments.

TPO experiments showed that the efficiency and selectivity of the
carbon oxidation by H,O is strongly dependent on the metal. Ni10A sys-
tem was more efficient to produce H, and CO with small amounts of
CH,. On the other hand, Fe10A was significantly more selective to con-
vert carbon deposits into CH, during the oxidation with H,0. The pres-
ence of C, and C3 compounds suggests the presence of a Fischer Tropsch
like process. TPO results also suggested that the selectivity of carbon
conversion to CO or to CH4 can be controlled by the H,O oxidation
temperature.

This work is preliminary and further investigation is important to
understand the reaction mechanism, identify other hydrocarbons formed
and develop catalysts which optimize hydrocarbon production.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.catcom.2012.11.021.
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