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Chapter 1

Introduction and overview
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1.1. Hydrogen as an energy carrier

Today’s world economy is significantly dependent on hydrocarbons since more than
80% of the primary energy consumed worldwide is obtained from fossil fuels [1]. This
situation has several major drawbacks such as a high level of environmental pollution during
mining, processing and burning of mineral fuels (particularly carbon dioxide emissions),
limited long-term availability, and a tendency to rising costs. These factors have favored a
widespread tendency to use renewable energy sources to supply part of the demand of
primary energy. Among renewable energy sources like wind, solar, hydropower or biomass,
the latter is appealing because if may be converted into liquid biofuels like alcohols, which
may be used as chemical intermediates to store energy. Ethanol, for instance, is currently
being used as fuel in conventional cars blended with gasoline, and it is an excellent energy
storage molecule to produce hydrogen for fuel-cell vehicles [2]. It is known that the electricity
generation and automotive sector are main responsible contributors for man-made greenhouse
gas emissions [3]; for example, in USA in 2012, 32% and 28% of that type of air pollution
came from power plants and transportation, respectively [4]. In fact, the main use of oil is for
the production of liquid fuels for transportation, and nowadays more than 80% of world’s
transportation fuels (air, land and sea) are derived from oil [5]. Socioeconomic implications of
biomass are also important, since its widespread use could contribute to improve the economy
of developing countries [6], although care has to be taken to avoid interferences with the use
of land for food production..

Hydrogen is one of the widespread elements in universe and on earth surface; it has
the biggest specific heat of combustion and during the process of burning or using it in fuel
cell, it produces water with CO, net emissions when it is produced from non-fossil fuels [7]. It
exhibits a much higher energy density by weight (at least 3 times more than gasoline when
compressed or liquefied [8]), but the problem of its effective and safe storage is under

investigation. It is important to note that when hydrogen is used in power trains based on fuel
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cells and electric motors, it is around 1.6 times more efficient than internal combustion
engines (theoretical maximum for heat engine is 60% and ~95% for fuel cell) [9-11]. All
these advantages are promoting hydrogen as a fuel alternative for the near future. In fact, it is
already used in commercially made automobiles, buses, and even in military submarines [12-
14].

Hydrogen can be produced from a broad variety of primary energy sources. Around

50% is currently being made by steam reforming of natural gas and light hydrocarbons, while
the rest is obtained from heavy oil and coal by gasification or partial oxidation (45%) [6,15],
and a variety of processes such as water electrolysis, biomass conversion (pyrolisis,
gasification, steam reforming), and through enzymatic/bacterial processes (direct and indirect
photolysis, photo-fermentation, and dark-fermentation) [16, 17]. However, the production of
hydrogen from fossil sources is not attractive because of the associated CO, emissions.
Electrolysis of water produces extremely pure hydrogen (smaller purification cost for fuel
cell in comparison to other processes) and requires a simple reactor setup, but this way is
hindered by high electricity consumption [18]. Biomass pyrolysis’ main disadvantage is that
this process produces large variety of gaseous and liquid by-products, which require to be
separated. Biological methods of hydrogen production are relatively slow and usually need to

work at low hydrogen partial pressure to accelerate reaction [16].

1.2. Hydrogen from ethanol

The production of hydrogen from renewable sources can be achieved through several
pathways. One of the most promising is the production of bioethanol from biomass, which
can be easily stored and commercialized with low CO, emissions, combined with the
production of hydrogen from bioethanol [19]. Hydrogen can be produced from bioethanol
through the catalytic steam reforming reaction (ESR):

CszOH + 3H20 g 2C02 + 6H2 (eq. 11)
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This reaction exhibits the additional advantage of being almost CO, neutral, as most of the
CO; released into the atmosphere is captured by the growth of biomass [16]. Bioethanol is
also attractive since it can serve as safe hydrogen storing liquid for application in fuel
processors described elsewhere [21]. Works of Brown [22] and Xuan [23] show the analysis
of the ESR for automotive propulsion. It is considered as one of the promising energy supply
systems in the future. As illustration, well to wheel analysis made by Campanari [24] and

successful testing made Bowers in project of Renault&Nuvera Fuel Cells concludes that such

appliances can be economically feasible [25].

In Figure 1.1., the process flow diagram of a fuel processor based on SCWR directly

coupled to a PEMFC unit is depicted.

> Flue gas >

E-1

Catalytic combustor
Reformer

>

E-2

FC cathode

Figure 1.1. Process flow diagram of a fuel processor based on SCWR directly coupled to a

PEMFC unit.
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The fuel processor is composed of the reformer and the catalytic burner reactors,

which are coupled directly to optimize heat transfer. Heat recovery between streams is
performed in series of plate-type heat exchangers (E-1 to E-2). The product gas is cooled and
the excess steam condensed and reused, and the water-saturated gas mixture of hydrogen,
carbon dioxide and traces of methane is then sent to the fuel cell anode. The spent gas from

the anode contains unreacted hydrogen and methane, and it is used as fuel in the burner of the

reformer.

1.3. Catalysts for the steam reforming of ethanol

Ethanol steam reforming process can be performed over several families of catalysts.
The most usual catalysts are based on non-noble transition metals supported on single metal
oxides or mixed oxides [26]. The most frequently used metals are nickel, cobalt, iron and their
different mutual combinations with metal oxides [27]. Haryanto et al. [28] also states that
blank metal oxides can be used as ethanol steam reforming catalysts, for example pure ZnO,
which can completely convert ethanol with significant selectivity to hydrogen, but the catalyst
stability was not considered there. Such acidic oxides like Al,O3 or V,0s are able to convert
ethanol, but with really small hydrogen selectivity.

In general, the overall reaction pathway can be described through a set of simultaneous
reactions.

Decomposition reactions:

Ethanol dehydrogenation: CH;CH,OH S CH3CHO + H, (eq. 1.2)
Ethanol dehydration: CH;CH,OH — CH,=CH, + H,O (eq. 1.3)
Ethanol cracking: CH;CH,OH — CO + CH4 + H; (eq. 1.4)
Ethanol oxidation: CH;CH,OH + H,O — CH3COOH + 2H, (eq. 1.5)
Aldolic condensation, followed by dehydrogenation:

2C,Hs0OH + H,0O — CH3COCH; + CO; + 4H, (eq. 1.6)
2C,Hs0H « CH3COCH; + CO + 3H, (eq. 1.7)
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Acetaldehyde (acetone formation): 2CH;CHO — CH3;COCH; + CO + H,
Acetaldehyde decarbonilation: CH3;CHO — CO + CH4

Ethylene (carbon deposition): CH,=CH, — 2C + 2H,

Ethylene polymerization: nCH,=CH; — polymers — C

Acetylene (ethylene dehydrogenation): CH,=CH, & C,=H, + H,
Methane (carbon deposition): CHy — C + 2H,

Carbon monoxide (carbon deposition, Boudouard reaction) 2CO S C + CO,

Steam reforming reactions:

Ethanol: CH;CH,OH + H,O — 2CO + 4H,

CH;CH,0OH + H,0 — CO, + CH4 + 2H;

Acetaldehyde: CH;CHO + H,O — 2CO + 3H,

CH3;CHO + H,O — CH4 + CO, + Hs

Methane: CHs + H,O S CO + 3H,

Carbon monoxide (water gas shift): CO + H,O — CO, + H,
Carbon (carbon gasification): C + H,O 5 CO + H;

Other reactions:

Dry reforming of methane: CH4 + CO, — 2CO + 2H,
Methanation: CO + 3H, — CH4 + H,O
(:()2‘+'4I{2-—+ (:}14'+ 2112()

The reaction mechanism depends on catalyst type and reaction conditions, but it is
possible to deduce several regular trends. Work by Vicente et al. [29] shows that the general
route for hydrogen production starts from ethanol dehydrogenation to acetaldehyde (eq. 1.2),
followed by its transformation by steam reforming reactions (eq. 1.17-1.18). At favorable
reaction conditions it is possible to observe direct steam reforming of ethanol as well (eq.
1.15-1.16). Also some by-products can react and contribute to the total yield of hydrogen:

water gas shift (eq. 1.20), methane reforming (eq. 1.19, 1.22), and the gasification of carbon

deposits (eq. 1.21).
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Possible side-reactions can be summarized as ethanol cracking/decomposition (eq.
1.4) with the release of methane and carbon monoxide; decarbonilation of acetaldehyde (eq.
1.9); ethylene formation through ethanol dehydration (eq. 1.3) with the subsequent formation
of coke by ethylene polymerization (eq. 1.10-1.12); ethanol oxidation to acetic acid and
hydrogen (eq. 1.5); aldolic condensation to form acetone (eq. 1.6-1.8); carbon deposition (eq.
1.13-1.14); and other side-reactions like methanation (eq. 1.23-1.24) [29].

One of the main challenges to overcome in our process is catalyst stability, which is
usually connected to carbon deposition with subsequent blocking of active sites and as result,
catalyst deactivation. There are several works describing the type of carbon deposits formed
under different reaction conditions. According to Xu et al. [30] carbon forms from ethoxy-
and methyl- groups adsorbed on the catalyst surface, a process that is favored at low water
coverage (low steam to carbon ratio) and is relatively fast. A higher partial pressure of steam
induces carbon gasification (eq. 1.21) thus cleaning the catalyst surface. The above-mentioned
work by Vicente et al. [29] observed three general types of carbon depositions on their
Ni/SiO; catalyst. The first kind of coke dominates at reaction temperatures close to 300°C, it
is an amorphous and highly reactive encapsulating coke; its precursors are presumably
ethylene, acetaldehyde and acetone (through aldolic condensation (eq. 1.6-1.8)). The second
type (filaments or “whiskers”) is observed mainly in the range 400-500°C, and evolves
through the Boudouard reaction (eq. 1.14) and methane cracking (eq. 1.13). Meanwhile, the
amount of carbon relatively decreases with temperature till 600°C, and shifts further to more
graphitic and condensed form. The accumulation of filamentous coke did not significantly
diminish the activity of the catalyst compared to other types of carbon, but this observation
was made after a relatively short time on stream, which means that there is a possibility that
the carbon filaments could destroy the porous structure of the catalyst after enough time on
stream with their continuous growth. Lima da Silva et al. [31] studied the influence of contact

time on coke formation. It was concluded that at low contact times, ethanol is generally
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converted to ethylene with subsequent carbon formation, and this process is not affected by
the steam to carbon ratio. On the contrary, at high contact times, carbon generation was
suppressed and could be influenced by the steam/ethanol value. The work by Mas et al. [32]
was in agreement with the above observations, and concluded that at low contact times it was
possible to obtain significant amounts of acetaldehyde aside from ethylene. Also their results
indicated that if moderate temperatures are used (no more than 450-500°C), steam to carbon
ratio higher than 3 was required to avoid coke formation. Lee and Papadias [33-34] described
the influence of pressure on carbon formation. An increase in pressure led to a decreased
hydrogen production coupled to an increased methane formation, and a higher amount of

deposited carbon.

1.3.1 Noble-metal catalysts

Ni et al. [27] showed that the catalysts most stable and selective for hydrogen
production are noble metal based catalysts (mainly Rh and Ru) supported on metal-oxides
like Al,Os3, La,03, CeO or MgO. These systems are quite active and selective to hydrogen
even at 400°C with relatively low metal loading — from 0.5% to 5% [35-37]. The support
materials also play a very important role not only because of their typical high surface areas
and proper dipersion of metal particles, but because of their chemical nature. For example,
Haryanto et al. [28] and Toth et al. [38] observed that Rh supported on gamma alumina (y-
AlLO3) suffered from coke accumulation and deactivation due to ethylene formation on the
acidic sites of the aluminum oxide. The works by Aupretre et al. [39] and Wu et al. [40] stated
that the activity of 1% Rh deposited on different supports decreased in the order Rh/Y,0; >
Rh/CeO, > Rh/La,0; > Rh/AL,O; at T = 650-800°C. Also it was found that Rh is a poor
candidate for water gas shift reaction and that the presence of ZrO, dopped with CeO;
improved the CO, selectivity in the mentioned Rh-based series. The activity for Pt was

investigated by He et al. [41], who observed that 1% weight load of platinum at T = 350°C
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followed the sequence of decreasing activity Pt/CeO, > Pt/ZrO, > Pt/TiO, ~ Pt/C. Taking into
account ethanol conversion and hydrogen selectivity, Liguras et al. [42] established the
following metal order: Rh >> Pt > Pd > Ru, when these metals were supported on y-Al,O3 at
different temperatures. However, Basagiannis et al. [34] observed that at a temperature range
of 300-450°C and using y-Al,O; as support, the catalytic performance varied in the order of
Pt > Pd > Rh > Ru, with Pt exhibiting high activity and selectivity toward hydrogen
production, as well as long term stability at low temperature. Bimetallic noble systems were
also investigated, as an example, Lopez et al. [43] tested 0.5%Rh-0.5%Pd over CeO, with
almost complete ethanol conversion at T>427°C and no generation of by-products. After 75 h
on stream, deactivation of the catalyst was observed, which could be completely reverted by
oxidation; this means that such system has good mechanical stability. Cobo et al. [44] also
demonstrated synergetic effects upon combination of two noble metals, i.e. RhPt deposited on
La,O3 which also showed good selectivity to H, and fine long-term performance.

One of the major drawbacks of noble metals-based catalytic systems is their high cost
- it can be roughly 500-1000 times higher than for example, iron group metals even with

relatively small metal loadings, thus making their industrial-scale application quite limited.

1.3.2 Cobalt-based catalysts

There are numerous works that use cobalt on different metal oxides supports. For
example, Haga et al. [45] used cobalt with 7% (wt.) loading impregnated on SiO,, MgO, ZrO;
and Al,Os, the latter support material giving the catalyst with the highest selectivity to
hydrogen (~70%) at complete ethanol conversion. Llorca et al. [47] however concluded an
opposite behavior — 1% (wt.) cobalt impregnated on alumina demonstrated quite low
hydrogen selectivity (~0%), but ethanol conversion was 100% and ethylene was one of the
main products. Therefore, it appears that metal loading is also playing a crucial role on the

catalyst effectiveness.

10
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Another study related to the influence of the support was conducted by Song et al.
[48]. His team investigated Co deposited on Al,Os, TiO,, ZrO, (10% weight load in each
case) and found that the reaction over Co/ZrO, showed the best catalytic activity: a total
conversion and maximum H, yield were obtained at 550°C. Finally it was possible to classify
these systems in the following way: Co/ZrO; > Co/Al,O; > Co/TiO,. Llorca et al. [46] also
prepared Co catalysts with several supports (ZnO, MgO, y-Al,Os, Si0,-TiO,, V,0s, La,0s3,
Ce0;, and Sm,03) and found that the Co/ZnO catalyst showed the best catalytic performance.
This catalyst showed total conversion and 42% of H, selectivity at 450°C after 50 h. Ethanol
steam reforming also occurred to a large degree over La,O3-, Sm,03-, and CeO,-supported
catalysts and CO-free hydrogen was produced. Batista et al. [49] analyzed Co/ALOs3,
Co/Si0;,, and Co/MgO catalysts. High conversion levels (>90%) were observed for the steam
reforming of ethanol in all catalysts. In the case of Co/Al,O3 a significant amount of ethylene
was detected in the gaseous stream, Co/SiO, gave the highest quantity of methane and
Co/MgO the highest amount of CO. A considerable amount of carbon was deposited in all
catalysts after 8-9 h of reaction, the largest being for Co/Al,O;.

The catalyst preparation method is also an important aspect because it influences the
interaction between cobalt and its support. Thus, Wang et al. [50] showed that in comparison
with catalysts prepared by impregnation, more cobalt ions entered into CeO; lattice when the
catalyst was prepared by a co-precipitation method, which resulted in weaker interactions
between the active phase and ceria on the surface of Co3;04/CeO,. Hence, cobalt oxides
derived from co-precipitated catalysts were more reducible, and metallic cobalt was the key
active component. Another aspect related to the preparation method is the selection of the
solvent. Song et al. [51] observed that the Co/CeO, catalysts prepared in ethanol medium
showed significant improvements in catalytic performance (higher H, yield, higher stability

and fewer side reactions), compared to those prepared in aqueous media. Characterization

11
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results showed the presence of oxygenated carbon species, possibly metal-coordinated
acetates, on the surface.

It was also possible to use the synergistic effect of several supporting materials, as an
example, Lin et al. [52] used a combination of ZrO, and CeO, to promote the performance of
the catalytic system. The Co/CeZrO4 catalysts showed higher activity to produce H, than
Co/ZrO,, which produced CH4. Co/CeO, gave high H, selectivity while suffered low
conversion due to the poor thermal stability. In contrast to CeO,, Co/ZrO, achieved high
conversion but attained lower H; yield due to the production of methane.

One of the ways to improve the performance of certain catalytic systems is to add a
promoting metal (basically they are taken from the alkaline metal group [47], [53]). In case of
cobalt containing catalysts, Llorca et al. [47] described that the addition of 1% wt. of sodium
significantly improved ethanol conversion and selectivity, and the catalyst was completely
free of carbon deposits in comparison to pure Co/ZnO system. Cobalt, however, is less active
than nickel on the same support materials because it tends to sinter and oxidize during ESR
reaction [54], and it is less able to break C-C bonds [55]. Iron also can serve as promoter for
cobalt containing catalysts, for example a 0.22% wt. iron load supported on Al,O; and SiO;
increased the conversion at 550°C from 10 to 30%, depending on reaction time. Hydrogen
selectivity also increased almost the same percentage, carbon amount dropped significantly

after similar reaction time [56, 64].

1.3.3 Nickel-based catalysts

One of the metals most used for steam reforming catalysts is nickel. In a review by Ni
et al. [33] nickel was identified as a widely used low-cost metal catalyst for ethanol
reforming, since it favors the rupture of C—C bonds. Sun et al. [57] described nickel supported
on Ni/Y;03, Ni/La;O; and Ni/Al,Os, the former being the most active (showing 100%

conversion even at 320°C) and selective; however, the space velocity (GHSV) was at least
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100 times smaller than usual. Then, Comas et al. [58] dealt with Ni supported on y-alumina,
and the authors claimed that the main reaction path below 400°C was ethanol cracking, but
above 500°C, steam reforming was more significant. In the same work, no evidences for the
water-gas shift reaction were encountered. Ethanol conversion was 100% even at 300°C, and
the hydrogen selectivity rose from 40% at 300°C to 60% at 500°C. Yang et al. [59]
demonstrated that among La,O03, MgO Al,O3 and ZnO, the latter was the best support for the
nickel-supported catalyst, reaching total conversion at 330°C, but hydrogen selectivity was
45% at 500°C, and 90% at 650°C. In general, depending on the support, steam to carbon ratio
and nickel loading, it was possible to achieve complete conversion of ethanol at 400°C with
relatively high hydrogen yields (up to 70%) [60-61]. The main problem for this metal is the
fast deactivation caused by nickel sintering and carbon deposition [62]. These obstacles can
be partially avoided when adding some promoters like alkali metals or lanthanides (La, Ce,
etc.) [63]. The addition of these promoters causes inhibition of carbon formation up to 70%,
stabilize the catalytic system, and concomitantly increase the hydrogen yield [64].

Another option to improve the ESR performance is to combine the properties of
several active metals in one homogeneous catalytic system. For example, a nickel-containing
spinel was tested in ESR reaction [65]. Such a catalyst consisted of a binary mixture of
ZnAl,O4 and NiAl,O4 spinels with different metal ratios, where the nickel content was in the
range from 0 to 25 wt.% All catalysts displayed 100% ethanol conversion, but the hydrogen
selectivity was half when the Ni loading was below 8 wt.%, with a higher amount of
undesirable gases in the product stream (such as CsHg, CoHs). The combination of appropriate
metals with Ni has been widely investigated to obtain higher steam reforming activity and
higher selectivity to hydrogen. In this direction, the concept of using Ni-based bimetallic
catalysts with good dispersion of the components is gaining more insights to increase both

hydrogen yields and catalyst stability. A prominent route to achieve this type of homogeneous
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materials is the synthesis of layered double hydroxides (LDHs), or hydrotalcite-like

compounds [66]. Their typical structure is shown in Figure 1.2 [67].
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Figure 1.2. General structure of hydrotalcites

According to Trifiro et al. [68], hydrotalcite-based materials are simple and
inexpensive to synthesize at laboratory and industrial scale. Forano et al. [69] described the
large variety of methods for the preparation of LDHs, but the coprecipitation method is often
selected by the easiness, rapidity and low cost to obtain multimetallic catalysts for different
applications. Typically, the coprecipitation method at constant pH is the most relevant in
terms of high homogeneity, small particle size and high specific surface area of the derived
materials [70].

Resini et al. [71] showed that calcination of this type of precursors gave rise to high
surface area mixed oxides which essentially retained the lamellar morphology of the
precursors. The chemical and structural nature of the resulting materials depended on the
initial cations in the LDH structure; as an example, while the mixed oxides obtained from Ni—
Zn—Al LDHs were definitely polyphasic, being actually a mixture of a rock salt phase (NiO),

a wurtzite phase (ZnO) and a spinel phase (likely mostly ZnAl,0,), the mixed oxides obtained
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from Ni-Mg—Al LDHs were essentially monophasic, being mostly constituted by a rock salt
NiO-MgO solid solution at low calcination temperatures.

Therefore, the calcination temperature significantly affects the properties and activity
of the derived catalysts: Yi et al. [72] demonstrated that there is an optimum activation
temperature range where the layered and pore structure of the system is retained. The Zn—Ni—
Al hydrotalcites were calcined at 250°C, 300°C, 350°C, 400°C and 500°C and XRD results
showed that when they were calcined at high temperatures, their layered structures were
destroyed and the derived mixed oxides were obtained.

Typically, higher calcination temperature leads to structure collapse and
disintegration, gradual growth of mixed oxides (and consequently, larger crystallite sizes),
and undesirable chemical nature change — high crystallite size spinel formation [73].
Holgado’s work [74] showed that the solids were formed by NiO and NiFe,O4 (spinel) and
the crystallite size was larger for the spinel crystallites than for the NiO crystallites. In all
cases, the crystallite size had a dependence upon the surfactant used and pH during the
synthesis.

Romero et al. [75] investigated the effect of the Ni(II)-Mg(IT)-Al(III) layered double
hydroxide (LDH) activation conditions over the surface and bulk composition and the
catalytic performance in ethanol steam reforming (ESR). The catalyst precursor was
submitted to calcination at 400, 500, 600 and 700°C with subsequent reduction at 720°C, or
direct reduction at 720°C. Calcination in air of a Ni(II)-rich LDHs developed a Ni(II)-poor
spinel-type shell onto the NiO domains, evidenced by an increase in the surface AI(II)
concentration. Also, the surface area increased as temperature raised until a maximum close to
400°C, and then a further increase in the calcination temperature produced a diminution of
surface area. The reductive treatment resulted in an almost quantitative transformation of the
NiO phase into Ni metallic crystallites highly dispersed in a stable Mg(II)-Al(IIl) matrix. The

TPR maximum shifts to higher temperatures as well as the calcination temperature increases.
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This was related to a higher interaction between nickel atoms and the neighboring cations. It
can be seen that the application of an appropriated activation treatment would allow
controlling the interaction of the Ni’ active centers with the environment and the solid texture,
redounding in an improved activity. As result, the catalysts obtained by calcination at 600°C
and then reduction at 720°C and those directly reduced at 720°C showed the better
performance in ESR.

Coleman et al. [76] demonstrated that the calcination of Ni-Mg-Al LDH was an
interesting method to obtain catalytic materials for ethanol steam reforming with desirable
properties. In his catalytic system, the improved performance of the mixed oxide supported
catalysts was related to the inclusion of the pure oxides, MgO and ALO;, into MgAl,O4
phase. The formation of MgAl,O4 reduced nickel incorporation onto the support material
since MgAl,O4 does not reacted with Ni. Therefore, nickel was retained in its active form. In
addition, addition of Mg and Al into MgAl,O,, a slightly basic material, modified the acid—
base properties resulting in a catalyst that exhibited moderate acidic and basic site strength
compared to the pure oxide supported catalysts.

Marifio et al. [77] observed two different phenomena occurring during the calcination
stage in Cu/Ni/K/y-Al,O3 materials with a copper loading higher than 4 wt%: a) the growth of
CuO crystallites, and b) the increase of the copper-support interaction, producing a surface
spinel phase. This phase had catalytic properties that counterbalanced the loss of activity due
to the first phenomena. On the other hand, for catalysts with a copper loading lower than 4
wt.%, an amorphous and highly dispersed CuO phase was produced, which was not detected
by X-ray diffraction, whatever the calcination temperature. When the calcination temperature
increased, the high dispersion of CuO particles avoided their growth and favored the diffusion
of copper ions into the alumina matrix. Then, a bulk spinel without catalytic properties was

produced.
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Focusing on ESR, various Ni-based hydrotalcites have been prepared by multiple
metal combinations of Ni—Al, Ni-Mg—-Al, Ni-Zn—Al, Ni-Co—Zn-Al, Ni-Co-Mg-Al, Ni—
Mg-Al-Fe, Ni-Ca—Al, Ni-Cu—-Mg-Al, Mg-Zn-Al, Ni/Mg-Zn-Al, La-Ni-Mg-Al, Ce-Ni-Mg-
Al, Cu-Ni-Zn-Al, Cu-Ni-Al [78-79, 81-83]. Elementary catalytic systems like takovite (the
Ni-Al hydrotalcite) have been investigated in the literature, and have exhibited a boosted
performance with respect to conventional Ni/Al,Os3 prepared by impregnation [80]. Although
this route enables a high dispersion of nickel crystallites upon calcination and reduction,
alumina favors ethanol dehydration over its acidic sites, thus leading to coke formation. On
the other hand, metals like iron have not been much investigated. Iron is used as doping
metal, and behaves as a very fruitful booster for the reaction in certain systems [64]. As
previously stated [62], iron is an active metal for water—gas-shift (increasing the ratio of CO,
to CO), reduces carbon deposition, enhances the dispersion of active metals, and increases
hydrogen yields. Following a coprecipitation route, Muroyama et al. [84] described the
preparation of a Ni-Fe-based spinel for ethanol steam reforming. This catalyst was
synthesized by coprecipitation and calcination at 900°C. The catalyst showed high ethanol
conversion even at 400°C, and 50% hydrogen selectivity. However, the catalyst stability was
relatively poor due to carbon deposition.

Taking into account the versatile route to obtain mixed oxides derived from
hydrotalcites, we decided to investigate other Ni-based combinations based on hydrotalcite-
like compounds for ethanol steam reforming, able to overcome the negative aspects intrinsic
to this reaction like deactivation by sintering or carbon deposition typically found over Ni

catalysts.

1.3.4 Aim and overview of the Thesis

The work described in this thesis focuses on the synthesis of multimetallic Ni-based

hydrotalcite-type compounds, using iron, aluminum or mixtures thereof for enhanced
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hydrogen production via ethanol steam reforming. The ultimate goal is to study the effect of
various trivalent cations in the hydrotalcite structure, i.e. iron, and aluminum, to finally
achieve an active, selective and stable mixed oxide catalyst for the reaction. Major attention is
paid to the composition of the Ni-based hydrotalcite-like compounds in order to attain
catalysts with remarkable activity. The effect of iron content, activation conditions,
temperature of the reaction, and the presence of a third metal has been evaluated.

In chapter 2 the preparation of the Ni-Fe hydrotalcite precursors is discussed and the

effect of the calcinaton temperature (500°C and 800°C) together with the influence of Ni/Fe
ratio (from 3:1 to 1:1 molar) on ethanol steam reforming reaction was studied. Chapter 3
extents the study to account for the influence of reaction temperature (at 400°C, 500°C and
600°C) and further increase of the iron content till ratio 0.5:1. Finally, Chapter 4 studies the

influence of a third metal (aluminum) in the system and investigates long-term catalytic

testing, up to 120 hours of reaction.
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Chapter 2

Ni-Fe catalysts derived from hydrotalcite-like precursors for

hydrogen production by ethanol steam reforming

Nickel-iron mixed oxides derived from reevesite, a hydrotalcite-type compound, were tested in steam reforming of ethanol for hydrogen
production. The influence of iron content (Ni/Fe ranging from 3 to 1) and the calcination temperature of the catalyst precursor (773 and
1073 K) on the catalytic performance were investigated. Both parameters were essential to optimize the reforming performance. Increasing
the amount of iron in the reevesite precursors affected both the chemical and activity properties of the derived mixed oxide catalysts. Iron
displays a positive role in nickel-based catalysts due to the enhancement of catalytic activity and hydrogen selectivity induced by the
improved dispersion of nickel and the alleviation in carbon deposition. The calcination temperature led to variations in phase composition
consisting of Ni(Fe)Oy solid solution and NiFe,0,, which affected the final size and dispersion of nickel species formed during the reaction.
The best catalyst, with a Ni/Fe ratio of 1 and calcined at 773 K, rendered high and stable hydrogen and carbon dioxide selectivity of up to ca.
60% and 40%, respectively, low methane content, and consisted of a Ni(Fe)O, + NiFe,O, mixture with high surface area and small Ni’
crystallites. A higher percentage of crystalline NiFe,O, attained at high calcination temperature (1073 K) associated with a lower carbon
deposition resistance and probably Ni’ sintering brings about lower activity and fast deactivation. The improved performance over catalysts
calcined at lower temperature and with lower Ni/Fe ratio is motivated by the effect of iron on the structural and electronic properties of the
mixed oxides, thus inducing a slow formation of metallic nickel particles and coke deposits. Features like high surface area, higher iron
content, lower reducibility of nickel species and small nickel crystallite size well dispersed on the surface of the catalyst with high iron

content lead to a higher activity in ethanol dehydrogenation, acetaldehyde decarbonylation and reforming, and WGS.

This chapter is based on the following publication:
S. Abelld, E. Bolshak, D. Montané, Appl. Catal. A 450 (2013) 261.
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2.1. Introduction

Today, over 80% of world primary energy comes from three fossil fuels (petroleum,
natural gas and coal) [1-3]. However, fossil fuel reserves are decreasing rapidly due to the
continuous increased demand and they are not replaced as fast as they are consumed. Besides,
about 98% of carbon emissions derive from fossil fuel combustion, thus, the damaging
environmental effect of fossil fuel utilization is also crucial [4,5]. Therefore, the world’s over-
demand of energy, the crisis of fossil fuel depletion, the continuous increase in oil prices, and
the environmental degradation have focused current efforts on the development of new and
renewable fuel alternatives. Energy sources, like sun, wind, geothermal, hydraulic, nuclear,
hydrogen, and biomass have been taken into consideration [4]. Among these options, solar,
wind and biomass are promising but are generally site-specific and more sporadic [6]. In
contrast, hydrogen is expected to play an important role in future energy scenarios [2,7].

At present, the catalytic steam reforming is the most mature and well-established
technology for hydrogen production [8]. Particularly, half of the world’s hydrogen production
derives from the most cost-effective steam reforming of natural gas (also referred as methane
steam reforming) [4,8,9]. However, natural gas is a fossil fuel and its utilization to produce
hydrogen does contribute to greenhouse gas emissions [6] unless a carbon dioxide capture and
sequestration process is implemented in the reforming plant. In this context, there is a
growing interest in the search of renewable alternatives to produce hydrogen. Among the
various feedstocks, ethanol is very attractive as it can be produced by fermentation of
different sources like agricultural wastes, forestry residue materials, and organic fractions of
municipal solid wastes, and additionally, it contributes to nearly net-zero CO, emissions [10].
From a research point of view, the steam reforming reaction is probably one of the most
investigated processes for breaking C-C bonds in chemicals available from biomass [9].

Stoichiometrically, the overall steam reforming of an oxygenated compound with a generic

chemical formula C,H,Ox follows the equation:
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C,H,0, + (2n-k)H,0 —nCO, + (2n+ %—k)Hz (eq. 2.1)

However, the final hydrogen productivity will depend on the state of the equilibrium of the
water-gas-shift reaction (WGS), which occurs simultaneously to the steam reforming.

H
CO+ H,O0 22CO, + H, (eq. 2.2)

Notably, the steam reforming of ethanol (ESR) has been extensively examined [6,9,11,12].
Although the purpose of the reforming process is the production of as much H, and CO, as
possible, depending on the catalyst used, the overall reaction is very complex and involves
several non-selective pathways during the ESR process leading to acetaldehyde, methane,
ethylene and other by-products formed in successive side reactions.

Oxide catalysts, metal-based catalysts (Ni, Co, Cu, Ni/Cu) and noble metal (Pd, Pt, Rh)-
supported catalysts are promising for the reaction using high temperatures, low pressures and
high water-to-ethanol ratios in the feed to favor hydrogen production [6,11,13]. The most
effective metal for the ESR is rhodium, due to its greater activity towards C-C breaking, but
its high price hinders its utilization in the process [14]. In contrast, nickel, which is
comparatively less expensive, has been widely investigated and considered so far as one of
the preferred active candidates for ESR due to its low cost and high activity in C-C and O-H
rupture, and hydrogenation/dehydrogenation reactions, facilitating H atoms to form H;
[12,15]. Two negative factors of metallic nickel are the high susceptibility to sinter and to
form carbonaceous deposits in contact with hydrocarbons, thus leading to severe deactivation
[9,16]. Besides, Ni exhibits a low WGS (thus reducing CO conversion into CO,) and is also
active in methanation reactions [6,17]. The formation of coke deposits can be minimized by
addition of other metals as promoters [18], by modification of the surface properties of the
active catalyst, and by the reduction of metal particle size [19], while the presence of
additional metals can partially inhibit the sintering of Ni as well. In this direction, several

studies deal with the preparation of Ni supported on a great variety of solids, i.e. MgO, AL,O3,
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La,0s, ZnO, SBA-15, TiO,, etc., and the addition of various promoters, i.e. Zr, La, Ce, Li, K,
etc. [6,12]. In most cases, the presence of these promoters affected the acidity of the support
and the morphology and structure of the Ni particles. The combination of appropriate metals
with Ni leads to high steam reforming activity and high selectivity to hydrogen. For example,
the addition of Cu over Ni-based catalysts favors dehydrogenation and WGS, thus enhancing
the production of hydrogen due to synergetic effects between the metals [6,20] .

Following this direction, the concept of using Ni-based bimetallic (or multimetallic)
catalysts, implying good dispersion of the different components, gains strength for enhancing
both hydrogen yields and catalyst stability. A popular route to obtain multimetallic mixed
oxides is the synthesis of hydrotalcite-like compounds [21-23]. This family of anionic clays,
also known as layered double hydroxides (LDH), is characterized by a layered structure
M) M) (OH),]*" Axn™ ‘'mH,0, containing divalent and trivalent cations and
exchangeable anions in the interlayer space. The oxides derived from calcination of the
hydrotalcite precursor combine significant properties like high surface area, high metal
loading, high thermal stability, controllable acid/base properties, and high metal dispersion
[24,25]. Accordingly, the incorporation of active metals into a mixed oxide matrix is a good
strategy to stabilize the metal centre. The latter property has been used to design Ni-based
hydrotalcite catalysts active in H, production via ESR [18,20,26-35] or auto-thermal
reforming [36,37] by usual combinations of Ni-Al, Ni-Mg-Al, Ni-Zn-Al, Ni-Co-Zn-Al, Ni-
Co-Mg-Al, Ni-Mg-Al-Fe, Ni-Ca-Al, and Ni-Cu-Mg-Al. Moreover, the promoter effect of
various metals (La, Ce, etc.) has been also assessed in this type of materials [32]. In most
cases, and depending on the chemical composition, these catalysts have demonstrated high
activity, high H, selectivity and low coke formation, as well as relevant amounts of
intermediate products.

Herein, we report for the first time a variety of Ni-Fe mixed oxides derived from reevesite

(Ni-Fe hydrotalcite) in the steam reforming of ethanol. Iron is recognized (i) as an active
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metal for water-gas-shift, thus increasing the ratio of CO, to CO, (ii) to alleviate carbon
deposition, (iii) to improve the dispersion of active metals, and (iv) to increase the hydrogen
yield [37-39]. The influence of the Ni/Fe molar ratio and the activation of the reevesite
precursors on the physico-chemical properties of the catalysts, and on their performance in

ESR have been discussed. Detailed characterizations of the catalysts have been performed to

attain structure-activity relationships focused in maximizing the production of hydrogen.

2.2. Experimental
2.2.1. Catalyst preparation

Ni-Fe hydrotalcites with nominal Ni/Fe molar ratio of 3:1, 2:1, and 1:1 were prepared by
coprecipitation at constant pH. Aqueous solutions of the metal nitrates (1 M of
Ni(NOs),-6H,0 and 1 M of Fe(NO3);-9H,0) and the precipitating agent (NaOH/Na,COs3, 1 M
of each) were simultaneously fed into a polypropylene vessel by a 905 Titrando® automated
titrator (Metrohm AG) equipped with two 800 Dosino® dosing systems. The pH during
precipitation in the stirred reactor vessel was maintained at a constant value of 10 (£0.2).
After addition of the appropriate ratio of reactants, the slurry was aged at 303 K for 15 h
under vigorous stirring. The precipitate thus obtained was filtered and washed thoroughly
with deionized water, and dried overnight at 353 K to yield the as-synthesized hydrotalcites
(NisFe-P, NiyFe-P, and NiFe-P). Dried samples were calcined in static air at 773 and 1073 K
for 6 h using a ramp rate of 5 K min™'. Along the manuscript, calcined samples are identified
by the code C followed by a number, which refers to the calcination temperature in K (e.g.,
NizFe-C773), and the code U refer to the used samples recovered after reaction (e.g., NisFe-

U-C773).
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2.2.2. Catalyst characterization

The chemical composition of the solids was determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) in a in a Spectro Arcos 165 spectrophotometer.
Before analysis, the solids were dissolved in 1% HNO3 aqueous solution.

Powder X-ray diffraction patterns were acquired in a Siemens D5000 diffractometer with
Bragg-Brentano geometry using Ni-filtered Cu-Kao radiation. Data were collected in the 20
range of 5-70° with an angular step of 0.05° and a counting time of 3's per step. The
quantitative phase content and crystallite sizes were determined by a multiphase Rietveld
refinement using the Diffrac-Plus Topas software (Bruker AXS GmbH, Germany, version
4.0).

Transmission electron microscopy (TEM) was carried out in a JEOL JEM- 1011
microscope operated at 100 kV. A few droplets of the sample suspended in ethanol were
placed on a carbon-coated copper grid followed by evaporation at ambient conditions.

N, isotherms at 77 K were measured on a Quantachrome Quadrasorb-SI gas-adsorption
analyzer. Prior to the measurements, the as-prepared and calcined samples were degassed in
vacuum at 393 K and 573 K for 10 h, respectively.

Thermogravimetric analysis-differential scanning calorimetry (TGA-DSC) was measured
in a Mettler Toledo TGA/DSC 1 microbalance. Analyses were performed in air (20 cm® STP
min™") ramping the temperature from 298 to 1273 K at 5 K min™'

Temperature-programmed reduction with hydrogen (H,-TPR) was measured in a ChemBet
Pulsar TPR/TPD unit equipped with a thermal conductivity detector. Ca. 50 mg of Ni-Fe
oxide obtained by calcination of the hydrotalcite precursors at 773 or 1073 K were loaded in
the U-quartz microreactor, pretreated in air (20 cm® STP min™") at 573 K for 1 h, and cooled to
323 K in the same atmosphere. The analysis was carried out in a mixture of 5 vol% H; in N»

20 cm® STP min™"), ramping the temperature from 323 to 1173 K at 10 K min”".
pmg p
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Raman spectra were recorded at ambient temperature using a Renishaw InVia Raman
Spectrometer equipped with confocal DM 2500 Leica optical microscope, a CCD detector,
and a diode laser operating at 785 nm. The applied power of the laser beam focusing on the

sample was 3 mW. The spectra were measured in the 90-2000 cm™' range in single scan with

30 s of exposure time.

2.2.3. Catalyst testing

Steam reforming of ethanol was carried out at ambient pressure in a continuous-flow fixed-
bed reactor (10 mm i.d. stainless steel reactor) containing 0.5 g of the catalyst (sieve fraction
100-300 um) diluted with 10 g of silicon oxide (100-300 um). In a preliminary blank
experiment without catalyst (only SiO, as the reactor loading) performed under the same
conditions, it was found that the ethanol conversion was kept below 0.03 % for the whole
duration of the reaction test. The calcined Ni-Fe catalysts were heated at 773 K under a N»
flow using a ramp of 10 K min', and tested at the same temperature using a typical feed
mixture of water/ethanol = 6/1 (steam to carbon molar ratio=3) and a total flow of
0.2 cm® STP min™ (weight hourly space velocity, WHSV = 147.45 mol ethanol h™' kge.™).
Occasionally, additional experiments with a higher WHSV of 1474.5 mol ethanol h™' kg,
were performed over one of the catalysts, using 0.05 g of calcined material. Prior to testing,
no reduction treatment was applied to any of the reevesite-derived catalysts. The feed mixture
of water and ethanol was supplied by a HPLC Gilson 307 piston pump to a liquid evaporator
(at 453 K) and the reactant vapors were fed directly to the reactor without diluting with any
inert gas (Scheme 1).

The gaseous samples were analyzed on-line by a gas chromatograph (Agilent Technologies
3000A Micro GC) equipped with a TCD detector and two capillary columns, the first one
containing an activated molecular sieve SA using argon as carrier gas (for hydrogen, nitrogen,

methane and carbon monoxide analysis), and a second one with a porous polymer PoraPlot Q
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using helium as the carrier gas (for carbon dioxide, water, and organics). The sensitivity of the
detector to each analyzed compound (response factor) was determined periodically by their

calibration against standards of a certified gas mixture composed of H,, CO, CHa4, CO,, C;Hy,

and C,H,, and liquid reactants, ethanol, water and acetaldehyde, using N, as internal standard.

F-05

Y

HPLC
pump

GAS TO
VENT

On-line
microGC

F-08

e

] e ——

E

Cc-01

Scheme 1. Schematic representation of the set-up used to perform activity tests.

The ethanol conversion (Xconson) and product selectivity (S, and Scn) were defined as

follows:
_ F C,HsOH, 0 — F C,HsOH
C,HsOH =
F C,HsOH 0
FH2
SH2 =
6(FCZHsoH,o - FCszOH)
s - nF
-

’ 2(FC2HSOH,O - FCszOH )

(eq. 2.3)

(eq. 2.4)

(eq. 2.5)
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where Feomsorn denotes the molar flow rate of ethanol, and n corresponds to the number of
C atoms in each particular product. At the end of the catalytic test, the feed was stopped and

the system was cooled down under N,. Used catalysts were collected for further

characterization.

2.3. Results and discussion
2.3.1. Reevesite activation
2.3.1.1 As-synthesized samples

Figure 2.1 shows the XRD patterns of the coprecipitated materials NizFe-P, Ni,Fe-P, NiFe-
P, and the products of calcination at different temperatures. The as-prepared samples (P)
display the characteristic reflections of reevesite [40,41], i.e. the Ni-Fe hydroxicarbonate
Nig75Fe025(OH)2(CO3)0.125°0.38H,0, powder diffraction file 40-0215 from ICDD. As
expected from the building of positively charged brucite-like layers and charge-compensating
carbonate anions and water molecules in the interlayer space, this material is well-identified
as a member of the hydrotalcite-like group of minerals. Although with broader and less
intense reflections, even the sample with the lower Ni/Fe ratio is crystalline, indicating that
the reevesite structure can be attained in a wide variation of the M>"/M*" ratio [42]. No
reflections associated with the single metal hydroxides phases were visible in any of the
samples. However, and due to the atypical stoichiometry of the NiFe-P sample, the presence
of individual amorphous nickel or iron hydroxide carbonates cannot be discarded. The cell
parameters ¢ and a of the thombohedral structure were calculated from the position of the
(003) and (110) diffraction lines, respectively, assuming a 3R stacking of the layers (c = 3dgos
and a=2d;10). The values obtained for the samples are in good agreement with literature
(Table 2.1), that is, the ¢ and a values decrease with lower Ni/Fe molar ratios [22,42]. The
average crystallite size in the c- and a-directions, asestimated by the Scherrer method using

the (003) reflection and the (110) reflection gives indication of the measurement of the crystal
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dimension in the stacking direction and that of the crystal dimension in the a-b plane),
respectively (Table 2.1). The different aspect ratios between the a and ¢ values in each sample
with different metal contents indicate that the crystalline domains are not equivalent in all
crystallographic directions. In fact, the Dgop3; increase upon decreasing the Ni/Fe ratio,
especially for the sample 1:1, while the D;jo estimate does not follow a clear trend. As
observed in previous studies with other hydrotalcite-like compounds, these differences can be
assigned to a lack of positional relationships between consecutive layers within the structure,

i.e. turbostratic disorder [43,44].

Table 2.1. Characterization data of the as-synthesized reevesites.

Sample M*/M°™/- ¢/nm a/nm  Dge(Di1o) "/ nm vV, / SgeT /
cm’ g’l m’ g'1
Nis;Fe-P 3.03 2.3495  0.3089 4.8(7.9) 0.06 23
NiFe-P 2.08 22977  0.3079 4.8 (20.2) 0.14 90
NiFe-P 1.02 2.2859  0.3076 11 (14.3) 0.27 225

“Molar metal ratio in solid by ICP-OES. "Average crystallite size estimated by Scherrer analysis
applied to the (003) or (110) reflection, respectively.

The morphology of the samples was investigated by transmission electron microscopy
(TEM), as shown in Figure 2.2. All samples exhibited randomly distributed aggregates of
fibrous particles with an estimated lateral length in the range of 20-45 nm and a thickness of
2-10 nm, depending on the molar ratio in the solid, characteristic of hydrotalcite-type
compounds (Figure 2.2) [22,45]. Particles in NisFe-P tend to aggregate in an edge-face
manner, while smaller, thinner and more agglomerated layered particles are present in NiFe-P.
The molar Ni/Fe ratio in the solids determined by ICP-OES was 3.03, 2.08, and 1.02 for the
three samples, which perfectly match the nominal ratios of 3, 2, and 1 (Table 2.1). Samples
were solely mesoporous, with total pore volumes of 0.06, 0.144, and 0.27 cm’ g'l, and BET

surface areas of 23, 90, and 225 m* g'l, for NizFe-P, Ni,Fe-P, and NiFe-P, respectively.
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2.3.1.2 Thermal decomposition

The visual inspection of XRD patterns of the solids calcined at 773 K showed
characteristic reflections of the NiO structure (bunsenite, powder diffraction file 03-065-2901
from ICDD) independently of the Ni/Fe ratio (Figure 2.1). The main diffraction maxima were
at ca. 26 37°, 43.3°, and 62.9°, according to the (111), (200), and (220) planes, respectively.

Both NiO and NiFe,O4 spinel (trevorite, powder diffraction file 54-0964 from ICDD)
coexist in the samples calcined at 1073 K, and some of the reflections pair in 260 position. At
this temperature, the diffraction lines related to NiO, which are also coincident with those of
NiFe,Qy4, are more intense in the NizFe-C1073 with respect to the rest of reflections than in
the NipFe-C1073 and NiFe-C1073 samples. In other words, the intensity of the NiFe,O4
diffraction lines increases with the increase in Fe content with respect to those of NiO [46].
This is clearly related to the different stoichiometry of the original hydrotalcite precursor
(NigFe;O9— 5NiO + NiFe,O4, NigFe,07—3Ni0 + NiFe;O4 and NipFe,Os—NiO + NiFe,Oy).

No singular reflections associated with any crystalline form of free iron oxides, i.e. Fe;Os3
were detected in the samples. However, the reflections of a pure magnetite spinel phase
(FesO4, powder diffraction file 01-076-0956 from ICDD) exhibit the same diffraction pattern
than that of NiFe,O4 spinel; therefore, although the content of Ni in the catalysts precursors is
higher (Ni/Fe 3:1 and 2:1) or equal (Ni/Fe 1:1) than that of Fe, and calcination leads to the
formation of NiO + NiFe,O4 at the corresponding stoichiometry, partial decomposition into
pure magnetite cannot be totally discarded [47].

Typically, calcination of the hydrotalcite structure leads to the formation of a solid
solution, denoted as Ni(Fe)O,, and their corresponding NiO reflections are slightly shifted to
higher 26 values than those corresponding to pure NiO, due to Fe’" replacement in the nickel
oxide lattice [48,49]. In all cases, the cubic cell of the solid solution (a = 0.4183 - 0.4173 nm)
in the NizFe-C773, NipFe-C773 and NiFe-C773 is significantly smaller than that of NiO

(0.4194 nm).
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As reported by Puxley et al. [50], the disordered metastable mixed oxide Ni(Fe)O, phase
starts to transform into additional phases, especially NiFe,O, at high calcination temperatures.
An indication of the segregation of the M°" cation from the solid solution forming pure NiO +
spinel can be derived from comparison of the cell parameter a in all samples with respect to
that of pure NiO. In this case, the cell parameter of the NiO phase in the samples calcined at
this temperature (NizFe-C1073, NiyFe-C1073, and NiFe-C1073) isin the range 0.4181-
0.4172 nm, as calculated from the (400) reflection at 26 =43° (Table 2.2), being relatively
smaller than that of pure nickel oxide. This suggests that iron is partially segregated from the
solid solution leading to NiFe,O4 spinel, and part of the solid still remains as Ni(Fe)O,. These
results slightly differ from previous results on hydrotalcite-derived Ni-Al oxides calcined at

773 and 1173 K, in which total segregation of Al was observed [51].

Table 2.2: Characterization data of the calcined reevesites.

Phase composition” / % | Crystallite size® / nm V, / SBET /
Sample code | a®/nm : : : : - y

Ni(Fe)Ox | NiFe;O4 | Ni(Fe)Ox | NiFe;O4 | cm™ g | m™ g
NisFe-C773 0.4183 76.7 233 5.7 2.2 0.20 73
NiyFe-C773 0.4175 60.4 39.6 53 24 0.22 68
NiFe-C773 0.4173 37 63 3.5 2.0 0.33 183
NisFe-C1073 | 0.4181 54.8 45.2 89.5 79.7 0 1.1
NiyFe-C1073 | 0.4179 39.5 60.5 61.3 71.8 0 0.8
NiFe-C1073 | 0.4176 11 89 11.0 14 0.14 44

*Estimated cubic cell parameter from the (200) and (400) reflections at ca. 26 = 43°, for the samples
calcined at 773 and 1073 K, respectively. "Crystalline phase composition determined by Rietveld
refinement. ‘Average crystallite size obtained by refinement of the whole profile. The weighted
residual error was in the range 3-6% for both crystallite size and phase composition.

In order to gain a more quantitative analysis of the phases present in the calcined samples,
a Rietveld refinement method was applied. Based on the crystalline phases (Table 2.2) and

contrarily to what is observed by simple visual inspection of XRD patterns, the trevorite
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phase (NiFe,O4) was found over all calcined samples. In fact, the amount of NiFe,O4
increases upon decrease of the Ni/Fe molar ratio, independently of the calcination
temperature, and the opposite applies to the Ni(Fe)Ox phase. As expected, the NiFe,O4 content
is higher in samples calcined at 1073 K, due to the greater tendency of Ni(Fe)Ox to be
transformed into trevorite at such high temperatures. This reinforces the idea that the surplus
of Fe’" in non-theoretical reevesites, i.e. the one with Ni/Fe=1, is not completely replacing
Ni*" in the nickel oxide lattice, and therefore, a higher propensity of the mixed oxide to
segregate into the NiFe,O4 phase is observed.

Table 2.2 also shows the crystallite size obtained from the Rietveld refinement method of
the calcined samples. The Ni(Fe)O, average crystallite size for the samples calcined at 773 K,
present no substantial differences (in the range 3.4-5.7 nm). In contrast, calcination at 1073 K
leads to larger NiO crystallites (11 nm for NiFe-C1073, 61 nm for NiyFe-C1073, and 89 nm
for NizFe-C1073. Similarly, the NiFe,O4 crystallite size is around 2 nm after calcination at
773 K, while these values are larger upon calcination at 1073 K, and decrease upon
decreasing the Ni/Fe ratio.

Samples calcined at 773 K show the presence of uniform and small nanoparticles
characteristic of the oxide of ca. 2-12 nm (Figure 2.2). It is interesting to mention that the
NiFe-C773 sample exhibits the smallest Ni(Fe)O, and NiFe,O, crystallites (Table 2.2). Due to
sintering of NiO and crystallization/growing of NiFe,O4, the samples calcined at 1073 K
generally present larger particles, with sizes in the range of 10-45 nm, which are in line with
XRD observations.

As concluded from other works in the literature [48,51-53], the increase in the calcination
temperature to 1073 K gives rise to structural rearrangements of the cubic mixed oxides
discussed above with segregation of the trivalent cation from the M*"(M>")O, solid solution
and corresponding formation of spinel-type phases. This ultimately causes an important

decrease in surface area in all samples (Table 2.2), particularly at 1073 K, due to
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crystallization/growing of the NiFe,Oy4 spinel phase. It is noteworthy that the formation of the
spinel phase is even observed at lower calcination temperatures, which is probably induced by
a promotion effect by iron.

These results are substantiated by thermogravimetric analysis (Figure 2.3, top), which
shows the typical two-step decomposition pattern of anionic clays, with transition
temperatures at ca. 440 K (removal of interlayer water) and ca. 550 K (dehydroxylation and
decarbonation) for the NizFe-P and Ni,Fe-P samples [42,54]. In general, the heat flow profiles
show the presence of two endothermic transitions (Figure 2.3, bottom), matching in
temperature with TGA results. The decomposition profile of the NiFe-P sample slightly
differs from the other two samples, especially in the low-temperature region, where various
small transitions can be observed. This is also clearly detected by DSC thermograms, in
which small endothermic steps occur in the range 350-700 K (with maxima at 352, 498, 640
and 682 K) in parallel with the two major transitions. This could be associated to the presence
of additional amorphous nickel-iron hydroxide carbonate phases decomposing in the same
temperature range. The total weight losses amount 31 and 33% for the NizFe-P and NiyFe-P,
respectively, similar to the theoretical weight losses of the pure reevesite samples as
calculated based upon their chemical formulae (30% and 32.8% for NizFe and Ni,Fe pure
reevesites, respectively) [55]. The lower total weight loss for the NiFe-P (29%) with respect
to the theoretical value (37.8%) might indicate the incomplete precipitation of the hydrotalcite

phase, due to the formation of other amorphous phases beside the reevesite precursor.
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The formation of the NiFe,O4 spinel phase in the samples calcined at 1073 K was also
confirmed by Raman spectroscopy. The spectra of the different samples are shown in Figure
2.4. The Raman peaks at 213, 333, 482, 572, 589, 662 (shoulder), and 701 cm™ are assigned
to the NiFe,O, spinel phase [56]. The strong band in the range 670-710 cm™ is a typical
feature of the Raman spectra of inverse spinels [57]. The peaks at 1140 and 1340 cm™ match
with those of y-Fe,Os;; however, a previous study has found that the formation of this
compound should lead to bands of similar intensity than the band at 701 cm™, thus indicating
that y-Fe,Oj3 is absent in this sample [58]. These bands are then attributed to overtones of the
NiFe,O4 phase. Samples calcined at 773 K display broad bands at 362, 498 (shoulder), 561,
and 696 cm’', which may be attributed to the NiO structure [56,59]. Bands in the NiFe
samples are far less intense than those in Ni;Fe and NisFe, whatever the calcination
temperature. This should be related with the increase of the NiO crystallite size in the latter

samples.

NiFe

=
B —_
Ni,Fe N

Absorbance / a.u.

e S N NiFe
200 400 600 800 1000 1200 1400

Wavenumber / cm’™

Figure 2.4. Raman spectra of the Ni-Fe oxides obtained upon calcination at 773 (black lines)
and 1073 K (grey lines). Phases: (l)Ni(Fe)O,, (A) NiFe;0..
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Interestingly, samples calcined at the lowest temperature do not display the bands related
to spinel, as could be expected based on the percentage of phases determined by XRD, due to

the small crystallite size of NiFe,O4 (ca. 2 nm). As for the samples calcined at 1073 K, the

bands related to NiO are partially masked by the bands of spinel.

2.3.1.3 Reduction behavior

Temperature programmed reduction profiles obtained for the Ni/Fe samples calcined at the
two selected temperatures are shown in Figure 2.5. The results indicate that the reduction
occurs in a wide temperature range of ca. 573-1150 K depending on the calcination
temperature of the reevesite precursor. The TPR maximum shifts to higher temperatures upon
increasing the calcination temperature. The peaks of hydrogen consumption also display
different profiles depending on the Ni/Fe molar ratio. The whole signal for the sample with
lower Ni/Fe ratio is shifted to higher temperatures, indicating that the NiFe samples are less
reducible and more stable than the others.

The NisFe-C773 sample shows a peak of hydrogen consumption centered at 806 K, with a
big shoulder at 735 K. The NiFe-C773 sample exhibits a peak centered at 792 K with a small
shoulder at 640 K and a second shoulder at 868 K. The NiFe-C773 sample displays a more
complex reduction pattern, with two peaks centered at 873 and 1004 K, and a small shoulder
at 700 K. The reduction of pure NiO typically shows a single peak located at 613-670 K,
which matches the low-temperature shoulder in Ni,Fe-C773 [31,60]. According to these
results, the reduction of nickel in the Ni(Fe)O, solid solution seems to be hindered by the
presence of iron, a similar effect occurring in other Ni(M>")-oxides [51,61], thus causing a
shift to higher reduction temperatures with respect to pure NiO. As observed by Tu et al.[46],
the reduction temperature for each peak slightly decreases with the increase in the Ni/Fe
molar ratio from 1 to 3. In fact, the reduction of Fe,Os and NiO typically proceeds over

almost the same temperature range, that is, 573-973 K. It should be taken into account that the
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broad temperature range may include the co-reduction of various nickel and iron species, and
that a definite assignment of the individual reduction peaks of Fe and Ni in the catalysts is not
straightforward. That is the case for the NisFe-C773 sample, which displays a more
symmetrical TPR profile, and the assignment of Ni and Fe reduction cannot be directly
ascertained taking into account the vigorous reduction of NiO in the wide range of 523-823 K
[37]. In fact, the reduction of iron oxides may occur in various steps, in the order
Fe,0;—Fe;0,—FeO— Fe’, taking place in the temperature range 573-1000 K [62,63]. Zu et
al. [64] observed that the reduction of Fe’" to Fe*" displays a sharp peak at ca. 702 K, while a
continuous broad peak corresponds to reduction of Fe*" to Fe’, which is even not complete at
1273 K. The visual inspection of our samples calcined at 773 K shows that peaks at 735, 792
or 873 K in NizFe-C773, Ni,Fe-C773 and NiFe-C773, respectively, might be attributed to
Fe’" reduction into Fe;0y, intermingled with reduction of Ni(Fe)Oy species.

The high-temperature peak at 868 K in Ni,Fe-C773 and 1004 K in NiFe-C773 grows and
shifts to higher temperature with the increase in iron content. Based on the percentage of
crystalline phases determined by XRD (Table 2.2), this variation might be attributed to iron-
containing species including NiFe,O4 (and/or Fe;O4) and FeO [37], present in the samples
calcined at 773 K and also formed upon heating and reduction of Ni(Fe)Ox species during
TPR analysis.

In the C1073 samples, the peaks are broadened towards higher temperatures, indicating the
presence of a higher amount of NiFe,O4 with larger crystallite sizes observed by XRD. For
example, the peak centered at 792 K in Ni,Fe-C773 and its shoulder at 868 K is unfolded in
two well-discerned peaks at 795 and 909 K in the Ni,Fe-C1073. In this case, and considering
that iron is only partially segregated from the solid solution to form the spinel phase, the high-
temperature peak should account for the reduction of the Ni-Fe spinel. This phase has been
found to be reduced at higher temperatures [37]. In the NizFe-C1073 sample, a broad

reducibility peak is observed due to the presence of nickel species in different environments

43



UNIVERSITAT ROVIRA I VIRGILI
SYNTHESIS AND CHARACTERIZATION OF NICKEL-BASED MIXED OXIDES FOR ETHANOL STEAM REFORMING

Evgeny Bolshak
in terms of interaction with iron, as concluded from the presence of Ni(Fe)Ox and NiFe,O4 (or
Fe;0,) phases by XRD (Figure 2.1 and Table 2.2). A similar conclusion can be extracted for

the NiFe-C1073 sample, which may even incorporate other oxides derived from amorphous

phases in the reevesite precursor.
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Figure 2.5. H,-TPR profiles of the Ni-Fe catalysts calcined at different conditions.

Besides, the H, consumption by the spinel, whatever the Ni/Fe molar ratio, does not seem
to fulfill the theoretical molar ratio NiO/NiFe,O4 (5 for NisFe, 3 for Ni,Fe precursor, and 1 for

NiFe). This would also confirm that total segregation of iron from the solid solution does not
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occur, and a wide range of oxidic structures (NiO, Ni(Fe)O, and NiFe;O4 or Fe;04) coexist in
the sample, thus covering the broad reduction range of 673-1150 K.

It is important to note that no reduction pretreatment was performed over the calcined
catalysts before reaction. Accordingly, it can be anticipated that nickel species in these
samples are expected to be gradually reduced under reaction conditions, as confirmed by the
XRD pattern of the used samples in Figure 2.6. It can be observed that treatment of the
catalysts calcined at 773 K with the H, produced during ESR results in the disappearance of
the peaks corresponding to Ni(Fe)O, phase, whatever the Ni/Fe ratio. In parallel, two narrow
reflections belonging to Ni° (powder diffraction file 4-850 from ICDD) emerge at 26 44° and
52°. Besides, additional diffraction lines at 26 30°, 35.5°, 37.5°, 43°, 57°, and 62° appear which
correspond to the growing of NiFe,O4 (and/or Fe;O4) under reaction conditions (773 K). As
expected from the metal ratio in the samples and the stoichiometry of the reevesite precursors
upon calcination, the intensity of the NiFe,O4 (or Fe;O4) diffraction lines increases with the
increase in Fe content. The XRD patterns of samples calcined at 1073 K after reaction show
the same trends (Figure 2.6). NiFe,O,4 reflections present in the calcined samples are still
present though exhibiting a lower intensity, which may indicate that Ni*" in the spinel phase is
only partially reduced. The percentage of all crystalline phases and the average size of the
nickel crystallites in these reduced samples were estimated by the Rietveld refinement method
(Table 2.3). After reaction, the amount of Ni(Fe)O, decreases upon reducing the Ni/Fe ratio
and at increasing calcination temperatures, at the expenses of Ni’ formation. The increase in
the percentage of spinel whatever the calcination temperature suggests that practically all
Ni(Fe)Ox is reduced and NiFe,O4 also experiences a partial reduction.

The amount of NiFe,Oy is also higher in samples calcined at 1073 K, but the amount of
metallic nickel is smaller in samples with lower Ni/Fe ratio, due to the less reducible character

of samples with higher iron content (Figure 2.5).
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Figure 2.6. XRD patterns of the used Ni-Fe oxides. Crystalline phases: (O) Ni,
(A) NiFeyO4 (or Fe;0s), (@) graphite.

Table 2.3: Characterization data of the used catalysts and average carbon balance during the

reforming experiments.

Phase composition® / % Crystallite size” / nm Carbon
Sample code . . S . . | balance®/
Ni(Fe)Ox | NiFe,O4 N1 Ni(Fe)Ox | NiFe,O4 N1 A
NizFe-U-C773 27.3 16.0 56.7 7.3 21.0 26.6 95.4
Ni,Fe-U-C773 6.4 34.8 58.8 6.8 31.6 20.4 94.2
NiFe-U-C773 0 57.7 423 - 23.1 13.9 98.4
NizFe-U-C1073 7.7 23.6 68.7 9.8 47.8 333 93.6
Ni,Fe-U-C1073 0 44.7 553 - 52.1 25.4 96.3
NiFe-U-C1073 0 67.7 323 - 12.4 16.0 97.0

“Crystalline phase composition determined by Rietveld refinement. "Average crystallite size obtained
by refinement of the whole profile. “Determined in the first 8 h of reaction.

As expected, Ni° crystallites in samples calcined at 773 K and used in the reaction are smaller
than in used samples calcined at 1073 K, due to the fact that the size of the metal is somehow
inherited from the size of the nickel oxide precursor. Besides, the Ni’ crystallite size decreases
when the Ni/Fe ratio decreases (from 26.6 in NizFe-U-C773 to 13.9 nm in NiFe-U-C773, and

from 33.3 in NizFe-U-C1073 to 16 nm in NiFe-U-C1073), which indicates a slightly lower
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sintering of the metal in the NiFe-U-C773 catalyst upon reaction. The broad diffraction peak
at 26 26° represent the formation of deposited carbon upon reaction (JCPDS: 41-1487) [20].
Interestingly, the intensity of this diffraction peak is lower in the NiFe-U-C773 sample than in
the other two samples, thus indicating a lower tendency for coke formation as the amount of

iron increases.

2.3.2. Steam reforming performance
Ideally, the ethanol steam reforming process is able to convert one mole of ethanol into six
moles of hydrogen.

(1) C,H,OH + 3H,0—>2CO, + 6H, (AH%9s=+347.4 kJ-mol™)[11]

However, the whole overall process is a complex set of elementary steps involving several
organic intermediates and various reaction pathways, depending on the catalyst and operating
conditions [9,65]. Ethanol decomposes mainly through two different routes. The first route
dehydrogenates ethanol towards acetaldehyde, which can be further decomposed to CH4 and
CO. This decomposition leads to CO, and H, through steam reforming and water-gas-shitft.
The second route dehydrates ethanol into ethylene, which is strongly adsorbed on the catalyst
active sites. This easily induces coke deposition via polymerization. All these intermediates
can suffer different transformations, which amplify the number of products following the set
of reactions listed below:

(2) Dehydrogenation: C;HsOH — CH3CHO + H,

i.  Decarbonylation: CH3;CHO — CH4 + CO

ii.  Steam reforming: CH;CHO+H,O—3H, +2CO
(3) Dehydration: C;HsOH — C,H4 + H,O

i.  Polymerization: C,H4 — coke

(4) Cracking: C;HsOH — CH4 + CO + H;
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(5) Decomposition: 2C,HsOH — CH3;COCH; + CO + 3H,
i.  Steam reforming: CH;COCHj; + 2H,0O — 3CO + 5H,

(6) Direct ethanol steam reforming: C,HsOH + H,O — 2CO + 4H,

(7) Water-gas-shift: CO + H,O S CO;, + H,

(8) Methanation: CO + 3H, 5§ CH4 + H,O

(9) Methane decomposition: CHy — 2H, + C

(10) Boudouard reaction: 2CO — CO, +C

Accordingly, high catalyst stability with low content on carbon deposits and high hydrogen
production are facilitated when the dehydrogenation route takes place.
To compare the activity of the catalysts, experiments using a H,O/ethanol = 6 (steam to
carbon molar ratio = 3) have been performed during a period time of 24 h at 773 K. Liquid
products other than acetaldehyde, such as acetone, were not detected. In our results, the
products observed were H,, CO, CO,, CHa4, CH3CHO, and C,Ha, suggesting that most of the
reactions listed above occur to a certain extent. C,H, and C,Hgs were only detected in trace

amount (maximum 1% selectivity).

2.3.2.1 Effect of Ni/Fe molar ratio

The conversion of ethanol and the distribution of products in terms of selectivity with time
on stream over the reevesite-derived catalysts calcined at 773 K are presented in Figure 2.7.
The ethanol conversion remains 100% for the first 3 hours of reaction in all cases. A first
inspection of the H, selectivity initially denotes a clear difference, that is, H, selectivity
decreases from ca. 80 to 40% in the first 3 hours over NizFe-C773. A similar trend occurs
with CO,, and no acetaldehyde is produced. As previously mentioned, it is generally accepted
that the initial steps in ESR can be reactions (2) and (3). Considering the low WHSV used in
this work, reactions (2i) and (2ii) take place, thus explaining the absence of acetaldehyde in

the initial product mixture. Meanwhile, the amounts of CO and CHy4 increase, indicating that
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reactions (2i) and (2ii) compete, and particularly, reaction (2ii) likely becomes the
predominant reaction due to the higher amount of CO at the initial stages, when the content of
Ni/Fe is higher. Besides, the involvement of cracking (reaction 4) cannot be totally discarded,
although higher amounts of methane would be expected if this reaction was predominant.

The decrease in H, and CO; may also indicate that both methanation (reaction 8) and
reverse water gas shift (reverse of reaction 7) take place to a certain extent, thus increasing the
amount of CH4 and CO at the initial stages of the reaction. Eventually, CO methanation and
reverse WGS can lead to CO, methanation. This behavior is consistent with the highest
amount of Ni in this catalyst, which induces a higher activity towards methanation [17], as
compared to the others materials.

In this first period, it is therefore likely that metallic nickel and coke deposits start to form
in the beginning of the reaction, and that the formation of these species is faster over the
catalysts with high nickel content (those with higher Ni/Fe ratio), leading to high activity in
ethanol dehydrogenation, reverse water gas shift and CO hydrogenation (methanation).

After 2 hours of reaction, the selectivity of CHs, CO, CO;, and H, over the NisFe-C773
catalyst decrease in parallel to the increase in acetaldehyde, which reaches 45% at ca. 3 hours
of reaction. The reason for this decrease can be attributed to the increase in the amount of
carbonaceous deposits and Ni” particle size with time on stream, which may lead to reduction
in ethanol dehydrogenation, reverse water gas shift, and methanation activity. Besides,
reaction (2i) can be also hindered at longer time on stream, thus explaining the growth in
acetaldehyde and the decrease in CH4 and CO.

After this time, the ethanol conversion declines abruptly to 38% at 20 hours of reaction,
and remains stable near the end of the reaction. Simultaneously to this activity decay, the
selectivity to H, and CO; progressively increase to 56 and 45%, respectively, at the expenses

of CO, and the level of acetaldehyde slightly decreases to 35%.
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The latter observations suggest that direct reforming reactions like the WGS (7) and
reaction (2ii) become dominant with increasing time on stream, which finally contribute to
higher hydrogen and carbon dioxide selectivity at the end of the reaction.

The behavior of the Ni,Fe-C773 catalyst follows a very similar progression of the reaction,
although changes in products selectivity occur somewhat later than in the previous catalyst
(NizFe-C773). It is important to notice that the selectivity to ethylene was very low over both
catalysts, barely reaching a maximum of 3%.

Concerning the NiFe-C773 catalyst, important differences can be derived. In the initial
time range of 3 hours, an opposite trend with respect to the other catalysts is clearly
manifested. The acetaldehyde selectivity reaches 50% instantaneously, followed by a brusque
drop till 15%. In parallel, the H, and CO selectivity increase from 37 to 61% and from 0 to
34%, respectively. CHy also experiences an increase to 10%, and ca. 17% of ethylene formed
in the beginning of the reaction decreases to less than 3%. This contrasts with previous
catalysts showing a constant increase in acetaldehyde after 2 hours of reaction. It seems that
reaction (2i) is activated within the first 2 hours over this catalyst, leading to decreased
acetaldehyde and increased methane selectivity. These observations suggest that the
decomposition reaction (21) is attributed to the presence of metallic nickel particles, which are
formed slowly over the NiFe-C773 catalyst. This would indicate that the NiFe-C773 catalyst
exhibits the longest induction period. Besides, the slow formation of metallic nickel particles
would be accompanied by certain hindering of CO methanation (reaction 8), even in the
beginning of the reaction as concluded from the gradual increase in H, and CO, which are not
consumed by the reaction.

Also, a certain degree of ethanol dehydration to ethylene occurs when the reactant contacts
the catalyst. The high C,H4 selectivity in the beginning of the reaction would imply the
presence of abundant and active Lewis acid sites (Ni*” and Fe’"), which would be responsible

for dehydration (reaction 3). This behavior would be also in agreement with the slow
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formation of Ni’ particles, and evidences that Ni*" species are the active species in the
beginning of the reaction, which are transformed into Ni’ upon time-on-stream, the latter
becoming active species for acetaldehyde reforming.

The high WGS (7) and acetaldehyde steam reforming (2ii) activity over this catalyst would
be a consequence of the promotion effect of Fe/Fe*" species on the metallic Ni’ particles with
time on stream. After this time, the H,, CO, and CHy selectivity remain stable till the end of
the reaction. In contrast, the CO selectivity decreases concomitantly to the increase in
acetaldehyde, while the ethanol conversion experiences a progressive drop. This implies a
lower activity towards acetaldehyde decarbonylation (2i) with time on stream, motivated by
the slow formation of coke deposits.

In summary, catalysts calcined at 773 K show good stability only in the first 3 h on stream.
However, the initial activity declines with increasing the Ni content. The NiFe-C773 catalyst
shows the best catalytic performance in the reaction period of 24 h. This can be in part due to
the less reducible character of this sample as observed by TPR experiments (Figure 2.5), and
the fact that small metallic nickel particles slowly formed during the reaction can remain in
the suitable dispersed state, resulting in long-term stability for the reforming reaction.

The selectivity to acetaldehyde increases in all cases but at different time on stream,
suggesting that at certain times of the reaction, the catalysts point to a decreased activity for
acetaldehyde conversion, concomitantly to variations in H,, CO, CO, and CH4. As concluded
from XRD observations in Figure 2.6, a sufficient amount of active Ni" sites is guaranteed in
all catalysts due to the gradual in situ NiO reduction at the initial stage of the reaction. The
percentage of phases Ni(Fe)O, + NiFe,O4 in the C773 catalysts before reaction is mainly
guided towards a mixture containing an increasing amount of NiFe,O4 upon decreasing the
Ni/Fe ratio. Most of the Ni(Fe)O, is therefore reduced into Ni° by the H, produced by ethanol
dehydrogenation and acetaldehyde reforming, as concluded from the different compounds

observed in the beginning of the reaction with the different catalysts. Changes in acetaldehyde
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selectivity suggest the different velocity for in situ catalyst conditioning or activation leading
to Ni’, in parallel to the growing of NiFe,O, crystals. As mentioned in section 3.1.3, the
intensity of the NiFe,O4 diffraction lines increases with the decrease in Ni/Fe content.
Overall, the NiFe-C773 catalyst performs better due to its high activity and increasing
hydrogen selectivity during the 24 h of reaction. The cause of this improved performance can
be attributed to the fact that lower Ni/Fe ratios induce the slow formation of metallic nickel
particles and coke deposits, and strongly promote ethanol dehydrogenation and acetaldehyde
reforming. That is the case of the NiFe-C773 catalyst, which presents the highest iron content.
This result is consistent with a previous study on nickel-based catalysts doped with iron
(10%) in auto-thermal reforming of ethanol, in which iron plays a key role for enhancing the
catalytic activity and hydrogen selectivity via promotion of ethanol dehydrogenation [39].
However, our material has a limited activity to transform acetaldehyde to C1 products after
longer time on stream, which adversely affects H, yields and catalyst stability. This is likely
due to partial deactivation of those sites by coking.

In order to confirm the above mentioned conclusions, an additional experiment using a
higher WHSV of 1474.5 mol ethanol h” kg, and keeping constant the other parameters was
performed with the NiFe-C773 catalyst. As shown in Figure 2.SI1 of the Appendix for
chapter 2, similar observations in terms of product distribution can be derived, coupled to the
expected decrease in ethanol conversion due to higher space velocity. The initial acetaldehyde
selectivity reaches more than 80% and sharply decreases below 40% in the first 2 hours of
reaction. Similarly to the results attained with low WHSV, reaction (21) is activated within
this time period with the corresponding decrease in acetaldehyde and increased methane
selectivity. H, and CO; selectivity experience exactly the same trend than with lower WHSV,
while CO and CHj4 selectivity values are lower due to the slow consumption of acetaldehyde
under these conditions. This behavior also confirms that Ni’ particles are formed slowly over

the NiFe-C773 catalyst, with the longest induction period.
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Figure 2.8 depicts the conversion and product selectivity with time on stream over the
Ni/Fe catalysts calcined at 1073 K. The ethanol conversion remains 100% over NizFe-C1073
and NioFe-C1073 only for ca. 1.5 hours, and immediately decreases over NiFe-C1073. This is
the first important difference with respect to all catalysts calcined at 773 K, thus implying a
better performance of the catalysts with mixtures Ni(Fe)Oy + NiFe,O4 with higher surface
area (Table 2.2). Trends in H,, CO, and CO selectivity are more or less similar in NisFe-
C1073 and NiFe-C1073 during the first 3 hours of reaction, that is, all of them gradually
decrease from the beginning of the reaction. However, other differences in these two catalysts
appear, i.e. the CHy selectivity increases from 15% to 25% over NizFe-C1073 in the same
time range, while it remains at ca. 10% till the end of the reaction in Ni,Fe-C1073. It appears
that the Ni3Fe-C1073 catalyst, with the highest amount of Ni’ (Table 2.3 and Figure 2.SI2 in
Appendix for chapter 2), exhibits a clear tendency for methanation using CO, CO; and H,
present in the stream as reactants. Similarly to the catalysts NizFe and Ni,Fe calcined at
773 K, this can be somehow expected attending to the high activity of nickel for methanation
reactions of CO and CO, [17,66].

After 3 hours of reaction, the amount of CO; increases and it remains stable until the end
of the reaction at a selectivity level of ca. 40%, while the H, content continues to decrease till
33%. It can be seen from the decrease in CO selectivity and increase in CO; that a certain
degree of the water-gas-shift reaction (reaction 7) probably occurs in this time range. In
parallel, acetaldehyde selectivity is growing, reaching a selectivity value of 20% at 5 hours of
reaction, indicating that reaction (2ii) can be also hindered at longer reaction times. This

explains the growth in acetaldehyde and the decrease in H, and CO.
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From this moment, the acetaldehyde content is reduced below 10%, and the amount of CH,4
keeps its growing tendency. This behavior suggests that the active sites for dehydrogenation
and reforming experience a fast deactivation, thus decreasing the hydrogen productivity. The
increased amount of CH4 during the whole process occurring concomitantly to the CO
decrease may indicate that only those sites responsible for methanation reaction persist over
this catalyst. Also, an unexpected pressure rise occurred after 8 hours on stream, which forced
to stop the reaction, caused by the clogging of the catalyst bed due to massive carbon
deposition. As discussed later in section 3.2.3, the NisFe-C1073 catalyst experienced the
largest carbon accumulation, and the high CHy selectivity over this catalyst may be attributed
to the hydrogenation of carbonaceous deposits (reaction 9). However, it can be inferred that
the low amount of ethylene may also suggest the fast polymerization into coke (reaction 3i).

When the amount of iron in the catalyst increases, i.e. using NiyFe-C1073, the
acetaldehyde selectivity increases into a maximum value of 51%, followed by a drop to ca.
36%. At this maximum point, the H, and CO, change their decreasing tendencies and
gradually increase to ca. 46% and 32%, respectively. This behavior implies a high
dehydrogenation activity towards acetaldehyde, followed by steam reforming and water-gas-
shift, which are motivated by the decrease in Ni/Fe ratio of the catalyst.

Finally, the NiFe-C1073 catalyst appears to be rapidly deactivated due to the progressive
decrease in ethanol conversion at the starting point of the reaction. In parallel, the amount of
acetaldehyde increases to a maximum value of ca. 58% during the first 2 hours on stream.
Meanwhile, H,, CO and CO, experience the opposite effect, thus going through a minimum,
which suggests the absence of acetaldehyde consumption by reaction (2i) and (2ii) in the
beginning of the reaction. After this time, the ethanol conversion experiences a less
pronounced drop, and the acetaldehyde decreases to 35% and remains constant till the end of
the reaction. Due to the higher amount of iron in this catalyst, the catalyst becomes effective

for acetaldehyde decarbonylation and steam reforming after 2 hours of reaction, as concluded
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from the increase in Hy, CO, CO, and CHs. Besides, the water-gas-shift can be also
considered as an active reaction. It seems that, similarly to the NiFe-C773 catalyst, the
induction period over the NiFe-C1073 catalyst is also relatively longer compared to catalysts
with higher Ni/Fe ratios. Direct reforming reactions like (2ii) and reaction (7) become

predominant with increasing time-on-stream, thus leading to higher hydrogen selectivity.

2.3.2.2 Effect of calcination conditions

In order to compare the different materials, Figure 2.9 plots the conversion and product
distribution in terms of selectivity of all six catalysts at a fixed time on stream of § hours.

The selection of this time has been done based on the non-stable behavior of these
catalysts, while considering a period of time in which major changes in gas composition have
already arisen. From the previous results, it is worth noticing that the presence of a higher
content in iron is beneficial for the production of H, and CO,, while keeping a high activity
level. Iron is known to be active in CHy4 reforming [37], and this is probably the reason for
the decreased CH4 selectivity upon decreasing the Ni/Fe ratio from 3 to 1, whatever the
calcination temperature (Figures 2.7 and 2.8). Besides, Ni exhibits a high CH4 reforming
capacity, as confirmed in previous works in the literature [30,36], which is boosted by the
presence of higher Fe content.

Regarding the influence of the calcination temperature (773 or 1073 K), it appears that the
catalysts calcined at the lowest temperature are more active and produce more H, and less
CH4 than the catalysts obtained after thermal treatment at 1073 K, especially in those
materials containing a higher amount of Fe. In fact, general trends concerning the calcination
temperature cannot be directly attained, as each material is supposed to be greatly affected by
the presence of iron. That is, the NizFe-C1073 catalyst is more active (higher ethanol
conversion) than the NizFe-C773 at 8 hours of reaction (Figure 2.9), while the opposite trend

occurs with the other materials. It is important to remind that the catalysts are not pre-reduced.
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As evidenced by XRD results in Figure 2.6 (and Figure 2.SI3 in Appendix for chapter 2),
catalysts are conditioned under reaction conditions leading to metallic nickel after 24 h.
Although the H, production does not seem to be affected by the calcination temperature for
each series of catalysts, the relative amounts of CO, CO,, CH;CHO, and CH4 vary in more or
less extent whether the catalysts have been calcined at 773 K or at 1073 K, but also depend on
the amount of iron. For example, after 8 hours of reaction, more acetaldehyde is produced
with NizFe-C773 than with NizFe-C1073, and the contrary effect is observed with NiFe-C773
and NiFe-C1073 (Figure 2.9). Therefore, the catalyst activity has no clear correlation with
calcination temperature. This result implies that the state of the nickel species under reaction
conditions may be significantly different among catalysts. A calcination temperature of 773 K
provided a suitable nickel state over Ni(Fe)O,+ NiFe,O4 phase for steam reforming. The
subsequent in situ reduction during reaction leads to the formation of Ni° stabilized into the
NiFe,O4 phase (as Ni(Fe)Oy is completely reduced in NiFe-C773, for example). As concluded
from the Ni” crystallite sizes in Table 2.3, large nickel sizes exist on the surface of catalysts
calcined at 1073 K after reaction. In contrast, fine nickel crystallites are highly dispersed in
catalysts calcined at 773 K and used in the reaction. This result is even more pronounced over
catalysts with lower Ni/Fe ratios. Figure 2.SI2 in the Appendix for chapter 2 displays the
distribution of phases calculated by means of XRD (Table 2.3). The catalyst showing a better
performance in terms of conversion and selectivity (NiFe-C773) is the one containing less
amount of metallic nickel and no Ni(Fe)Oy. In fact, nickel in the mixed oxide phase has been
totally reduced upon reaction, leading to small Ni° crystallites well dispersed in the NiFe,O4
matrix. In parallel, the amount of spinel is only slightly below that of the fresh catalyst (from
63 % to 57.7% in Tables 2.2 and 2.3), thus confirming the less reducible character of the
NiFe,O4 phase. In contrast, higher amounts of metallic nickel (NisFe and Ni,Fe catalysts,
whatever the calcination temperature) are negative for the reaction since they rapidly induce

deactivation (Figures 2.7, 2.8 and 2.9).
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The difference in nickel crystallite size and its dispersion, and the differences in specific

surface area of the original oxidic nickel phase should be responsible for the catalytic activity
observed. The NiFe-C773 catalyst, which exhibited the highest surface area before reaction
(183 m* g") and smallest Ni” crystallite size upon reaction (13.9 nm) attained higher ethanol
conversion, high H, and CO; selectivity and low amount of CHy4 than the other catalysts.
Consequently, the presence of a higher amount of iron in this catalyst and the lower
calcination temperature significantly affect the size of metallic nickel particles and their

dispersion, which are dominant factors for ethanol steam reforming. These observations are in

line with previous studies with Ni-based spinel oxides [47].

2.3.2.3 Characterization of used catalysts

The steam reforming performance over the Ni-Fe catalysts is determined by the nature of
the oxidic nickel phase, which is induced by the calcination temperature leading to the
formation of very small Ni(Fe)Ox and NiFe,Oy4 crystallites, and the Ni/Fe molar ratio. The
complexity in the changes in product selectivity and the loss of activity of the different
catalysts suggest that various types of sites and even different deactivation mechanisms may
contribute to the overall reaction. In fact, the dominant reaction mechanism changes after
approximately 3 hours on stream as observed in all cases. To appraise the changes in structure
of the catalysts during the catalytic tests, the used materials were subsequently analyzed by
TEM, TGA, Raman spectroscopy, and XRD as earlier presented.
One of the major issues in the catalytic reforming of hydrocarbons is catalyst deactivation
caused by carbon deposition on the catalyst surface. This is in fact one of the main challenges
for the industrial use of the ESR [11,13]. Sintering of the active metal is typically another
reason for catalyst deactivation [19]. Taking into account that the catalysts are not reduced
before the reforming reaction, the degree of sintering of metallic nickel particles from XRD

(Figure 2.6) cannot be quantified, and therefore, deactivation by sintering cannot be
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discarded. However, as shown in the Appendix for chapter 2 (Figure 2.S13), the XRD pattern
of the used NiFe-C773 catalyst after reaction at 773 K for 1 h displays the presence of
metallic nickel reflections with lower intensity compared to those obtained after 24 h of
reaction. This also confirms the slow in situ conditioning of the NiFe-C773 catalyst, which
contains a lower amount of Ni” at the expenses of Ni(Fe)Ox than the catalyst recovered after
24 h of reaction. The average crystallite size of this sample amounts 15 nm, which is very
close to the average size obtained upon reaction for 24 h. In this sense, deactivation by
sintering can be excluded at least in catalysts with Ni/Fe = 1, while this may be the cause for

deactivation in catalysts with higher Ni/Fe ratios as larger Ni° crystallite sizes are obtained.

NiFe-U-C773 NiFe-U-C1073
B " S 100 nm -

Figure 2.10. Selected transmission electron micrographs of the NiFe-U-C773 and NiFe-
UC1073 samples. The same scale bar applies to both micrographs.

From inspection of all spent catalysts by TEM, it was apparent that carbonaceous deposits
in the most common form of filaments (whiskers) [7] were present on all Fe-containing solids
(Figure 2.10). Ni particles located at the tip apexes of the fibers are also clearly observed. As
previously reported [67], this type of carbon does not immediately lead to catalyst
deactivation. Whisker carbon results from adsorbed carbon atoms on a Ni particle, which
diffuse and nucleate into a fiber. Normally, most of the nickel crystal is still active and only

part of it is blocked by the growing of the carbon fiber. That would explain the gradual
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deactivation of the catalysts in our ESR experiments. In contrast, the NiFe-C1073 sample
deactivates more rapidly than the other catalysts. This can perhaps be explained by the
formation of gum carbon (not discernible by TEM), caused by carbon encapsulation of the
metal [67]. The fast degradation of catalytic activity in the catalysts calcined at 1073 K is in
agreement with the work by Muroyama et al., in which a NiFe,O4 catalyst is quickly
deactivated by its high tendency for coke formation [47].

An attempt was made to analyze the coke content on the used materials by means of TGA
(not shown). However, the oxidation of metallic nickel during treatments in air interfered
substantially, and therefore, an accurate quantification of the carbon content was difficult to
achieve.

Average carbon balances during the reforming experiments were above 90% in all runs.
Typically, carbon balances were worst during the first few hours of the experiment, and
tended to improve at longer time on stream. This indicates that most of the carbon deposition
took place during the in situ catalyst-conditioning period. Considering the average carbon
balance for the first 8 hours of reaction (Table 2.3), the tendency towards carbon deposition of
the catalysts was NiFe-U-C773<NiFe-U-C1073<NiyFe-U-C1073<NisFe-U-C773~NiFe-U-
C773~NisFe-U-C1073. This order agrees with the general trend in decay of catalytic activity
shown in Figure 2.7 and 2.8, and with the larger amount of metallic nickel on the surface of
catalysts with higher Ni/Fe ratios. Also, the size of Ni particles exerts a direct implication on
carbon nucleation. As demonstrated by thermogravimetric experiments with two Ni catalysts
having the same activity but different metal dispersion, the initiation of coke formation is
retarded on the small nickel crystallites [68]. This would be in agreement with the lower
carbon content on the NiFe-U-C773 and NiFe-U-C1073 samples, with small crystallite sizes
(Table 2.3). XRD patterns of the used catalysts provided in Figure 2.6 also verified this trend.
As mentioned in section 3.1.3, graphitic carbon was identified on the surface of the NisFe and

NiyFe catalysts calcined at 773 or 1073 K, while the intensity of the carbon band in the NiFe
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catalysts was significantly lower. The latter observation is in agreement with the higher stable
performance of the NiFe-C773 catalyst. Although the amount of carbon in NiFe-U-C1073 is
relatively small compared to the other catalysts, this material displays an important and
continuous decrease in ethanol conversion at the starting point of the reaction and an increase
in acetaldehyde yield, thus pointing to a longer induction period to activate reactions (21) and
(2i1).

After 2 hours of reaction, the conversion becomes stable at ca. 70% and the steam

reforming of acetaldehyde takes place. The decreased performance of this catalyst in terms of

conversion could then be likely related to the presence of only 32% of metallic nickel (Table

2.3), which is much inferior to the percentage of Ni’ in the other catalysts.

D-band G-band

C1073

C773

Absorbance / a.u.

NiFe-y

([ (C
(I

900 1200 1500 1800
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Figure 2.11. Raman spectra of the Ni-Fe catalysts after 24 h of reaction. Black and
grey lines correspond to samples calcined at 773 K and 1073 K, respectively.

The nature and characteristics of carbon deposits were also studied by Raman
spectroscopy. In Figure 2.11, the Raman spectra of used samples are shown in the range of
900-1900 cm™. Two intense bands at 1310 cm™ (typically called the D-band), which is

associated with the vibrations of carbon atoms in disordered graphite planes, and at 1590 cm’
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(called the G-band), assigned to the stretching mode of carbon sp® bonds of the typical
graphite [69]. The band at 1353 cm™ exhibits a higher intensity than the band at 1590 cm™.
This indicates that disordered structures like amorphous carbon, carbon nanoparticles or
filamentous carbon predominate in all the cases. The integrated intensity ratio of these two
major bands (R = Ip/Ig) leads to the degree of graphitization of the carbon deposited on the
catalysts. In fact, the R values decrease as the degree of graphitization of the carbon increases
[70]. The spectra of the NiFe-U-C773 sample shows bands with low intensity, practically
matching the spectra of the fresh catalyst (not shown), which is a clear evidence that carbon
deposition is practically negligible. The order of R values for the other samples displays the
orderNiFe-U-C1073>NiFe-U-C773>Ni3Fe-U-C773>Ni,Fe-U-C773>Ni,Fe-U-C1073>NisFe-
U-C1073. This sequence indicates the higher tendency of the fresh NizFe-C1073 sample to
produce more graphitized carbon under reaction conditions, due to the larger amount of Ni’
on the catalyst (68.7% based in the percentage of crystalline phases in Table 2.3), and the
larger size (33.3 nm) and low dispersion of such particles.

In summary, the results attained for this series of catalysts are in agreement with previous

studies using iron-doped cobalt based catalysts, in which iron promotes acetaldehyde

reforming, and suppresses carbon deposition [71].

2.4. Conclusions

The steam reforming of ethanol over Ni-Fe mixed oxides derived from reevesites (Ni-Fe
hydrotalcites) was investigated, and the influence of the iron content and the calcination
temperature on the catalytic performance was evaluated. Proper selection of the activation
conditions, that is, calcination of the reevesite precursors, is critical for the catalytic behavior,
as it determines the nature of the oxide (the percentage of crystalline phases, i.e. Ni(Fe)Ox
and NiFe,04) and affects the final size and dispersion of nickel species formed during the

reaction. Also, the chemical and activity properties of the derived mixed oxides are affected
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by the amount of iron, which exhibits a positive role in nickel-based catalysts. This is due to
the enhancement of catalytic activity and hydrogen selectivity induced by the improved
dispersion of nickel and the alleviation in carbon deposition. The best catalyst, with a Ni/Fe
ratio of 1 and calcined at 773 K, rendered high and stable hydrogen selectivity of up to ca.
60%, low methane content, and consisted of a mixture of Ni(Fe)O, solid solution and NiFe;O4
with very small crystallites. Crystallization and growing of NiFe,O4 at high calcination
temperature (1073 K) associated with higher carbon deposition and probably Ni’ sintering
lead to lower activity and fast deactivation. Lower Ni/Fe ratios strongly promote ethanol
dehydrogenation and acetaldehyde decarbonylation followed by steam reforming likely due to
the promotion effect of Fe/Fe*" on the metallic nickel particles. However, after some time on
stream, all catalysts point to a poor activity for acetaldehyde conversion, concomitantly to
variations in H,, CO, CO, and CHs, which indicates their limited activity to transform
acetaldehyde to C1 products. High surface area, higher iron content, lower reducibility of
nickel species and small nickel crystallite size lead to a higher activity in ethanol
dehydrogenation, acetaldehyde decarbonylation and reforming, and WGS. The derived
nickel-iron hydrotalcite catalysts show great potential to be used in the ethanol steam
reforming, with high activity and selectivity for hydrogen production. Some aspects need to
be studied to increase the stability of these materials, and they are actually under current

investigation.
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2.6. Appendix for chapter 2:

NiFe-C773

1.0+

Conversion or selectivity

Figure 2.SI1. Ethanol conversion (®) and selectivity to the different products (* H, X CHy,

O CO, [0 CO,, A CH3;CHO, ¢ C,H,4) vs time during ethanol steam reforming over the NiFe-

C773. Reaction conditions: H;O/C,HsOH ratio = 6, T= 773 K, WHSV = 1474.5 mol ethanol
h' kgeo ', and P =1 bar.
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Figure 2.SI2. Percentage of crystalline phases determined by XRD Rietveld refinement of the
catalysts after a 24 h reaction period.

69



UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF NICKEL-BASED MIXED OXIDES FOR ETHANOL STEAM REFORMING
Evgeny Bolshak

JAY
S
8
> mA Am
2
"GEJ A A
= 0
MMMM 3

20 / degrees

Figure 2.SI3. XRD patterns of the used NiFe-C773 sample after reaction at 773 K for 1 h.
Crystalline phases: (O) Ni, (A) NiFe,O4 (and/or Fe;0y).
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Chapter 3

Ethanol steam reforming over Ni-Fe-based hydrotalcites: effect of

iron content and reaction temperature

Ethanol steam reforming has been evaluated over nickel-iron based hydrotalcite-like compounds with Ni/Fe molar ratios of 1 and 0.5.
Calcined materials have been characterized by XRD, TEM, BET and TPR. The introduction of iron leads to the formation of a mixture of
Ni(Fe)Oy and spinel phase upon calcination, which results in variations of structural and catalytic properties. With a Ni/Fe ratio of 1, a
remarkable improvement in catalytic activity as well as selectivity to hydrogen is observed with respect to the catalyst with Ni/Fe ratio of
0.5. This is due to the enhanced nickel dispersion, the high surface area, and small Ni°’ crystallite size over the Ni(Fe)O; + NiFe,O, mixture.
However, a further increase in iron content leads to the formation of a low surface area spinel phase (NiFe,O,), which results in lower
activity and faster deactivation in the reaction through Ni’ sintering. The effect of reaction temperature has been evaluated over the most
active catalyst (Ni/Fe =1).

This chapter is based on the following publication:

E. Bolshak, S. Abell6, D. Montané. Int. J. Hydr. Energy, 38:14, (2013) 5594-5604
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3.1. Introduction

Hydrogen is considered to be a potential energy vector from an economic, technical,
and environmental point of view since it can be obtained from renewable sources through
thermal or catalytic processes [1,2]. The generation of hydrogen from bio-ethanol can be
catalytically carried out in the presence of steam (C;HsOH + 3H,O — 2CO, + 6H,), and
exhibits the additional advantage of being nearly CO, neutral if ethanol is produced from
dedicated, non-food energy crops and waste biomass [3]. A cost-effective application is for
autonomous hydrogen generators (fuel processors) to produce hydrogen in situ in power
systems based on low-temperature fuel cells [4,5].

Ethanol steam reforming can be performed with several groups of catalysts. The most
common catalysts are normally based on metals (Co, Ni, Ni/Cu and noble metals) supported
on single metal oxides or mixed oxides. The catalysts most stable and selective to hydrogen
are those based on noble metals (mainly Rh and Ru) supported on different metal-oxides (like
La,Os3, CeO or MgO) [3]. They reach complete ethanol conversion and more than 90%
selectivity to hydrogen at 700°C. The support plays a determinant role not only because of its
high surface area and proper metal dispersion, but also because of its chemical nature [6,7].
The major drawback of noble metal-based catalysts is their high cost, even with relatively
small metal loadings (1-3%), which make their industrial-scale application for ethanol
reforming uncertain. Another important group of ethanol reforming catalysts is based on non-
noble metals supported on metal oxides. Cobalt is one of the active metals that has been
studied in detail, either alone [8, 9] and with the addition of dopants such alkali metals [10],
Fe or Mn [11]. Nickel is particularly interesting for steam reforming reactions since it favors
the scission of C-C bonds and promotes hydrogenation/dehydrogenation reactions. Although
it exhibits high activity and low cost, it suffers from deactivation by sintering of the metal and
coke deposition [6]. Ethanol reforming at low temperature (i.e., below 500°C) has been

investigated with Ni on several metal oxide supports [12-15]. Nickel-containing spinels,
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consisting of binary mixtures of ZnAl,O4 and NiAl,O4 spinel with several ratios, were also
tested showing complete conversion of ethanol and good selectivity towards hydrogen and
carbon monoxide with Ni loadings above 18% [16].

One of the challenges to develop successful catalysts for ethanol reforming is,
however, to combine the properties of the support and active metals into a stable structure, a
catalyst that can withstand the harsh conditions of temperature and water concentration
employed for reforming, while preventing deactivation by sintering and carbon deposition.
Among different strategies, precursor materials based on layered double hydroxides (LDH)
are simple and inexpensive to synthesize on laboratory and industrial scales [17], and yield
oxide mixtures upon calcination with very high metal interdispersion and surface area [18,19].
Various combinations of metals have been used to prepare oxides derived from LDH for
ethanol reforming. In our previous work [20], we found that Ni-Fe mixed oxides were active
catalysts for the reaction. The effect of increasing the iron amount (from a molar ratio Ni/Fe 3
to 1) on the resulting oxides was found to be decisive to enhance the catalytic activity and
hydrogen selectivity by the improved nickel dispersion and reduced coke deposition; that is,
the best catalyst was obtained with a 1:1 Ni/Fe molar ratio. Besides, the calcination
temperature exerted an important role in the reforming performance, thus producing a
Ni(Fe)O, + NiFe,O4 mixture upon calcination at 500°C, with high surface area, lower
reducibility of nickel species, small Ni’ crystallites, and a significant content of spinel
(ca. 60%). This contrasted with the lower activity and faster deactivation upon treatment of
the precursor at 900°C, which induced the formation of a low surface area NiFe,O4 spinel-
supported Ni catalyst. This was also the cause for deactivation in the work by Muroyama et
al. [21]. In their work, H, and CO; selectivity decreased soon after the reaction started due to
carbon deposition, which was caused by ethanol dehydration over a spinel-based catalyst.
Judging from the significant content of spinel phase in the Ni(Fe)O, + NiFe,O4

mixture and its high surface area, it is interesting to evaluate the effect of further increasing
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the iron content for spinel formation at low calcination temperature in the steam reforming
performance. Following our previous study, we expand the range of Ni/Fe ratios below 1 to
systematically investigate the formation of Ni’ supported spinel-based Ni-Fe catalysts.
Activity measurements have been complemented by detailed characterization techniques
(XRD, TEM, TPR, and Raman) to derive conclusions on the appropriate phase composition
for H, production. In addition, the influence of reaction temperature on the selectivity of the

different products has been evaluated over the most active catalyst.

3.2. Experimental
3.2.1. Catalyst preparation and activation

Nickel-iron hydrotalcites with nominal molar ratios of 1 and 0.5 were synthesized by
coprecipitation at constant pH. Briefly, aqueous solutions of 1M of Ni(NOs),-6H,0 and 1M
of Fe(NOs);-9H,O and the precipitating agent (NaOH/Na,CO;, IM of each) were
simultaneously fed into a vessel by a 905 Titrando® automated titrator (Metrohm AG)
equipped with two 800 Dosino® dosing systems. The pH was maintained at a constant value
of 10 (£0.2). The resulting slurry was aged at 30°C for 15 h under vigorous stirring. The
precipitate was filtered and washed with deionized water and then dried at 80°C during 12
hours. The samples were calcined in static air at 500°C for 6 h using a heating rate of
5°C min™'. Along the manuscript, the materials are identified as precursor (NiFe-P), calcined
(NixFe-C) and after use in the reaction (NixFe-U), where x denotes the Ni/Fe molar ratio (1 or

0.5).

3.2.2. Catalyst characterization
The chemical composition of the solids was determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) in a in a Spectro Arcos 165 spectrophotometer.

Before analysis, the solids were dissolved in 1% HNOj; aqueous solution. Powder X-ray
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diffraction patterns were acquired in a Siemens D5000 diffractometer with Bragg-Brentano
geometry using Ni-filtered Cu-Ka radiation. Data were collected in the 20 range of 5-70°
with an angular step of 0.05° and a counting time of 3 s per step. The quantitative phase
content and crystallite sizes were determined by a multiphase Rietveld refinement using the
Diffrac-Plus Topas software (Bruker AXS GmbH, Germany, version 4.0). Transmission
electron microscopy (TEM) was carried out in a JEOL JEM-1011 microscope operated at 100
kV (or 80kV for precursor samples). A few droplets of the sample suspended in ethanol were
placed on a carbon-coated copper grid followed by evaporation at ambient conditions. N,
adsorption isotherms were measured on a Quantachrome Quadrasorb-SI gas-adsorption
analyzer at 77 K. Prior to the measurements, the as-prepared and calcined samples were
degassed in vacuum at 120°C and 300°C for 10 h, respectively. Thermogravimetric analysis-
differential scanning calorimetry (TGA-DSC) was measured in a Mettler Toledo TGA/DSC 1
microbalance. Analyses were performed in air (20 cm® STP min™") increasing the sample
temperature from 25°C to 1000°C at 5°C min™'. Temperature-programmed reduction with
hydrogen (H,-TPR) was measured in a ChemBet Pulsar TPR/TPD unit equipped with a
thermal conductivity detector. Ca. 50 mg of Ni-Fe oxide obtained by calcination of the
hydrotalcite precursors at 500°C were loaded in the U-quartz microreactor, pretreated in air
(20 cm® STP min™) at 300°C for 1 h, and cooled to 50 °C in the same atmosphere. The
analysis was carried out in a mixture of 5 vol% H, in N, (20 cm® STP min™"), ramping the
temperature from 50°C to 900°C at 10 K min '. Raman spectra were recorded at room
temperature using a Renishaw InVia Raman Spectrometer equipped with confocal DM 2500
Leica optical microscope, a CCD detector, and a diode laser operating at 785 nm. The applied
power of the laser beam focusing on the sample was 3 mW. The spectra were measured in the

90-2000 cm™' range in single scan with 30 s of exposure time.
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3.2.3. Catalytic tests

Ethanol steam reforming was carried out at atmospheric pressure in a fixed-bed stainless
steel reactor (internal diameter of 10 mm), which has been described elsewhere [20]. The
reactor was filled with 0.5 g of catalyst particles sieved to 100-300 um, diluted with 10 grams
of SiO; particles of the same size. The reagent feed was an ethanol and water mixture with a
molar ratio of 1:6 (a steam to carbon ratio, S/C, of 3:1). The feed rate was 0.2 mL min”,
which corresponded to a weight hourly space velocity (WHSV) of 147.45 mol ethanol h™
kgca{l. Each sample of catalyst was tested for at least 24 h at constant conditions, and the
spent catalyst was then collected for further characterization. The reaction temperature was
varied from 400 to 600 °C in selected experiments. Reaction products were quantified with an
on-line gas chromatograph (Agilent 3000A microGC). A constant flow of N, (500 NmL min
") was added at the reactor outlet to dilute the products and avoid condensation of water in the
microGC internals and the sampling line, which was heat-traced at 120°C.

Ethanol conversion (Xgwon), product selectivity (Sx) and carbon balance (%CB) were
calculated with equations 1 to 4, where F; is the molar flow of product j, and nC; is the

number of carbon atoms in product j.

F, F,

XEtOH _ EtO;O ~ " EoH
EtOH 0 (eq. 3.1)
S - nC; - F,
! 2(F om0 = Fron) (eq. 3.2)
S)Q = F Lz
6(F om0 = Fron) (eq.3.3)
3 €, F)
%CB = —2
2(FEt0H,O - FEtOH) (eq 3 4)
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3.3. Results and discussion
3.3.1 Characterization of as-synthesized and calcined samples.

Figure 3.1 shows the XRD patterns of the samples NiFe-P and NigsFe-P and their
corresponding products of calcination at 500°C — NiFe-C and NigsFe-C. The as-synthesized
samples display the characteristic reflections of reevesite with formula
NigFex(OH),(COs)16-4H20. However, broader and less intense peaks compared to the pure
reevesite sample [22] are observed, namely as a consequence of the lower crystallinity in
these samples. This is in part motivated by the non-typical stoichiometry of the as-prepared
samples. No reflections associated with single metal hydroxides were visible in any of the
samples. However, part of iron may exist as an amorphous hydroxide carbonate phase.
Chemical analysis showed that the Ni/Fe molar ratio in the solids was 0.52 and 1.02 for
Nig sFe-P and NiFe-P, respectively.

The solids calcined at 500°C showed reflections of the NiO structure (bunsenite,
powder diffraction file 03-065-2901 from ICDD) and NiFe,O4 spinel (trevorite, powder
diffraction file 54-0964 from ICDD). As concluded in our previous work [20], calcination of
the hydrotalcite structure leads to the formation of a metastable mixed oxide phase,
recognized as Ni(Fe)Ox, which is transformed into NiFe,O,, especially at high calcination
temperature. Here, the diffraction lines related to NiFe,O4, which are coincident in 20 position
with those of NiO, are clearly discerned at 500°C and are far more intense in the NigsFe-C
sample. This is explained by the non-typical stoichiometry of the hydrotalcite precursor,
which is defective in Ni atoms, thus leading preferentially to the spinel structure upon
calcination.

A quantitative analysis of the phases present in the calcined samples was performed by
Rietveld refinement (Table 3.1). Based on the crystalline phases, trevorite was the main phase
(94.9%) in NigsFe-C, while it only reaches 62% in NiFe-C. As expected, the increase in iron

content in the reevesite precursors induced a lower amount of NiO upon calcination [20].
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Interestingly, the NigpsFe-C sample showed a considerable presence of hematite (a-Fe,0O3),
which was never detected in samples with higher Ni/Fe ratios. Table 3.2 displays the average
crystallite size of the calcined samples obtained from the refinement method. The NiFe-C
sample showed NiO crystallites with sizes around 3.5 nm and smaller sizes of spinel. In
contrast, the NigsFe-C sample presented larger NiFe,O,4 crystallites (of around 10 nm) and

bigger Fe,Os crystallites.

Ni, ;Fe-C
=
@
E, NiFe-C
B
C
2 o o O 00 _
C [ Bttt M rtbtsern s iss o | N FE-P
o (o) 0O
2 NiFe-P

10 20 30 40 50 60 70
20 / degrees

Figure 3.1. XRD patterns of precursors and calcined samples with Ni/Fe ratios 1:1 and 0.5:1.
Crystalline phases: () NiO, (A) NiFe,;04, (O) reevesite, (€) Fe,Os.

Table 3.1: Crystalline phase composition of the different catalysts.

Phase composition / %
Sample - _ .
NiO NIF6204 Ni F 6203
NiFe-C 37.1 62.9 - -
Ni0.5F€-C - 94.9 - 5.1
Ni0.5F€-U - 84.7 15.3 -
NiFe-U, T =400°C - 59.1 40.9 -
NiFe-U, T = 500°C - 57.7 42.3 -
NiFe-U, T = 600°C - 53.6 46.4 -

79



UNIVERSITAT ROVIRA I VIRGILI
;igg:is;il:EZkCHARACTERIZATION OF NICKEL-BASED MIXED OXIDES FOR ETHANOL STEAM REFORMING

Figure 3.2 shows the results of termogravimetric analysis for both precursors. The
NiFe-P sample shows the typical two-step decomposition of the reevesite precursor associated
with the elimination of physically bounded water (180-200°C) and the dehydroxylation and
decarbonation step (~280°C). In contrast, the NigsFe-P sample displays the removal of
interlayer water at the same temperature interval, while the second step is not clearly
discerned and shifted to lower temperature. Probably, the presence of amorphous
hydroxide (carbonate) phases in this sample was responsible for the different decomposition
profile. In fact, as concluded from XRD, a-Fe,O; could be detected over Nij sFe-C; therefore
it is likely that part of iron may exist as FeO(OH) in the reevesite precursor, thus leading to
the sequence 2FeO(OH) — y-Fe,O3 — a-Fe;Os upon calcination [23]. These results were also
substantiated by DSC analysis. The total weight losses amounted to 30 and 24% for the NiFe-
P and NigsFe-P, respectively, which were significantly lower than the theoretical weight
losses based upon their chemical formulae (37.8 and 42 % for NiFe and Nig sFe pure samples,
respectively.) The lower total weight loss obtained likely refers to the presence of additional
phases formed during the synthesis of precursors, and the incomplete synthesis of the
hydrotalcite samples with the expected Ni/Fe ratio.

The TEM micrographs in Figure 3.3 reveal huge differences in morphology of the
calcined samples. NiFe-C consisted of aggregations of uniform nanoparticles, which did not
exceed 8-10 nm in diameter, combined with some platelet-like particles, while the NigsFe-C
sample was composed by rounded particles with an average diameter of 10-45 nm. The
formation of larger spinel particles in NipsFe-C was in agreement with the much lower
surface area of this sample (42 m” g') with respect to the NiFe-C sample (183 m” g). From
these results, it can be anticipated that differences in catalytic activity could be expected, as

the dispersion of metallic nickel particles will be lower over the low-surface area catalyst.
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Figure 3.2. Thermogravimetric and calorimetric profiles of the as-synthesized reevesite
samples with Ni/Fe ratios 1:1 and 0.5:1 in air and derivative of the weight loss.

NiFe-C Ni, sFe-C

Figure 3.3. Transmission electron micrographs of calcined and reacted samples with Ni/Fe

ratios 1:1 and 0.5:1. The scale bar applies to all micrographs.
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Figure 3.4. H,-TPR profiles of the NiFe-C and Nig sFe-C samples.

Temperature programmed reduction profiles of the calcined samples are shown in
Figure 3.4. Similarly to our previous work [20], the reduction occurred in the wide
temperature range of ca. 300-1000°C. The peaks of hydrogen consumption displayed a
slightly different profile depending on the Ni/Fe molar ratio.

Also, the whole signal for the NigsFe-C sample was shifted to higher temperature,
indicating that this particular sample was less reducible. The NiFe-C sample exhibited a
complex reduction pattern with peaks centered at 600 and 730°C, and a small shoulder at
around 395°C. This shoulder may be assigned to the reduction of pure NiO, which typically
displays a single peak located at 340-400°C [24-25]. The reduction of nickel in the mixture
Ni(Fe)Ox + NiFe,O4 was hindered by the presence of iron, which caused a shift to higher
reduction temperature with respect to pure NiO. The reduction of Fe,O; also occurred over
almost the same temperature range. For example, the reduction of iron oxides may proceed in
various steps, in the order Fe;03—Fe;04—FeO— Fe', in the temperature range 300-730°C

[26]. Other authors have observed that the reduction of Fe’* to Fe*" displays a sharp peak at
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ca. 430°C, while a continuous broad peak corresponds to reduction of Fe** to Fe’, which is
even not complete at 1000°C [27]. According to the literature, the peak at 600°C in the NiFe-
C sample could be attributed to reduction of Fe’' reduction into Fe;Os, together with
reduction of Ni(Fe)Ox species. The high-temperature peak at 730°C, which is likely assigned
to NiFe,O4 reduction, grown and shifted to higher temperature (ca. 900°C) with the increase
in iron content. This is in agreement with the higher percentage of spinel in the NigsFe-C
sample (ca. 94%, Table 3.1). Besides, a high-intensity peak centered at 684°C was also
present in the NigsFe-C sample, which may also account for the reduction of Fe,Os species.
This is supported by the work of Lin et al. [28], who observed the reduction of iron oxide
within the temperature range 650-850°C. The fact that the reduction of Fe,O3 and NiO usually
take place over the same temperature range (300-700°C), limits the precise identification of

the individual reduction peaks of Fe and Ni in the catalysts.

3.3.2 Activity tests
3.3.2.1 Effect of the nickel to iron molar ratio

Ethanol conversion and product selectivity are shown in Figure 3.5 for NiFe-C and
NigsFe-C catalysts during 24 hours reaction tests at 500°C. Both materials presented
differences in conversion and selectivity. The NiFe-C catalyst maintained complete
conversion for less than 3 h and then started to deactivate gradually, until it reached a steady
conversion of around 65% after 15 h. Significant changes in product selectivity could be
observed during the first time period: hydrogen and carbon dioxide selectivities grew from
40% and 30% at the beginning of the experiment till 65% and 40%, respectively.
Simultaneously, selectivity to acetaldehyde decreased from 70% to 15%, while methane and
carbon monoxide grew to 10% for CH4 and to 35% for CO. Ethylene was only detected
during the first hour of the reaction and it drop from 20% to 0%. This indicates that

dehydrogenation and dehydration were the main ethanol conversion pathways on the surface
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of the fresh catalyst, but selectivity shifted gradually and after only 1 h, acetaldehyde was
subsequently converted trough decarbonylation and steam reforming. As previously reported
[20], this behavior suggests that metallic nickel particles were formed slowly over this
catalyst in parallel to the growing of NiFe204 crystals, thus activating the decarbonylation
reaction, and therefore leading to decreased acetaldehyde and increased methane selectivity.
The initial ethylene selectivity was attributed to the presence of active Lewis acid sites (Ni*
and Fe’"), which are responsible for dehydration. After 4 h of time on stream selectivity
tended to stabilize, and after 20 h it was 60% for hydrogen, 35% for acetaldehyde, 45% for
COz, 15% for CO, and less than 5% for methane. As concluded from previous work, the small
metallic nickel particles formed slowly upon reaction, together with the high surface area of
the fresh catalyst and the promotion effect by Fe/Fe*" species induced a high activity for

ethanol dehydrogenation, acetaldehyde decarbonylation and reforming [20].
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Figure 3.5. Ethanol conversion and selectivity to the different products vs time during
ethanol steam reforming over calcined samples with Ni/Fe ratios 1:1 and 0.5:1. Conditions:
H,0/C,H;sOH ratio = 6, T = 500°C, WHSV = 147.45 mol ethanol h™' kg., ', and P = 1 bar.

In contrast to the above behavior over NiFe-C, complete conversion was only

observed for less than 30 min over NigsFe-C, decreased to around 25% after 6 h, and
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stabilized at around 20% after 10 h of catalyst time on stream. During the rapid deactivation
period (first hour) hydrogen and carbon dioxide selectivity dropped sharply from 90% and
70% till 35% and 20% respectively, whereas acetaldehyde selectivity grew from 0 to 65%.
Carbon monoxide selectivity decreased from 20% to 6%, methane only reached 2-3%, and
ethylene dropped from 5% to 2%. This behavior is coherent with ethanol steam reforming
being the main reaction on the fresh catalyst, although it rapidly shifted towards
dehydrogenation to acetaldehyde. Beyond 1h of time on stream, selectivity towards
acetaldehyde decreased continuously while that of hydrogen, carbon dioxide and carbon
monoxide increased again, pointing to an increase in the capacity of the catalyst to steam
reform acetaldehyde.

After 10 h of operation conversion and selectivity stabilized, the latter reaching values
of 52%, 35%, 10%, 5% and 48% for hydrogen, carbon dioxide, methane, carbon monoxide
and acetaldehyde, respectively. No ethylene was detected on the gas products after 4 h of
catalyst time on stream. These results suggest some differences with respect to the previous
catalyst, being motivated by the less reducible character of the Nij sFe-C catalyst. That is, the
higher amount of iron in this sample leaded to a higher percentage of spinel upon calcination,
while upon in situ reduction less amount of metallic nickel was formed (15% in NigsFe-U vs
42% in NiFe-U, Table 3.1). The spinel phase exhibits a lower propensity to be reduced under
reaction conditions, and therefore, less Ni’ particles were present on the catalyst surface.
Larger metallic nickel particles were present in NipsFe-U, which in turn displayed a lower
surface area. The induction period over this catalyst was relatively long, as concluded by its
less reducible character, and therefore, acetaldehyde steam reforming was more effective with
extended time on stream, thus increasing hydrogen selectivity. On the other hand, ethanol
conversion dropped suddenly, probably due to fast carbon deposition. In view of the strong
activity decay observed in the beginning of the reaction, it is likely that a certain amount of

acid Lewis sites (Ni’" and Fe’") were present in this catalyst, which induced ethanol
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dehydration to a lower extent than in the NiFe-C -catalyst, but further promoted
polymerization into coke. This was confirmed by the absence of ethylene, and through
characterization of used catalysts (see below). Besides, deactivation by Ni° sintering can also
be considered. Similar observations in terms of carbon deposition were found by Muroyama
et al. [21] when using a NiFe,O4 catalyst. They attributed the decreased ethanol conversion to
coke formation through the dehydration pathway.

In order to assess the above observations, both catalysts were further characterized

after reaction. Considering that no reduction pretreatment was performed over the calcined
catalysts before reaction, nickel species in both catalysts were progressively reduced under

reaction conditions. This was confirmed by the XRD pattern of the used samples, shown in

Figure 3.6 for those tested during 24 h at 500°C.
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Figure 3.6. XRD patterns of NiFe and NigsFe samples after reaction.
Crystalline phases: (A) NiFe,O4, (@) carbon depositions, (<) metallic Ni.
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After the test, Ni(Fe)Ox reflections in the NiFe-U sample disappeared and the two
reflections at 260 44° and 52° associated with Ni’ appeared (powder diffraction file 4-850 from
ICDD). The average crystallite size of metallic nickel in this sample reached 13.9 nm (Table
3.2). Diffraction lines related to NiFe,O4 were also present. Based on the percentage of phases
(Table 3.1), a slight variation between ca. 58% and 62% of NiFe,O4 manifested in NiFe-U
and NiFe-C, respectively. However, the intensity of the diffraction lines greatly increased
from NiFe-C (diffraction lines are coincident in 26 with those of NiO) to NiFe-U. This was
consequence of NiFe,O4 particle growing, as confirmed by the increase in average crystallite
size from ca. 2 nm to 23 nm after reaction (Table 3.2). As expected from the metal ratio in the
samples, the intensity of the NiFe,O4 reflections increased with the increase in Fe content,
that is, in the NigsFe-U sample. This was not only related to the larger NiFe,O, average
crystallite size (from ca. 10 in NipsFe-C to 23 nm in NigsFe-U), but also to the higher
percentage of this phase in the sample (ca. 84.7%) compared to the NiFe-U sample.
Particularly, the percentage of metallic nickel in the NipsFe-U sample was around three times
lower than in NiFe-U, which suggested the less reducible character of samples with higher
iron content [20]. This was also confirmed by TPR (Figure 3.4) showing a broad reduction
profile in the NipsFe-C sample extended to a temperature above 1000°C. The fact that the
average crystallite size of metallic nickel in this sample was higher than in NiFe-U could be
related to a higher tendency of nickel to sinter in the NiFe,O4 matrix. No other metallic or
oxidized iron species were detected in any of the samples. It is important to notice that only
the NiFe-U sample exhibited a diffraction peak at 20 26°, assigned to the formation of
deposited carbon upon reaction (powder diffraction file 41-1487). This is in agreement with
the formation of carbon deposits over this catalyst, which are likely responsible for

deactivation.
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Table 3.2: Average crystallite size of the different catalysts.

Crystallite size / nm

Sample NiO NiF6204 Ni Fe203
NiFe-C 3.5 1.99 - -
Ni0.5F€-C - 9.9 - 26
NigsFe-U - 23.7 20.3 -
NiFe-U, T =400°C - 23.7 2.8 -
NiFe-U, T =500°C - 23.1 13.9 -
NiFe-U, T = 600°C - 13.6 23.0 -

TEM analyses were performed to check differences in particle morphology and the
eventual formation of carbon deposits (Figure 3.3). These deposits can be divided by their
morphology in two groups: “foam”-shaped carbon and “worms” or nanotubes [29-31]. Both

of them were present in our samples. Particle sintering was also observed in both samples.

Intensity / a.u.

900

1200 1500 1800
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Figure 3.7. Raman spectra of NiFe and NijsFe samples after reaction.
Phases: (A) NiFe,O4, (@) disordered carbon, (O) graphitized carbon, (l) NiO.

Raman spectra define the nature of the carbon deposited on the catalyst surface
(Figure 3.7). Two broad bands in the range 1000-1700 cm™ can be observed in both samples.
The band at 1310 cm™ is associated with the vibrations of disordered structures like

amorphous carbon, carbon nanoparticles or filamentous carbon (D-band), and the band at
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1590 cm™ (G-band) is responsible for graphite formation [32]. Since the intensity of the
former band was higher than the latter, disordered carbon species predominated in both
catalysts.

The degree of graphitization of the carbon deposited (R= Ip/Ig), as determined by the
integrated intensity ratio of these two bands, was very similar in both cases, which implies the
same carbon formation mechanism. However, the amount of deposited carbon was higher in
the Nig sFe-U sample, as compared to the NiFe-U sample. This could be the reason for the fast
deactivation of the NijsFe-C catalyst, which is in agreement with the activity decay observed
by Muroyama et al. [21] for a NiFe,O4-based catalyst, and attributed to the high tendency of
the spinel for coke formation.

In summary, the differences in (i) Ni’ crystallite size (Table 3.2), (ii) its dispersion
over a matrix with important differences in specific surface area (183 m>g”' in NiFe-C vs 42
m” g in NigsFe-C), (iii) the different percentage of crystalline phases (Table 3.1), and (iv) the
amount of coke formed over the spinel, are responsible for the variation in catalytic activity.
Therefore, as previously concluded, the best performing catalyst consists of a mixture of
Ni(Fe)Ox solid solution and NiFe,O4 with very small crystallites, which will be further

investigated in detail at different reaction temperatures.

3.3.2.2 Effect of the reaction temperature

Catalyst NiFe-C was further studied to assess the influence of temperature on its selectivity
towards ethanol steam reforming products. This material was selected because of better
performance than other catalysts containing different nickel-to-iron ratios (0.5, 2 and 3) [20].
Figure 3.8 shows the evolution of conversion and selectivity with catalyst time-on-stream at
three selected temperatures. At 400°C the catalyst showed a low activity period of about 2 h
in which conversion was only 23 to 25%. Ethanol dehydrogenation was the dominant reaction

giving a selectivity to acetaldehyde of 80 to 98%. Selectivity to CO, was only around 5%, and
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carbon monoxide and methane were not detected. Ethanol dehydration to ethylene was also
significant in the first minutes of reaction, but ethylene selectivity decreased steadily from
15% to 0% within 2 hours. After this time, ethanol conversion and selectivity towards
hydrogen, carbon oxides and methane grew sharply, while acetaldehyde selectivity fell to a
minimum of 5% at 4 h of time on stream. The initial behavior of the catalyst is explained by
the capacity of nickel oxides (Ni*" species) to catalyze ethanol dehydrogenation (see below).
However, the hydrogen released during the first 2 h of experiment prompted the reduction of
Ni** to Ni’. Once enough nickel was reduced, it catalyzed the reforming and acetaldehyde
decarbonylation reactions thus producing the shift in conversion and selectivity.

This behavior indicates the slow conditioning of the catalyst. After 5 hours, ethanol
conversion started to fall till it stabilized around 70% after 20 h of time on stream.
Simultaneously, acetaldehyde grew from 5% to 30%. Methane and carbon monoxide also
decreased suggesting that the activity towards decarbonylation was dropping. Since methane
selectivity was higher than that of CO, and carbon dioxide and hydrogen reach a stable value,
we may conclude that steam reforming of acetaldehyde and ethanol were taking place.

The catalyst was also tested at 600°C for 24 hours (Figure 3.8). At this higher
temperature in-situ reduction of the catalyst was much faster. Complete conversion of ethanol
and the presence of reforming products such as carbon oxides, methane and hydrogen, were
observed from the beginning of the experiment, while acetaldehyde was not detected during
the first hour. However, ethanol dehydration to ethylene was also significant at the beginning
(15% selectivity), and a local maximum was also observed at around 4 hours of time on

stream (3%).
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These facts indicate that the reaction initially proceeded through ethanol

dehydrogenation coupled with steam reforming of acetaldehyde, acetaldehyde
decarbonylation, methanation, and ethanol dehydration. After two hours, however,
acetaldehyde selectivity grew sharply which indicates that acetaldehyde steam reforming was
hindered at longer reaction time and high reaction temperature. This also explained the
decrease in H, and CO. After 20 h of time on stream ethanol conversion stabilized at around
45%, with acetaldehyde (56% selectivity), hydrogen (43%), carbon dioxide (25%) and

monoxide (11%), and methane (8%) as main products. Ethylene was no longer detected at this

point.

Intensity / a.u.

10 20 30 40 50 60 70 10 20 30 40 &80 60 70
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Figure 3.9. XRD patterns of the NiFe-C sample after reaction for 24 h at different

temperatures (T=400°C, T=500°C and T=600°C, left) and after reaction for 3 h at 400°C
(right). Crystalline phases: (ll) NiO, (A) NiFe,Os, (@) carbon, (<) Ni metallic.
Catalysts used after reaction at the three temperatures were characterized by XRD and
TEM. The XRD patterns of the NiFe-C catalyst after reaction tests at the three temperatures

are shown in Figure 3.9, left. It reveals the reflections assigned to NiFe,O4 and the two

reflections at 20 44° and 52° associated with metallic nickel. Increasing the reaction
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temperature slightly incremented the percentage of metallic nickel from 40 to 46% (Table
3.1), but also resulted in the increase of the Ni” average crystallite size from 2.8 nm at 400°C
to 23.0 nm at 600°C (Table 3.2). This was due to sintering of metallic nickel particles under
more severe reaction conditions, which finally led to decreased ethanol conversion and
hampered acetaldehyde reforming. The fact that the percentage of NiFe,O4 remained
practically invariable at these three temperatures stresses the low reducibility of the spinel

phase, thus requiring temperatures above 600°C for reduction (Figure 3.4).

By comparison of the crystalline phases present at 400°C with the -catalytic
performance at the same temperature (Figure 3.8), we can conclude that before 3 h of
reaction, the ethanol conversion was only around 25% and the acetaldehyde selectivity
reached 85%. As previously mentioned, during this period the active sites should be related to
Ni*" species, which were slowly reduced in situ into Ni’, thus activating acetaldehyde
decarbonylation and reforming reactions. This was confirmed by the XRD pattern of the
catalyst after a 3 h reaction test (Figure 3.9, right), showing the diffraction lines related to the
mixture NiFe,O4+NiO, and the absence of Ni’ diffraction lines. The reflection at 26 26°
attributed to coke with graphite-like structure appeared in all cases. Considering that the
intensity of the carbon diffraction line is proportional to the coke amount, less carbon deposits
were formed upon increasing reaction temperature. TEM micrographs in Figure 3.10 showed
carbon nanofibers over all catalysts, but especially in the catalyst after reaction at 400°C.

These results are in agreement with XRD observations.

93



UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF NICKEL-BASED MIXED OXIDES FOR ETHANOL STEAM REFORMING

Evgeny Bolshak

‘syder3ororw [[e 03 sarpdde yeq oreos oy,
‘somjerddud) JuUSIAIIp 18 uonOeaI 19k d[dwes N-9,IN Y JO syder301orw uond[S UOISSIWSUBIL],

o m,,,h,,_. i
00006 =1

.

D600 = 1

01°€ 2In31y

94



UNIVERSITAT ROVIRA I VIRGILI
SYNTHESIS AND CHARACTERIZATION OF NICKEL-BASED MIXED OXIDES FOR ETHANOL STEAM REFORMING

Evgeny Bolshak

3.4. Conclusions

Activation treatments at low calcination temperature together with increasing amount
of iron play an important role to enhance the catalytic activity and hydrogen selectivity of
nickel-based spinel catalysts in ethanol reforming. This is due to the improved nickel
dispersion and reduced carbon deposition, motivated by the presence of iron, and the high
surface area and small Ni’ crystallite size over the Ni(Fe)Oy + NiFe,O,4 mixtures. However, an
excess of iron in the sample precursor, i.e. Ni/Fe ratios of 0.5, induces the formation of a low
surface area spinel phase (NiFe;Oy), even at low calcination temperature. This results in lower
activity and faster deactivation in the reaction. The variations in Ni’ crystallite size and
dispersion, and the difference in surface area prompted by the different percentage of
crystalline phases (Ni(Fe)Ox and NiFe;O4) are therefore decisive for improved catalytic
performance.

Increasing the reaction temperature from 400°C to 600°Cover the best catalyst (Ni/Fe
=1) generated less carbon deposits and favored ethanol dehydrogenation combined with steam
reforming of acetaldehyde, acetaldehyde decarbonylation, methanation, and ethanol
dehydration. However, partial deactivation is present at longer time on stream due to nickel
sintering. The optimum temperature for higher ethanol dehydrogenation and acetaldehyde
reforming, coupled with lower methane production was 500°C. Under these conditions, the

best catalyst reached a stable hydrogen selectivity of up to 60%.
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Chapter 4

Ternary Ni-Al-Fe catalysts for ethanol steam reforming

Ternary mixed oxides prepared from takovite/reevesite NisAlFex precursors were tested in ethanol steam reforming for hydrogen
production. The influence of the trivalent cation (AI’* or Fe*") on phase composition and derived catalytic performance of the resulting
oxides was studied. The physico-chemical properties of the hydrotalcite-like precursors and related oxides were characterized by ICP, XRD,
TGA-DSC, Raman, H,-TPR, and TEM analyses. Compared to pure binary systems (Ni;Al and Nis;Fe), the ternary systems showed the best
performance in ethanol reforming, leading to a high and stable hydrogen selectivity of up to ca. 70% in 100 h-reaction tests. The increase in
activity can be attributed to a cooperative effect between aluminum and iron, favoring ethanol dehydrogenation as the primary step, followed
by acetaldehyde reforming and/or cracking, reverse water gas shift, and methanation, and concomitantly limiting the dehydration route to
ethylene.

This chapter is based on the following publication:

S. Abelld, E. Bolshak, F. Gispert-Guirado, X. Farriol and D. Montané. Ternary Ni—Al-Fe catalysts for ethanol steam
reforming. Catal. Sci. Technol., 2014, 4, 1111
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4.1. Introduction

Catalytic steam reforming is a key process to obtain hydrogen from renewable liquid
biofuels such as ethanol, the focus being on the cost-effective synthesis of hydrogen in fuel-
processors coupled to low-temperature fuel cells for high-efficiency power production in
stationary and transportation applications [1-3]. Steam reforming of ethanol on metal-based
heterogeneous catalysts involves a complex set of reactions, which in summary comprise
ethanol dehydration into ethylene, ethanol dehydrogenation to acetaldehyde, cracking of
ethanol and acetaldehyde, reforming of C2 species into hydrogen and carbon oxides, together
with the methanation and water-gas shift equilibrium reactions [4]. Carbon deposition by
ethylene polymerization and other mechanisms may also take place to a significant extent,
depending on the nature of the catalyst, temperature and the steam to carbon ratio [4-6]. Many
supported-metal catalysts have been investigated for ethanol steam reforming, the most active
being those based on noble metals (Pt, Rh, Pd and Ru), followed by Ni- and Co-based [6-10].
So far, nickel-based catalysts had shown the best combination of effective cost and high
activity to C-C and O-H scission and H, formation [5, 11]. Metallic nickel, however, shows
susceptibility to sinter and to form carbonaceous deposits in contact with hydrocarbons, two
negative trends that may lead to severe deactivation [12, 13]. A large variety of supports have
been tested, the most common involving combinations of Al,O3; La,0; MgO, CeO,, and
ZnO, with occasional doping with K, Mn, Fe or other metals to improve metal dispersion and
stability, and decrease coke formation.

The hydrotalcite route (coprecipitation) has been adopted as an efficient way to attain
highly dispersed multimetallic mixed oxides by combination of two or more metals [14, 15].
These oxides combine high surface area, high metal loading and dispersion, good thermal
stability, and controllable acid/base/redox properties [16, 17]. This has been used to prepare
hydrotalcite catalysts for ethanol steam reforming, usually having Ni as the main active phase,

and other metals to achieve some kind of cooperative effects to enhance the hydrogen
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selectivity and reduce coke formation [18-29]. Elementary catalytic systems like takovite, the
Ni-Al hydrotalcite, have been explored in the reaction with boosted performance with respect
to conventional Ni/Al,O3; prepared by impregnation [6, 30]. Despite the high dispersion of
nickel crystallites upon calcination and reduction, the presence of an alumina matrix induces
ethanol dehydration through its acid sites, leading to coke formation [6]. On the other hand,
we recently explored the preparation of Ni-Fe catalysts from hydrotalcite precursors, and their
performance for ethanol steam reforming [31, 32]. It was found that both the amount of iron
and the selection of activation conditions exert a positive influence on the performance as
they determine the size and dispersion of nickel species, and the nature of the oxide,
respectively. With those two systems in mind, i.e. Ni-Al and Ni-Fe, it was interesting to
analyze whether a ternary system Ni-Al-Fe would improve the performance of the separate
binary oxides.

In this paper, trimetallic Ni3zAl,<Fex catalysts have been prepared by coprecipitation and

subsequent calcination to the corresponding oxides, and the effect of chemical composition on

their performance in ethanol steam reforming investigated.

4.2. Experimental
4.2.1. Catalyst preparation.

Nickel-aluminum-iron hydrotalcite precursors NizAlj(<Fex (x =0-1) were synthesized by
coprecipitation at constant pH. Aqueous solutions of the metal nitrates (1M of
Ni(NOs),-6H,0O, 1M of AI(NOs)3-9H,0 and 1M of Fe(NOs;);-9H,0) and the precipitating
agent (NaOH/Na,COs, 1M of each) were simultaneously fed into a vessel by a 905 Titrando®
automated titrator (Metrohm AG) equipped with two 800 Dosino® dosing systems. The pH
was kept at a constant value of 10 (+0.2). The resulting slurries were aged at 303 K overnight

under vigorous stirring. The precipitates were filtered and washed with deionized water and
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then dried at 353 K during 12 hours. The samples were calcined in static air at 723 K for 6 h

using a heating rate of 5 K min.

4.2.2. Catalyst characterization

The chemical composition of the solids was determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) in a Spectro Arcos 165 spectrophotometer. Before
analysis, the solids were dissolved in 1% HNOs aqueous solution. XRD measurements were
made using a Siemens D5000 diffractometer (Bragg-Brentano parafocusing geometry and
vertical goniometer) fitted with a curved graphite diffracted-beam monochromator, incident
and diffracted -beam Soller slits, aperture/divergence slit angle 0.5, scattered-radiation slit
angle 0.5, a 0.06 receiving slit and scintillation counter as a detector. The angular 20
diffraction range was between 5.0 and 70.0. The data were collected with an angular step of
0.05° at 3 s per step. Cuy radiation was obtained from a copper X-ray tube operated at 40 kV
and 30 mA. The quantitative phase content of the catalysts before reaction was determined by
a multiphase Rietveld refinement [33] using TOPAS [34] software. The conventional
quantitative phase analysis with the Rietveld method is carried out with the equation 1, [35]
where S, is the refinable Rietveld scale factor, Z is the number of formula units in unit cell, M
is the molecular mass of formula unit, V is unit cell volume and W, is the weight fraction for
phase a. Equation 1 can only be used if the crystal structures of all phases are known. In the
present case the analyzed samples exhibited a significant amount of non-crystalline carbon
formed upon reaction. Therefore, the ZMV term for this phase is unknown and thus the
conventional quantitative analysis cannot be performed. In such cases the quantitative method
PONKCS (Partially or not known crystal structure) can be applied [36]. The method consists
on adding a known quantity of a crystalline standard (Ws) to a pure sample of the phase

problem or with a high content of this phase and then applying equation 2, where (ZM), have
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no physical meaning but allows to estimate W, in the sample problem and V,, is the unit cell

volume (arbitrary or not).

W = Sa@MV),
T = S @MV, (eq. 4.1)
W, MV
@M, = ”;ﬁ(z {Ws
WesSe Vo (eq.4.2)

In our case, we used Si (NIST SRM 640b) as internal standard. Due to the process itself of
non-crystalline carbon formation upon reaction in the samples, it was impossible to obtain a
pure sample of non-crystalline carbon. So, we used a sample with a high content of non-
crystalline carbon as the spiked sample with Si for estimating (ZM),. The crystallite size
(more accurately, the volume weighted mean crystallite size) was also estimated with the
software TOPAS (that works with the Double-Voigt Approach) by considering the
instrumental contribution to the peak width (Fundamental Parameters Approach) [37] and
fitting only the Lorentzian contribution to the crystallite size peak broadening, thus not
considering microstrain peak broadening in the phases, and finally applying the Scherrer
formula.

Transmission electron microscopy (TEM) was carried out in a JEOL JEM-1011
microscope operated at 100 kV. A few droplets of the sample suspended in ethanol were
placed on a carbon-coated copper grid followed by evaporation at ambient conditions. N,
adsorption data was measured on a Quantachrome Quadrasorb-SI gas-adsorption analyzer at
77 K. Prior to the measurements, the as-prepared and calcined (used) samples were degassed
in vacuum at 393 K and 573 K for 10 h, respectively. Thermogravimetric analysis-differential
scanning calorimetry (TGA-DSC) was measured in a Mettler Toledo TGA/DSC 1
microbalance. Analyses were performed in air (20 cm® STP min™") increasing the sample
temperature from 298 to 1273 K at 5 K min"'. Temperature-programmed reduction with
hydrogen (H,-TPR) was measured in a ChemBet Pulsar TPR/TPD unit equipped with a

thermal conductivity detector. Ca. 50 mg of calcined samples were loaded in the U-quartz
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microreactor, pretreated in air (20 cm® STP min™") at 573 K for 1 h, and cooled to 50 K in the
same atmosphere. The analysis was carried out in a mixture of 5 vol% H, in N, (20 cm® STP
min™), ramping the temperature from 323 to 1173 K at 10 K min . Raman spectra were
recorded at room temperature using a Renishaw InVia Raman Spectrometer equipped with
confocal DM 2500 Leica optical microscope, a CCD detector, and a diode laser operating at

785 nm. The applied power of the laser beam focusing on the sample was 3 mW. The spectra

were measured in the 90-1000 cm™' range in single scan with 30 s of exposure time.

4.2.3. Catalytic tests

Ethanol steam reforming was carried out at atmospheric pressure in a fixed-bed stainless
steel reactor (internal diameter of 10 mm), which has been described elsewhere [31]. The
reactor was filled with 50 mg of catalyst particles sieved to 100-300 pum, diluted with 10
grams of SiO; particles of the same size. The reagent feed was an ethanol and water mixture
with a molar ratio of 1:6 (a steam to carbon ratio, S/C, of 3:1). The feed rate was 0.2 cm’ min
!, which corresponded to a weight hourly space velocity (WHSV) of 147.45 mol ethanol h™'
kgca{l. Each sample of catalyst was tested for 100 hours at constant conditions, and the spent
catalyst was then collected for further characterization. The reaction temperature was varied
from 773 to 873 K in selected experiments. Reaction products were quantified with an on-line
gas chromatograph (Agilent 3000A microGC). A constant flow of N, (500 Nem® min™) was
added at the reactor outlet to dilute the products and avoid condensation of water in the
microGC and sampling line, which was heat-traced at 393 K.

Ethanol conversion (Xgion), product selectivity (Sx) and carbon balance (CB) were
calculated with equations 3 to 6, where F; is the molar flow of product j, and nC; is the
number of carbon atoms in product j.

F, -F
X, = EtOl;o EIOH (eq. 4.3)

EtOH ,0
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nC; I,
i (eq. 4.4)
2(F EtOH,0 — F, EtOH)
SHZ = Fin (eq. 4.5)
6(FEtOH,0 - FEtOH)
20+ Y, (nC, - F))
%CB = ! =1— Xuon|1- E Y (eq. 4.6)
2FEtOH,0 J=H>

4.3. Results and discussion
4.3.1. Catalyst characterization.

The NiszAl, <Fex precursors with x = 0-1 were synthesized by coprecipitation at pH 10. The
molar Ni/Al/Fe ratios in the samples determined by ICP-OES were close to the nominal ratios
(Table 4.1), indicating a proper metal incorporation in the precipitates. Figure 4.1 shows the
XRD patterns of the coprecipitated materials and their corresponding products of calcination
at 723 K. The NiszAl as-synthesized sample display the characteristic reflections of takovite
(NigAl,(OH),2(CO3)16-4H,0, (15-0087 ICDD pattern). The progressive incorporation of iron
in the structure leads to the reevesite pattern in NisFe, i.e. the Ni—Fe hydroxicarbonate

NigFe>(OH)»(CO3)16-4H,0, (40-0215 ICDD pattern).

Table 4.1. Characterization data of the as-synthesized catalysts.

Sample Ni*/ M2 Ni:Al:Fe molar V, /em’ g’ Sger/m” g’
ratio” / -

NizAl 2.97 3:1.01:0 0.126 37

NizAlgsFeoo 3.25 3:0.74:0.18 0.113 29

NizAlgsFeo s 3.24 3:0.46:0.47 0.074 22

NisFe 3.03 3:0:0.99 0.062 23

* Molar metal ratio in solid by ICP-OES.
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As both materials are well identified members of the hydrotalcite family, the building of
positively charged brucite-like layers contain Ni, Al, and Fe intermingled with the appropriate
ratios in the final solids. All samples are mesoporous, with a low BET surface area in the
range 22-34 m” g'. Thermogravimetric analysis in air (Figure 4.2) shows the typical two-step
decomposition pattern of anionic clays. The transition temperature associated with removal of
interlayer water appears in the narrow range 434-440 K. The dehydroxylation/decarbonation
step is slightly shifted to lower temperatures from the pure Ni3;Al to NisFe (from 594 K to 552
K). These results are in agreement with previous works on takovite and reevesite structures,
and their intrinsic stability [31, 38, 39]. The heat flow profiles show the presence of two
endothermic transitions (Figure 4.2, bottom), matching in temperature with TGA results. The
total weight losses amount 38, 34, 33, and 33% for NizAl, NizAlpsFeo2, NizAlpsFeos, and
NisFe, respectively, similar to the theoretical weight losses calculated from their chemical

formulae.

Precursors Calcined

NizAly sFeq 5

Intensity / a.u.

10 20 30 40 50 60 70 10 20 30 40 50 60 70
20 / degrees 20/ degrees

Figure 4.1. XRD patterns of precursors and samples calcined at 723 K. Crystalline phases:
(O) hydrotalcite-like phase, (ll) Ni(Al/Fe)O, and ( ¥ )NiyFe,.,Fe,O4 spinel.
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Figure 4.2. Thermogravimetric and calorimetric profiles of the NizAl, \Fex precursors in air and derivative of the weight loss.
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The XRD patterns of the solids calcined at 723 K showed characteristic reflections of the
NiO-bunsenite structure (47-1049 ICDD pattern) independently of the Ni/M>" (Figure 4.1).
Calcination of the takovite and reevesite structures leads to the formation of a solid solution,
herein denoted as Ni(Al/Fe)O, with NiO reflections slightly shifted to higher 26 values than
those corresponding to pure NiO, due to AI’" and/or Fe’* substitution in the nickel oxide
lattice [31, 40]. This solid solution was described as a highly disordered metastable mixed
oxide phase, [41] intermediate in nature between pure nickel oxide and nickel aluminate. The
presence of this metastable phase is confirmed by determination of the cell parameter a of the
solid solution in the four samples, which is distinct from that of pure NiO (0.4177 nm)
depending on the metal composition (0.4156(4) nm for Ni3Al, 0.4151(1) nm for NizAljgFey 2,
0.4164(1) nm for Ni3AlysFeos nm, and 0.4175(1) nm for NisFe).

As previously observed, [31] the NisFe sample should comprise a mixture containing
Ni(Fe)O and NiFe,O4 (trevorite, 54-964 ICDD file, a: 0.8336 nm), which cannot be
distinguished from Fe;O4 (magnetite, 89-3854 ICDD file a: 0.8394 nm) as they have the same
spinel structure type, and the resulting Bragg positions are completely overlapped due to the
high peak width. For this reason, the presence of indistinguishable NiFe,O4/Fe;O4 spinel
phases is hereafter referred to as NiyFe;yFe,Os, with y being 0 for magnetite (Fe3O4) or 1 for
trevorite (NiFe;Oy).

The quantitative analysis of the phases present in the calcined samples was performed by
Rietveld refinement (Table 4.2). Based on the crystalline phases, the amount of NixFe; xFe,O4
increased upon decreasing the Al/Fe ratio. That is, the spinel structure was found in all iron-
containing oxides in a different extent, despite the calcination temperature used (723 K). The
percentage of Fe-spinel phase at such low calcination temperature can only be motivated by
the presence of increasing loadings of iron. This metal is therefore more prone for spinel
formation attending to the stability of the oxide formed (see below). In fact, as long as the

amount of iron increases in the calcined samples, the a cell parameter of the NiO phase
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approximates that of pure NiO. In the extreme case, the sample with the highest NiyFe;.
yFe,04 content, NisFe, exhibits an a cell parameter (0.4175(1) nm) that resembles that of pure
nickel oxide (0.4177 nm). This suggests that iron is progressively segregated from the solid
solution to form the additional NiyFe;.,Fe,O, spinel phase when the amount of iron increases,
and the rest of the solid remains as Ni(Fe)O. Despite the fact that higher temperatures are
necessary for pure takovite samples to segregate into NiAl,O4 spinel [41, 42] a certain amount
of this phase was also detected in the pure NizAl sample. Both NiO and NiAl,O4 exhibit a
cubic close-packed lattice of O* ions and differ in the way in which the cation vacancies are
filled: Ni*" occupy octahedral sites in NiO and tetrahedral sites in a normal spinel NiALO,.
The concentration of nickel in tetrahedral sites increases with temperature (>1273 K).
However, Ni’" ions display a higher tendency for octahedral sites at lower temperature,
leading to inverse nickel aluminate spinel.” Considering the obtained a cell parameter in
NizAl it is plausible that the detected amount of NiAl,O4 spinel is in the inverse form,
coexisting with Ni(A1)O, both with Ni*" in octahedral sites.

Replacement of aluminum by iron did not produce noticeable changes in the Ni(Al/Fe)O
crystallite size (Table 4.2), which was in the narrow range of 2.9-5.4 nm for the different
samples as obtained from the Rietveld refinement method. Nitrogen adsorption reveals similar
values of BET surface area upon calcination of the precursors, with the exception of NisFe,
which displays ca. half the surface area of the other counterparts.

The formation of the NiyFe; Fe,O4 spinel phase was also confirmed by Raman
spectroscopy (Figure 4.3). The broad band at 536 cm™, attributed to the Ni-O stretching mode
[44] of the NiO structure is shifted to higher wavenumber with increasing amounts of iron, up
to 566 cm™ in the pure NisFe oxide sample. In the latter sample, a new peak centered at 701
cm’', was also evident, which is mainly related to the spinel phase [45]. From comparison of
the Raman mode frequencies of the NizFe sample with previous works, the peak appearing at

higher wavenumber could be likely ascribed to trevorite (NiFe;O4, A1 mode at 700 cm™ and
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T2 mode at 579 cm™) rather than magnetite (Fe;O4, Aj, mode at 668 cm™ and Ty, mode at

538 cm™) [46, 47]

Intensity / a.u.

200 400 600 800 1000
Wavenumber /cm™

Figure 4.3. Raman spectra of the Ni3;Al,.\Feyx oxides obtained upon calcination at 723 K.
Phases: () Ni(Al/Fe)O and (V) NiyFe;.yFe,O4 spinel.
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Figure 4.4. H,-TPR profiles of the NizAl; «\Fex oxides.
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Although this is the first indication of the presence of trevorite in the NisFe sample instead
of magnetite, the latter phase cannot be totally discarded.

Temperature programmed reduction profiles of the calcined samples are shown in Figure
4.4. The reduction of nickel occurs in the broad range of 573-1173 K depending on the oxide
composition. In fact, the reduction of pure NiO typically displays a single peak at 613-670 K
[24]. The reduction of nickel in Ni(Al/Fe)O solid solutions is hindered by both aluminum [42,
48, 49] and iron, [31] producing a shift to higher reduction temperatures with respect to pure
NiO. The binary Ni3;Al oxide shows a peak of hydrogen consumption centered at 920 K, with
shoulders of noticeable intensity at 870 and 1020 K. This broad reducibility range was
previously attributed to the presence of a multiple spectrum of nickel structures in terms of
interaction with aluminum [41]. The TPR maximum shifts to lower temperatures upon
increasing the iron content in the final oxide, indicating the lower stability of the Fe-
containing samples. The reduction of Fe;O; and NiO frequently proceeds over almost the
same temperature range (573-973 K), but the reduction of iron oxides may occur in various
steps in the order Fe,O3;—Fe;04—FeO—Fe’, from 573 to 1000 K [50]. In sample
NiszAlpsFeo., a small shoulder at 740 K appears, which was not present in the Al-counterpart.
This shoulder may be attributed to Fe’* reduction into Fe**, and the broad peak centered at
880 K covers the reduction of Ni(Al/Fe)O and NiyFe,.,Fe,O4 species, as well as reduction of
Fe*" to Fe’ [31]. This can be confirmed by the increase in intensity of the shoulder at 740 K
with the increase in iron content, which appears below the broad curve in NizAlysFeos, and
finally, as a high-intensity shoulder at 735 K in NisFe. The increment of iron in the samples,
and therefore, the decrease in aluminum from Ni;AlpgFep, to NisFe infers that the broad
reducibility profile covers the reduction of a lower amount of Ni(Al)O species, and a higher
amount of Ni(Fe)O species when the amount of Fe increases. These results suggest an

intimate interaction of aluminum/iron and nickel in the solid solution. This is supported by
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XRD, as the reflections of NiO appear at higher 20 values in all samples than in pure NiO,
indicating smaller cell parameters (see above).
4.3.2. Steam reforming performance.

The catalytic activity of the four materials was tested for ethanol steam reforming during
nearly 95 h of time-on-stream at constant reaction conditions. Experiments were performed at
773 K and atmospheric pressure, using a water-to-ethanol molar ratio of 6 and a weight
hourly space velocity (WHSV) of 147.45 mol ethanol h™' kg..'. No reduction pretreatment
was performed over the calcined catalysts before reaction. Therefore, nickel species were
gradually reduced under reaction conditions, as confirmed by XRD (section 3.3). Figure 4.5
shows the conversion and selectivity towards reaction products for the four catalysts with
time on stream. Average carbon balances during the reforming experiments were above 90%
in all runs.
The activity of the NisFe catalyst decreased sharply during the first 15 h, from complete

conversion to ca. 40%, and decreased very slowly afterwards to a conversion of 30% at 90 h
of reaction. The initial change in activity was related to significant variations in product
selectivity. Carbon dioxide, hydrogen and carbon monoxide were the dominant products
during the initial stages of the experiment, but selectivity shifted towards a maximum in
acetaldehyde (ca. 42%) at around 5 h of reaction time, together with the simultaneous
decrease of hydrogen and carbon oxides. The incipient decrease in conversion at the
beginning of the reaction test suggests that coke deposition takes place during the in situ
catalyst conditioning period. During this period, carbon balances were slightly lower, and they
improved at longer time on stream. After 15 h, when the catalyst deactivation rate slowed,
acetaldehyde selectivity stabilized at around 35%, and that of carbon dioxide and hydrogen
increased again. Also, the initial selectivity to ethylene was low (ca. 3%), and decreased
monotonically to very small values (0.3% at 30h). Results show that the catalyst favored

ethanol dehydrogenation to acetaldehyde instead of direct steam reforming of ethanol or
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ethanol dehydration into ethylene, followed by acetaldehyde reforming and/or acetaldehyde

cracking to methane and carbon monoxide, combined with the reversible reactions of water-

gas shift and methanation. Even if only minor amounts of ethylene were observed, carbon was

deposited on the catalyst surface (see below), thus causing the drop in catalyst activity and

conversion observed during the first 15 h.
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Figure 4.5. Ethanol conversion and selectivity to the different products vs time during
ethanol steam reforming over NizAl; «Fey samples calcined at 723 K. Conditions:
H,0/C,HsOH ratio = 6, T = 773 K, WHSV = 147.45 mol ethanol h™! kgca{l, and P =1 bar.

Results suggest that carbon was deposited preferentially on the most reactive sites of the

surface, and once those sites were blocked carbon deposition rate decreased substantially.

After 30 h, ethanol conversion stabilized at 35 % and selectivity to acetaldehyde at 33%.
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Selectivity to hydrogen, carbon dioxide, carbon monoxide and methane were 55%, 47%, 10%
and 9%, respectively, at the end of the reaction period. It should be noted that the low ethanol
conversion can be in part also due to the lower surface area of the NizFe catalyst compared to
the other catalyst compositions (Table 4.2). However, this is not the only factor affecting the
activity as the incorporation of iron in the samples produces a notorious effect in selectivity.

The NiszAl catalyst showed the typical behavior of steam-reforming catalysts based on

nickel/alumina, the most commonly used support for commercial Ni steam reforming
catalysts [51, 52]. The fresh catalyst achieved complete conversion of ethanol producing
carbon dioxide and hydrogen as the main products. Ethylene increased steadily and reached a
maximum selectivity of 14% at around 10 h of reaction, thus indicating the much more acidic
nature of this catalyst, which would be responsible for ethanol dehydration. When reduction is
initiated, Ni particles not only nucleate on the surface of the Ni(Al)O rich crystallites, but also
aluminum ions diffuse to the surface of the crystallites, and alumina phases nucleate. The
alumina phase should exhibit a low crystallinity, as no evidences of such a phase are detected
by XRD. This is supported by the model of Alzamora et al.,[30, 49] leading to the presence of
active Lewis acid sites in the Ni3;Al catalyst (i.e. AI’" and Ni*").” This behavior would
suggest that Ni*" species are the active species in the beginning of the reaction, which are
gradually transformed into Ni” upon time on stream. Once formed, Ni’ intermingled with the
alumina phase become the active species for dehydrogenation to acetaldehyde and subsequent
reforming. The formation of ethylene caused the catalyst to gradually deactivate through the
formation of filamentous carbon (see section 3.3). After only 3 h, the conversion dropped to
around 70%, although the rate of deactivation was reduced afterwards and conversion
decreased steadily with time on stream to a value of 48% after 90 h. The rate of deactivation
qualitatively correlated with the decrease in ethylene selectivity with time on stream, which
indicates that carbon deposition tended to block the acidic sites, responsible for ethanol

dehydration to ethylene [54-56]. The lower the selectivity to ethylene, the higher the
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selectivity to hydrogen and carbon dioxide, and the slower the rate of deactivation.
Acetaldehyde was also produced by dehydrogenation, but its selectivity reached only a
maximum of 8% after 5 h of reaction and decreased steadily further along the experiment.
This indicates that ethanol was converted through direct steam reforming and dehydration on

the acidic sites, preferentially by dehydrogenation to acetaldehyde, which is a common

behavior on Ni/alumina catal

ysts [5].
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Figure 4.6. Ethanol conversion and selectivity to the different products vs the degree of
aluminum replacement by iron in the NizAl,.«Fey catalysts. Conditions: H,O/C,HsOH ratio =
6, T=773 K, t=30h, WHSV = 147.45 mol ethanol h' kg.,', and P = 1 bar.

The two ternary materials (NizAlpgFep» and NizAlgsFeps) presented similar behavior, but
distinct from those of the NizAl and NisFe catalysts. Both materials experienced partial
deactivation at the beginning of the experiment, but maintained higher conversion than the

NisFe and NizAl catalysts. Figure 4.6 compares conversion and product selectivity for the

four catalysts after 90 h of time on stream. The binary catalysts, in the two corners of the
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graph, showed a final conversion of 47% and 30% for NizAl and NisFe, respectively. The
NizAlpgFeo» catalyst had the highest conversion (66%), closely followed by the NizAlysFeo s
(61%). The latter had a selectivity towards hydrogen and carbon oxides slightly higher than
the Ni3zAlysFeo,, and a lower selectivity to methane. Selectivity to acetaldehyde and ethylene
was low for both catalysts, the NizAlysFeo yielding more ethylene and less acetaldehyde than
the NisAlpsFeps. As a general trend, acetaldehyde decreased and ethylene increased with the
Al/(Al+Fe) ratio, thus supporting the fact that the presence of Fe favors ethanol
dehydrogenation while Al tends to promote dehydration. Similar effects were also found in
the auto-thermal reforming of ethanol to hydrogen using Ni-based spinel catalysts doped with
iron, in which the latter metal exerts a positive role in the enhancement of activity and
hydrogen selectivity [28, 57, 58].

Because of its higher conversion and better stability with time on stream, the NizAlp gFeo
catalyst was also tested at 823 and 873 K to determine the effect of reaction temperature on its
overall performance, and on the presence of oxygenate products. Figure 4.7 shows the
fractional conversion and the product selectivity at the three reaction temperatures for 90 h
experiments. A fresh batch of catalyst was used for each experiment. Complete conversion
was obtained at 823 K for nearly 90 h but a slight decrease was observed afterwards,
coincidently with the detection and increase of acetaldehyde and ethylene in the reformate
gas. In fact, the first indication of catalyst deactivation was observed after 80 h, when the
selectivity to carbon monoxide tended to increase and that to carbon dioxide to decrease.
Complete conversion was also obtained at 8§73 K and no deactivation was observed for 95 h.
Acetaldehyde and ethylene were not detected in the reformate. Selectivity to hydrogen and
carbon oxides was higher than at 823 K and the selectivity to methane lower. The differences
in selectivity were caused by temperature, but also influenced by the degree of conversion
attained in the reactor. At 773 K, conversion of C2 species was incomplete and carbon oxides

and hydrogen, the products from ethanol direct reforming, were predominant over methane.
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At 823 K, ethanol conversion was complete and an excess of catalyst was available in the
reactor to tend to equilibrate hydrogen, carbon oxides and methane through the methanation
reaction. The same was true at 873 K, but because of the higher temperature less methane and

more H, and CO were formed.
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Figure 4.7. Ethanol conversion and selectivity to the different products vs time during ethanol
steam reforming at different temperatures over NizAlysFeg» calcined at 723 K. Conditions:
H,0/C,HsOH ratio = 6, WHSV = 147.45 mol ethanol h™ kge, ', and P = 1 bar.

Based on the aforementioned behavior for each catalyst, it seems that the incorporation of
Fe during synthesis of the Ni-Al precursor promotes the activity of the mixed oxide catalyst

by favoring ethanol dehydrogenation as the primary step, followed by acetaldehyde reforming

and/or cracking, reverse water gas shift, and methanation. However, an excess of iron (pure
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NisFe catalyst) results in an increment in the production of acetaldehyde (Figure 4.5), and a
subsequently loss of activity of acetaldehyde transformation to C1 products and H,. This is
corroborated by the lower H, and CO, selectivity and the higher acetaldehyde amount after
the 90 h reaction test (Figure 4.6) in the pure Ni-Fe catalyst.

The enhancement in the catalytic activity can be then attributed to a synergic effect by

iron-nickel-aluminum on the electronic and structural properties, which is not present in the
separate binary counterparts. This effect favors the dehydrogenation route, accompanied by a
higher activity of acetaldehyde transformation into CO, (and C1 products in general) and H,,
and reduces ethylene formation. The presence of iron in the ternary system improves the
reducibility of nickel (as confirmed by the shifting in temperature in the H,-TPR in Figure
4.4), and likely affects its acidity by replacement of aluminum by iron, as less acid sites from

Al are present, thus restraining the ethanol dehydration route.

4.3.3. Characterization of used catalysts

All catalysts were characterized after reaction. Since no reduction pretreatment was
performed over the calcined catalysts before reaction, nickel species in both catalysts were
progressively reduced under reaction conditions, as confirmed by XRD (Figure 4.8). After the
90 h test, the original Ni(Al/Fe)O reflections in the calcined samples are not present in the
used catalysts, and two reflections at 20 44° and 52° (4-850 ICDD pattern) associated with Ni’
emerged. The alumina phase, following the model of Alzamora et al. [49], likely formed upon
reduction of the aluminum-containing samples was not detected by XRD, and therefore, it
was not considered for calculations. Exceptionally, additional diffraction lines at 20 30°,
35.5°, 37.5° 43°, 57°, and 62° were present in NisFe, which correspond to the growing of
NiyFe;.yFe,O4 spinel under reaction conditions, as well as a certain percentage of Ni(Fe)O.
The broad diffraction peak at 20 25.79° and the small one at 43.25° in all used samples is

associated with the formation of deposited non-crystalline carbon upon reaction.
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Figure 4.8. XRD patterns of the used NizAl; yFey samples. Crystalline phases: (H)
Ni(Al/Fe)O, (V) NiyFe;yFe,0s, (<) metallic Ni, (@) carbon deposition.

These two peaks are similar to the peaks produced by Graphite-2H (41-1487 ICDD
pattern) but the diffractogram of the used samples cannot be fitted correctly with the structure
of this graphite. The intensity of this diffraction peak is very similar in all cases, suggesting a
close tendency for coke formation independently of the M’" composition. Due to the
unknown crystal structure of the formed non-crystalline carbon, quantification by Rietveld
refinement is not sufficiently accurate to determine both the percentage of phases and Ni
crystallite size. Therefore, the recent established PONCKS approach was applied. A sample
with a high content of non-crystalline carbon plus Ni was mixed with a 14 wt.% of Si (NIST
SRM 640b). The resulting diffractogram was fitted assigning an arbitrary space group and cell
parameters to the non-crystalline carbon phase in order to fit perfectly the diffractogram.
Once the fitting was finished, all intensities for this phase were fixed and the constant (ZM)

was calculated (section 2.2). In subsequent diffractograms, it was only needed to adjust the
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Rietveld scale factor for all phases present (including non-crystalline carbon) to estimate their
percentage. Figure 4.S1 (Appendix for chapter 4) shows the good agreement between the
observed diffractogram and the calculated one as the sum of the individual diffractograms
produced by each phase for the NizAlysFep,-U sample. From this method, a low Rietveld
agreement factor was achieved, which indicates the good compromise between calculated and
original diffractograms. This method also allowed a better estimation of the crystallite size
from the peak broadening when a non-crystalline phase is present. Based on the values
estimated (Table 4.2), the amount of both Ni(Al/Fe)O and NiyFe,.,Fe,O4 spinel decrease at
the expenses of Ni” formation after reaction, and complete reduction is achieved after the 90
h-reaction tests in the aluminum-containing samples. In agreement with previous results [31],
a certain amount of NiyFe,.,Fe,O4 spinel was still present in the sample with higher iron
content, that is, in the pure NisFe. Despite the lower stability towards reduction of the iron-
containing samples with respect to pure Ni3Al (Figure 4.4), the presence of the Fe-spinel
phase (NiyFe;.,Fe,O4) hinders the total reduction of Ni species into Ni’ at 773 K.

The amount of metallic nickel was in the range 2.8-4.7%, being slightly smaller in the
ternary systems. The average crystallite size of metallic nickel was around 11 nm in the
aluminum-containing samples, but it substantially increased in the used binary NizFe-U
sample to ca. 23 nm. Besides, the crystallite size of the spinel phase in this catalyst after
reaction is one order of magnitude higher than in the fresh catalyst. These results are
interesting as the Ni-Al-Fe samples are more active than the binary counterparts, and reveal
that the Ni’ size and dispersion are more important than the amount of metallic nickel for
improved performance. Concomitantly, these samples exhibited the largest amount of carbon
deposits. In all cases, the amount of graphite gets over 90%, which is a relatively high value
after the 90 h test reaction. The BET surface area of the fresh catalysts was practically

unaffected after reaction despite the amount of coke formed.
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The drop in activity observed for the NisFe catalyst in the first 15 h of reaction (Figure 4.5)
is indicative of the high tendency for deactivation motivated by sintering of the active metal,
together with the large amount of carbon deposits detected by XRD. The deactivation
observed in the NisAl catalyst was mainly due to polymerization into coke through ethanol
dehydration to ethylene. As observed in section 3.2, this catalyst displayed a significant

amount of this product in the first 10 h of reaction (Figure 4.5).

NizAlg sFeg s
= .-:

Figure 4.9. Transmission electron micrographs of the Ni3;Al, <Fe, samples after 90 h-ESR.

The presence of carbonaceous deposits was also evident by microscopy. Figure 4.9 shows
selected micrographs of all catalysts after the 90 h reaction ESR test. All the aluminum-
containing samples show the presence of dark nanoparticles of around 7-10 nm in average
diameter, which seem to belong to Ni’ particles intermingled with alumina-iron phases.

Besides, carbon nanofibers, located at their tip apexes are also clearly discerned. It was
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previously reported that this type of carbon results from adsorbed carbon on a Ni particle [59],
which nucleates into a fiber. In such cases, most of the nickel crystal is still active and only
part of it is blocked by the growing of the carbon fiber, thus leading to a gradual deactivation.
In our nickel-aluminum-iron samples, mainly consisting of Ni’ particles (Figure 4.8) merged
with NiyFe; yFe,04 species (likely reduced into Fe** and/or Fe”) and alumina phase (neither of
them detected by XRD), a gradual deactivation is also observed (Figure 4.5). This is
indicative and confirms previous observations on the lower deactivation attained by those
catalysts where whisker or fiber carbon dominates. Additionally, the improved catalytic
performance of the Ni-Al-Fe catalysts could be also due to the formation of small Ni
nanoparticles upon conditioning and coke formation, which would likely lead to the
stabilization of such particles on carbon (acting then as support).

No carbon filaments were observed by TEM in the NisFe sample, but considering the fast

decrease in ethanol conversion, other type of coke deposits can be formed upon reaction, i.e.
gum carbon. This type of carbon leads to rapid catalyst deactivation by carbon encapsulation
of the metal.”” Besides, large nickel particles were clearly discerned, which are also
responsible for deactivation through sintering. These two effects would explain the fast

deactivation of this catalyst compared to the aluminum-containing catalysts.

4.4. Conclusions

The steam reforming of ethanol over Ni-Al, Ni-Fe and Ni-Al-Fe mixed oxides derived
from takovite, reevesite and mixtures thereof, prepared through the hydrotalcite route
(coprecipitation), was investigated. Binary systems exhibit a significant deactivation. The
NizAl behaves as a typical reforming catalyst, favoring both ethanol dehydrogenation and
dehydration, the latter being responsible for ethylene formation and subsequent gradual and
slow polymerization into coke. On the opposite side, the NisFe catalyst experiences a fast

deactivation, mainly related to both fast coke formation and nickel sintering, as demonstrated

124



UNIVERSITAT ROVIRA I VIRGILI
SYNTHESIS AND CHARACTERIZATION OF NICKEL-BASED MIXED OXIDES FOR ETHANOL STEAM REFORMING

Evgeny Bolshak

by characterization of the used materials. In the intermediate situation, Ni-Al-Fe oxides are
more active catalysts than their binary counterparts for ESR, rendering high and stable
hydrogen selectivity of up to ca. 70%. A synergic effect in the electronic, structural and
activity properties of the resulting oxides between the three metals is manifested. A gradual
increase in iron reduces the undesired process characteristic of pure nickel-alumina catalysts,
i.e. ethylene production by AI’" Lewis acid sites. This cooperative effect favors ethanol
dehydrogenation as the primary step, followed by acetaldehyde reforming and/or cracking,
reverse water gas shift, and methanation, and in parallel, restrains the dehydration route to
ethylene. Although more studies are still required to improve the stability of these materials,
for instance, by incorporation of alkaline promoters to decrease carbon formation, the activity

of the nickel-based ternary systems is remarkable.
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4.6. Appendix for chapter 4:

Intensity / a.u.

20/ degrees

Figure 4.S1. Observed (circles), calculated (continuous lines) and difference diffractograms

obtained with TOPAS software for the sample Ni3AljgFeg,-U with Ni and a model for non-

crystalline carbon used in the quantitative PONCKS method (Ni 3.14 wt.%, non-crystalline
carbon 96.86 wt.%). Conventional Rietveld agreement factor, Rwp 8.13.
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Chapter 5

Summary, conclusions and outlook
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5.1 Summary

The main goal of the thesis was to develop a stable catalyst for ethanol steam reforming
with good selectivity towards hydrogen formation and low tendency to carbon deposition..

The study started with catalysts of Ni-Fe mixed oxides derived from reevesites (Ni-Fe
hydrotalcites). The influence of iron content (Ni/Fe ranging from 3 to 1) and the calcination
temperature of the catalyst precursor (500 and 800°C) on the reaction performance were
studied. Both parameters were important to optimize the steam reforming process because
they determined the nature of the oxide (the percentage of crystalline phases, i.e. Ni(Fe)Ox
and NiFe;0,) and influenced the final size and dispersion of nickel species formed during the
reaction. With an increase of iron content in the precursor we observed a positive effect due to
the enhancement of catalytic activity and hydrogen selectivity, induced by the improved
dispersion of nickel and the alleviation in carbon deposition. The best catalyst (Ni/Fe ratio of
1 and calcined at 500°C) was stable and reached a hydrogen selectivity of up to ca. 60%, with
low methane formation. It consisted of a Ni(Fe)O, + NiFe,O4 mixture with high surface area
and small Ni’ crystallites. At high calcination temperature (800°C) crystallization and
growing of NiFe,O; lead to higher carbon deposition and probably Ni’ sintering, resulting in
lower activity and fast deactivation. The improved performance over catalysts calcined at
lower temperature and with lower Ni/Fe ratio, derived from the influence of iron on the
structural and electronic properties of the mixed oxides, which induced a slow formation of
metallic nickel particles and coke deposits.

The effect of further increasing the iron content was then studied and the best catalyst
was tested at different reaction temperatures. An excess of iron in the sample precursor, i.e.
Ni/Fe ratios of 0.5, induced the formation of a low surface area spinel phase (NiFe;O,), even
at low calcination temperature. After performing ESR reaction and characterization we found
the formation of the spinel was detrimental, as this caused lower activity and faster

deactivation through Ni’ sintering. The effect of reaction temperature was evaluated for the
g g p
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most active catalyst (Ni/Fe =1); increasing reaction temperature from 400°C to 600°C
generated less carbon deposits and favored ethanol dehydrogenation combined with steam
reforming of acetaldehyde, acetaldehyde decarbonylation, methanation, and ethanol
dehydration. However, partial deactivation was present at longer time on stream due to nickel
sintering. The optimum temperature for higher ethanol dehydrogenation and acetaldehyde
reforming, coupled with lower methane production was 500°C.

After successful confirmation of the promising performance at the selected experimental
conditions and Ni/Fe ratio, we decided to use ternary Ni-based hydrotalcites, including iron
and aluminum as the trivalent metals. The steam reforming of ethanol was then evaluated over
Ni-Al, Ni-Fe and Ni-Al-Fe mixed oxides (with common formula NiszAl; \Fey) derived from
takovite, reevesite and mixtures thereof. Compared to pure binary systems (Ni3Al and NisFe),
the ternary systems showed the best performance in ethanol reforming, leading to a high and
stable hydrogen selectivity of up to ca. 70% in 100 h-reaction tests. NizAl behaved as a
typical reforming Ni-catalyst, favoring both ethanol dehydrogenation and dehydration, the
latter being responsible for ethylene formation and subsequent gradual and slow
polymerization into coke. On the opposite side, the NizFe catalyst experienced a fast
deactivation, mainly related to both fast coke formation and nickel sintering, as demonstrated
by characterization of the used materials. The increased activity of the ternary systems can be
attributed to a cooperative effect between aluminum and iron, favoring ethanol
dehydrogenation as the primary step, followed by acetaldehyde reforming and/or cracking
with limiting the dehydration route to ethylene.

Overall this thesis confirms the fact that Ni-Al-Fe mixed oxides derived from

hydrotalcite-like precursors are perspective materials for effective ethanol steam reforming.
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5.2 Conclusions

The main conclusions that can be inferred as a result of the completion of the present work are

the following:

The process of steam reforming of ethanol was studied over Ni-Fe mixed oxides
derived from Ni-Fe hydrotalcites. The effect of Ni/Fe ratio ranging from 3 to 0.5 in the
resulting material on catalytic performance was investigated. The chemical and
activity properties of the derived mixed oxides are strongly affected by the amount of
iron, which exhibits a positive role in nickel-based catalysts. This is possibly due to
the enhancement of catalytic activity and hydrogen selectivity induced by the
improved dispersion of nickel and the alleviation in carbon deposition. The best
catalyst, with a Ni/Fe ratio of 1 and calcined at 500°C, demonstrated high and stable
hydrogen selectivity of up to ca. 60%, low methane content, and consisted of a
mixture of Ni(Fe)Ox solid solution and NiFe,O, with very small crystallites.
However, an excess of iron in the sample precursor, i.e. Ni/Fe ratios of 0.5, induced
the formation of a low surface area spinel phase (NiFe,0O4), even at low calcination
temperature. This resulted in lower activity and faster deactivation in the reaction.

We found that the temperature of calcination of the reevesite precursors was critical
for the catalytic behavior, as it determined the nature of the oxide (the percentage of
crystalline phases, i.e. Ni(Fe)Ox and NiFe;O4) and affected the final size and
dispersion of nickel species formed during the reaction. Crystallization and growing of
NiFe;O4 at higher calcination temperature - 800°C (compared to other group of
materials calcined at 500°C) associated with higher carbon deposition and probably
Ni’ sintering led to lower activity and fast deactivation. High surface area, higher iron
content, lower reducibility of nickel species and small nickel crystallite sizes led to a
higher activity in ethanol dehydrogenation, acetaldehyde decarbonylation and

reforming, and WGS.
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3. The influence of reaction temperature was investigated over the best catalyst. We

discovered that the catalyst was less deactivated when the reaction was performed at
500°C, together with sufficient hydrogen yield. Increasing the reaction temperature
from 400°C to 600°C generated less carbon deposits and favored ethanol
dehydrogenation combined with steam reforming of acetaldehyde, acetaldehyde
decarbonylation, methanation, and ethanol dehydration. However, partial deactivation
is present at longer time on stream due to nickel sintering. Under these conditions, the
best catalyst reached a stable hydrogen selectivity of up to 60%.

The steam reforming of ethanol over Ni-Al, Ni-Fe and Ni-Al-Fe mixed oxides
prepared through the hydrotalcite route, was investigated. Binary systems exhibited a
significant deactivation due to ethylene formation or nickel sintering as demonstrated
by characterization of the used materials. In the intermediate situation, Ni-Al-Fe
oxides were more active catalysts than their binary counterparts for ESR, rendering
high and stable hydrogen selectivity of up to ca. 70%. A synergic effect in the
electronic, structural and activity properties of the resulting oxides between the three
metals was manifested and finally allowed performing long reactions, of up to 120

hours on stream without significant deactivation.

5.3 Outlook and future work

A possible application for the catalysts investigated here could be in the area of portable or

stationary hydrogen generators in automobile industries as well as in electronic equipment.

Such devices can use renewable energy sources like bioethanol and can be safer compared to

high-pressure hydrogen storage vessels or more economically feasible than other hydrogen-

based alternative energy sources. Future work can be focused on the development and

optimization of these catalytic reformers design. For example, it is necessary to justify which

type of reactor is more suitable for the selected catalyst: fixed bed reactor, monolithic reactor,
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wall-coated heat exchanger, micro-channel reactor or metallic foam reactor. It is important to
continue investigating the ways to overcome the deactivation by introducing doping agents
and finding stable catalytic systems able to work for long-term reactions at weight hourly
space velocities, which are sufficiently high to meet the demands of future fuel processing
reactors. Another possible problem to solve is to maintain low CO levels at the reactor outlet,

and thus avoid fuel cell deterioration.
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