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Abstract

La-promoted Ni-containing hydrotalcite-derived catalysts were prepared and tested in dry
methane reforming at low-moderate temperatures. The prepared materials were characterized
by means of X-ray diffraction (XRD), temperature programmed reduction (H2-TPR) and CO2-
temperature programmed desorption (TPD). The presence of lanthanum was found to enhance
the reforming reaction, but also direct methane decomposition at low reaction temperatures.
This fact was assigned to an increased presence of NiC sites as a consequence of improved
reducibility of Ni-species in the La-promoted catalysts. Lanthanum can well contribute to the
gasification of amorphous carbon deposits, resulting in lower overall carbon deposition at

550°C.
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1. Introduction

Dry reforming of methane (DRM), the reforming of methane with CO2: CHy(g)+
CO,(g) = 2CO(g) + 2H,(g), AHo (298K)= +247 kJ-mol?, is nowadays considered as a
perspective alternative for the production of syngas, H2 + CO, involving the valorization of
CO2, coming either from capture or naturally present in the reactant gas, i.e. such in biogas.

Furthermore, the H2/CO molar ratio in DRM-syngas, equal to 1, makes it applicable for

Fischer-Tropsch synthesis [1-4]. There are, however, several important drawbacks that hinder

the practical application of DRM, such as its high endothermicity, and different issues related
to the selectivity and stability of the DRM catalyst under operation conditions [5,6]. The co-
existence of parallel reactions, such as direct methane decomposition and the reverse water
gas shift reaction results in low yields and in catalyst deactivation through carbon deposition,
especially at low reaction temperatures. Increasing the temperature favors DRM
thermodynamics, but Ni particles tend to sinter leading to a dramatic decrease in the catalytic

performance.

Different active metals, e.g. Ru, Pt, Pd, Ni or Rh, supported on different materials,
have been proposed as DRM catalysts [7-12, 19]. Among them, nickel shows comparable
activity to noble metals, being much cheaper and more readily available. Current research
efforts focus on finding support materials and promoters that improve the selectivity of the

process and that contribute to enhanced catalytic stability. As an example, Verykios [20]

showed that the incorporation of Ni onto La2Os support notably improved the catalysts

stability in comparison to Ni-Al20s3, through the formation of oxy-carbonate species

(La202C03) that were further able to gasify the already formed carbon deposits.

Also known as layered double hydroxides, hydrotalcites are mixed hydroxide

materials having the general formula: [M,_," M,/ (OH),][A, ;"] - mH,0. where M" / M"




represent divalent and trivalent metal ions and A™ hydrated anion. Their composition can be

easily modified through the substitution of different divalent and trivalent cations in the

brucite layers, i.e. substituting Mg?* by Ni?*. The works of Cavani et al. show that even

monovalent and tetravalent cations such as Li*, Zr**, Ti** and Sn** can be as well introduced

into these hydrotalcite-layers [21]. Therefore, the acid-base and redox properties of

hydrotalcite-derived oxides can be properly tailored to fit any particular catalytic application

[22, 23]. Moreover, the materials obtained after calcination of the hydrotalcite matrix offer

other interesting properties, such as adegquate porosity, and a random and homogeneous

distribution of the different cations on the resulting mixed-oxide structure. As a consequence,

Ni-containing hydrotacite-derived materials have been recently considered as promising

catalysts for DRM [18, 24-26].

The addition of promoters can positively influence activity, selectivity and/or stability

of hydrotalcite-derived catalysts. Among them, the incorporation of rare earth oxides can help

controlling DRM selectivity, through the inhibition of carbon formation reactions, or

strengthened CO» adsorption on the support [26-29]. Debek et al. [26, 30] found that

incorporation of Ce into Ni-containing hydrotalcite-derived catalysts resulted in an increased

reducibility of nickel species, and led to the formation of new strong basic sites, which

improved the long-term stability of these catalysts in DRM reaction. However, CO2 and CH4

conversion became somewhat lower. Lanthanum has also been considered as a promoter of

Ni-containing hydrotalcite-derived catalysts for DRM. Previous published papers just

evidence the promotion effect of La, or its promoting effect in combination with noble metals

or other promoters [18, 31, 32]. Serrano-Lotina et al. [31] studied the influence of calcination

temperature on the activity of a Ni (2.3 wt.%) catalyst containing La (1.3 wt.%). Lucredio et

al. [32] prepared several hydrotalcite-derived catalysts containing 10 wt.% of Ni and 10 wt.%

of La and/or 1 wt.% of Rh. La-promotion did not lead to improvement of activity but




increased the stability in the DRM reaction. It should be taken into account that the activity of

Ni-containing hydrotalcite-derived catalysts strongly depends on the amount of Ni-cations

introduced in the pristine hydrotalcite structure [33]. The best performance was observed for

the catalysts containing ca. 20 wt.% of Ni (i.e. 25 % of exchanged Mg in the catalysts). There

is still no clear understanding of the effect of lanthanum incorporated to hydrotalcites

containing a constant amount of nickel. Moreover, so far and to the best of our knowledge,

only the work of Yu and co-workers takes into consideration the incorporation of different

amounts of La, however, La-loadings employed (3-10 wt.%) were much higher than the ones

used in the preparation of the catalysts presented herein.

Thus, the present works considers the addition of lanthanum (1-4 wt.%) to 15 wt.%

Ni-containing hydrotalcite-derived catalysts for dry reforming of methane. Special attention

has been paid to the influence of La-promotion on the physico-chemical properties of the

hydrotalcite-derived catalysts, as studied by means of XRD, H2 TPR and CO2 TPD, and its

consequences in terms of activity, selectivity and stability in the DRM reaction.




2. Experimental
2.1 Synthesis of the hydrotalcite-derived catalysts

Hydrotalcites containing M(111) trivalent and M(Il) divalent metals (Al, La, Mg, Ni,)
with M(ID/M(I1) molar ratio of 0.33, were prepared by a co-precipitation method at constant
pH (from 9.5 to 10). Two aqueous solutions, one containing the mixed nitrates of divalent and
trivalent metals, and a second one containing sodium hydroxide (1M), were added dropwise
into a flask containing an aqueous solution of sodium carbonate, and subsequently kept under
vigorous stirring at 65°C and constant pH. This mixture aged for 24h and then filtered,
carefully washed with deionized water and finally dried overnight at 80°C. The nominal
(assumed) concentration of the different components in each hydrotacite prepared (un-
promoted and La-promoted), as well as their labeling, is listed in Table 1. In order to obtain
the corresponding hydrotalcite-derived catalysts, each hydrotalcite was calcined under air at

550°C for 4 hours.
2.2 Physico-chemical characterizaion

X-ray diffraction (XRD) patterns were acquired in a PANalytical-Empyrean
diffractometer, equipped with CuK, (A = 1.5406 A) radiation source, within 20 range from 3
to 90°, with a step size of 0.02°/min. The Scherrer equation was used for calculating the Ni
crystal size on the reduced HT-derived catalyts. Temperature programmed reduction (H2-TPR)
profiles were obtained in a BELCAT-M (BEL Japan) device, equipped with a thermal
conductivity detector (TCD). The calcined hydrotalcites were first outgassed at 100°C for 2h
and then reduced using 5% vol. Hz-Ar at a heating rate of 7.5°C/min, from 100 °C to 900 °C.
Temperature programmed desorption (CO2-TPD) was performed using the same apparatus
(BELCAT-M). The catalysts were first degassed for 2 h at 500°C and then cooled to 80°C.

Subsequently, a mixture of 10% vol. CO2-He was fed for 1h in order to saturate their surface



with COz2, followed by the desorption of weakly (physically) adsorbed CO2 under a flow of
pure He for 15 minutes. Then, the catalysts were heated up from 80°C to 900°C under He, at
10°C/min and the evolution of CO2 was followed with the aid of a TCD detector. The amount
of carbon deposited on the surface of each catalysts upon the DRM reaction was measured by
means of its thermogravimetric oxidation in a SDT Q600 apparatus (TA Instruments), under
air flow (100 mL/min), heating from ambient temperature to 900°C at a rate of 10°C/min. The

resulting materials were grinded and sieved keeping the solid fraction corresponding to a

particle size distribution between 100-300 pm.

2.3 Dry reforming of methane (DRM) activity tests

The activity of the different HT-derived catalysts was assayed in an experimental set-

up consisting of a tubular quartz reactor (8 mm internal diameter) heated inside the catalytic

fixed bed was measured with the aid of a K-type thermocouple. A series of mass-flow meters
(Brooks) allowed the fed of 100 mL/min of a reactant mixture containing CH4/CO2/Ar in a
volume ratio 1/1/8, corresponding to a GHSV of 20,000h. Prior to each DRM experiment,
each HT-derived catalysts was reduced in situ at 900°C for 1h under a 5% vol. H2-Ar mixture.
Upon reduction the catalytic bed was cooled down to 850°C and the reactant gas mixture was
supplied to the reactor. The catalytic activity was then followed from 850°C to 550°C, at 30
minutes of steady-state interval. The concentration of the different products contained in the
gas exiting the catalytic reactor were analyzed online using Varian GC4900 micro
chromatograph equipped with a TCD detector. CO2 and methane conversions as well as the
H2/CO ratios were calculated as follows, where n? and n%* are the concentrations of each

species entering and exiting the reactor:

out

XCOQ C02 nCOz)/ CO x 100 (eq 1)
2



out
XCH4 CH4 nCH4)/ CH x 100 (eq 2)
4

H,/CO= nff) /ngd (eq. 3)

The thermodynamic equilibrium composition of the system was calculated through the

minimization of Gibbs free energy. Equations 1, 2 and 3 were as well used for calculating the

thermodynamic limits in terms of CH4, CO2 conversions and H2/CO ratio.

3. Results and discussion

3.1 Physico-chemical properties of the non-promoted and La-promoted hydrotalcite-derived

catalysts

3.1.1 Reducibility of Ni-species

Figure 1 a shows the H2-TPR profiles for the HT-derived catalysts after calcination.
All prepared catalysts exhibit one wide asymmetric peak (820-850°C) arising from the
reduction of Ni-oxide species to Ni°. Such Ni-oxide species are most probably inserted into
the Al-Mg mixed oxide matrix resulting from the calcination of the hydrotalcite brucite layers,
forming a solid solution of high thermal stability [18,30]. The presence of lanthanum modifies
the reducibility of the Ni-species in these HT-derived catalysts. The main reduction peak
shifts to lower temperatures with increasing La-content, i.e. from 850 °C for HN4, non-
promoted, to 830 °C and 820°C for the La-promoted catalysts. Additionally, a shoulder can be
observed at ca. 690°C for the La-promoted catalysts HN2 and HN3 (2 and 4 wt.% of La,
respectively), which can be assigned to segregated NiO species, pointing to weaker Ni-
support interaction as a consequence of the incorporation of lanthanum [13, 18, 31, 32]. In the

case of HN2, two wide additional peaks can be clearly observed at about 400 and 450°C,

pointing to the presence of bulk weakly-bonded NiO. Moreover, Yu and co-workers

concluded that the presence of lanthanum positively influenced the dispersion of these NiO



species, since such low temperature peaks were shifted to slightly higher reduction

temperatures, pointing to smaller crystal sizes upon an increase in the La-content [34].

The segregation of Ni-species during reduction, as well as the reducibility of the
segregated NiO species were further confirmed by H2-TPR experiments performed on the
HT-derived catalysts reduced at 900°C for 1 h under 5% vol. H2/Ar. The results of these

experiments are shown in Figure 1 b. Firstofall-it seems-that-the reduction-treatment-was-not

still-consumed-during-these- TPR-experiments: A single reduction peak appears now at much

lower temperatures, i.e. at 230°C for HN1 and HN4 (low La-content and non-promoted
catalyst), at 247°C for HN2 (2% wt. La) and at 254°C for HN3 (4% wt. La), pointing to Ni or
NiO segregation from the Mg-Al mixed oxide structure during this reduction treatment [35],
and corresponding to the reduction temperatures typically reported for bulk NiO [35, 36]. The

exposure to ambient air of the readily reduced catalysts may have caused the reoxidation of a

part of this segregated Ni-species. The integration of each peak allows the quantification of

the presence of such bulk NiO species on each catalyst. The results are presented in Table 2.
Hydrogen consumption during the TPR experiments performed on the reduced catalysts is
higher for both the non-promoted catalysts, HN4, and the catalyst containing the highest
amount of La, HN3, i.e. 0,529 mmol H2/g and 0.602 mmol Ha/g, respectively. This points to
an increased presence of reluctant NiO species upon the reduction treatment for HN4 and
HN3. On the contrary, lower La content leads to a decrease in H2 consumption, that becomes
minimal in the case of the HT-derived catalyst promoted with 2% wt. of La, HNZ2, i.e. 0,438
mmol Hz/g. Lower H2 consumption points to a reduced presence of remaining NiO species
and, thus, to a higher availability of reduced Ni° sites, moreover indicating that there is an

optimal La-loading in terms of reducibility of Ni-species.



3.1.2 Crystallinity: La-segregation and Ni crystal size

The X-ray diffractograms for the fresh hydrotalcites, the HT-derived catalysts before
and after reduction are shown in Figure 2 a, b and c. The diffraction patterns acquired for the
fresh hydrotalcites, Fig. 2 a, evidence the typical reflections and a layered hydrotalcite phase
at 20 = 11°, 24° and 35°, respectively corresponding to (003), (006) and (009) planes,
confirming the existence of a multilayer structure [35]. The hydrotalcite containing the
highest amount of La (HN3) showed the presence of additional La2(CO3)2(OH)2 and
La202C0Os3 phases, as seen in Fig. 2 a. The absence of other phases in these patterns, points to

the successful incorporation of nickel into the hydrotalcite structure.

The unit cell parameters were calculated using the method proposed by Rives [36] and
are summarized in Table 2. The parameter ¢ was calculated from the positions of the three
first reflections ¢ = d(o3) +2d(0s) +3d(009). This parameter is thus indicative of the distance
between brucite layers in the hydrotalcite structure, which strongly depends on the type and
orientation of the interlayer anions [16]. The parameter a of the unit cell, which describes the
average distance between cation-cation in brucite layers, was calculated from the position of
the first reflection at 26 = 60°. Parameter a remains unchanged upon La-loading, suggesting
that La was not incorporated into the interlayer space of the hydrotalcite structure. On the
contrary, a large increase in this a unit cell distance would have been observed due to the

larger ionic radius of La in comparison with Mg and Al ions [34].

After calcination, Fig. 2b, XRD patterns evidence three reflections at 20 = 43.5 and
63° characteristic of the periclase-like structure of mixed oxides generated upon the thermal
decomposition of hydrotalcite materials. In the case of the La-containing HT-derived

catalysts, some reflections corresponding to a segregated La:Os phase can be observed,



together with some residual La carbonates that might be formed upon exposition of the

calcined materials to ambient air conditions.

The XRD patterns recorded for the reduced catalysts, Fig. 2 c, conserve the
characteristic of the mixed oxide periclase structure. Moreover, additional phases can be
observed corresponding to metallic nickel, i.e. 20 = 44.5°, 54° and 78°, and segregated La20:s.
Crystal sizes calculated for the metallic Ni phase range from 6.3 and 8.9 nm. No clear

influence of La-promotion on crystal size can be observed.

3.1.3 Influence of La-promotion on catalyst basicity

The TPD profiles registered for the according to literature [29,35,37-39], there are
three typical CO2 desorption peaks normally appearing in CO2-TPD profiles for hydrotalcite-
derived materials, appearing between 100 and 500°C. These peaks are representative of the
presence of basic sites having different strength: weak Brgnsted basic sites such as surface
OH groups (low temperature), medium-strength Lewis acid-base sites (intermediate
temperature), and low-coordination oxygen anions acting as strong basic sites (high
temperature). In fact, these three contributions are clearly visible in the CO2-TPD profiles
acquired for the different HT-derived catalysts, shown in Figure 3. However, mean peak

positions and its areas change as a consequence of the presence of La and with La-loading.

Table 3 contains a listing of the temperatures corresponding to each peak’s maximal
intensity, as well as the results of its deconvolution and integration (area = pumol CO:2
desorbed per gram of catalyst). In general, the three CO2 desorption peaks for La-promoted
catalysts occur respectively at 133-139°C, 232-246°C and 353-370°C, while in the case of the
non-promoted catalyst they appear centered at 147°C, 250°C and 389°, i.e. at much higher
temperatures, pointing to weaker CO2 chemisorption as a consequence of the presence of La.

This is particularly true for HN2, i.e. the HT-derived catalysts containing 2% wt. La, since the

10



first and the second peak, corresponding to weak and medium-strength basicity, appear 14

and 11°C earlier than for the non-promoted catalyst, HN4.

Total basicity, i.e. the total area under the three peaks, increases for HN2 and HN3.
The maximal amount of CO2 desorbed corresponds however to HN2, pointing to 2% wt as the
optimal La-loading in terms of catalyst basicity. Moreover, upon the introduction of 2% wit.
La, the presence of medium-strenght basic sites (Lewis pairs) seems to be exceptionally

boosted. Upon 4% wt. La-loading, HN3, weak basic sites seems to be as well promoted.

11



3.2 Dry reforming of methane (DRM) experiments: influence of La-promotion

3.2.1 Catalytic activity and selectivity

Figure 4 a and b shows the CH4 and CO2 conversions measured during the DRM
experiments in the presence of the different HT-derived catalysts, as a function of reaction
temperature. The results obtained within the low temperature window, i.e. 550 and 600°C, are

shown in detail in the inset contained in each figure.

As expected, both CH4 and COz2 conversions increase with increasing temperature for
any of the catalysts tested and independently of the La-content, in agreement with the trend
forecasted by thermodynamics. However, especially at low temperatures, some differences
can be observed that are worth to be remarked. First of all, at 550 and 600°C, CO:
conversions measured are all the times slightly higher than CH4 conversions, whereas the
opposite trend is predicted by thermodynamics, i.e. at 550°C, for HN2 36% CH4 and 33%
CO2 conversion is measured while the thermodynamically predicted conversions are 87% and

42% for CH4 and COg, respectively. Direct methane decomposition reaction, as well as the

Bouduard reactions — among other carbon forming reactions — are generally

thermodynamically favored reaction at such low temperatures, but they do not seem to be

completely activated in the presence of this series of catalysts. Other reactions, such as the

water gas shift reaction may contribute to enhanced CO2 conversion. As a consequence, the

H2/CO ratios experimentally measured, shown in Figure 5, considerably apart from the high
values 3.5-2 predicted by the thermodynamics in the low temperature window, 550°C-600°C.
And it is precisely within this range of temperatures that very clear differences are observed

among the non-promoted and the La-promoted catalysts.

Moreover, La-content influences the activity and selectivity of these HT-derived

catalysts. The lowest methane conversions are all the time measured for the non-promoted

12



catalyst, which, at the same time, does not seem to be very active towards CO2 conversion.
The presence of La boosts the activity of the catalyst. As a consequence, HN2, containing 2%
wt. La, shows the highest activities of this series at 550°C in terms of both CH4 and CO:2
conversion, whereas HN3, containing 4% wt. La, is the most active catalyst at 600°C.
However, at low temperatures, the thermodynamic prevalence of methane decomposition with
respect to the reverse water gas shift reaction leads to a stronger promotion of the former vis-
a-vis the later, above all in the presence of a Ni-containing catalyst [41]. Moreover, the
increased presence of available Ni° sites in HN2 and HN3, pointed out by their physico-
chemical characterization, may explain such higher activities, since it is well know that,
kinetically, the limiting step for both reforming and methane decomposition reaction is the
activation of the C-H bond, taking place on metallic Ni sites [42]. At the lowest reaction
temperature, i.e. 550°C, the promotion of direct methane decomposition is consequently
reflected in the values of the H2/CO molar ratio obtained, Fig. 5, which increase with
increasing catalytic activity for the La-promoted HT-derived catalysts. The decreasing H2/CO
values measured for HN3 at temperatures from 550 to 650°C may point to increased
selectivity towards the dry reforming of methane (DRM) and/or the reverse water-gas shift
(RWGS) reactions at 650°C for this La-promoted catalysts, as has been previously reported in
literature [19]. The increased presence of weak basic sites in this catalyst containing 4% wt.
La, may result in a weak-type of interaction between CO2 and the support, leading to the
promotion of DRM and RWGS, once the temperature is sufficiently high to overcome their

thermodynamic barriers.

Other authors have previously studied the behavior of Ni-containing hydrotalcite-

derived catalysts in DRM. [20, 21, 30-34]. Debek et al. [30] evaluated the promoting effect of

Ce and Zr in the low temperature DRM behavior of Ni-containing Ma/Al or Al hydrotalcites,

under the same experimental conditions used in our present work. The presence of either Ce

13



or Zr resulted in increased stability of the catalysts. Ce was found to partially avoid methane

decomposition and enhance the oxidation of the carbon deposits, whereas Zr strongly

modified the selectivity of the DRM reaction set. Concerning the influence of La as promoter,

the comparison of our results to previously published studies is not straight forward, since the

experimental conditions are not quite similar, both for the pretreatment of the catalysts

(calcination and reduction temperatures) and DRM activity tests. This is a crucial issue, since

the calcination and reduction temperature plays an important role in the final catalytic activity,

as shown by Serrano et al. [31]. However, it can be generally stated that La addition results in

an improved stability. Serrano et al. [31] confirmed this fact during DRM experiments

performed at 700°C on Ni (2.3 wt.%) Ma/Al hydrotalcite-derived catalysts promoted with 1.3

wt.% La. Yu et al. [34] also studied the activity of Ni-containing hydrotalcite-derived

catalysts promoted with different La contents (3-10 wt.%) at 600-800°C. The addition of

lanthanum increased the CO2 adsorption ability, the amount of surface Ni and significantly

improved the stability of these catalysts.

3.2.2 Catalytic stability: carbon formation and evolution of Ni crystal sizes

The HT-derived catalysts after DRM testing were analyzed by means of X-ray
diffraction. The obtained patterns are shown in Figure 6. Some additional phases are now
present in the spent catalysts that were not observed in the diffractograms shown previously in
Figure 2, i.e. representative of the presence of graphite and of the formation of the alloy

MgNis. The formation of this MgNis implies the reduction of Mg?* cations. This may be

however possible at relatively high temperatures and under carbothermal reduction conditions,

i.e. in the presence of methane and C [43]. Graphite formation is due to carbon formation

reactions, mainly direct methane decomposition. Ni° crystal sizes were recalculated for the

14



spent catalysts. The values are shown in Table 2. A considerable reduction of crystal size
takes place during DRM, since the Ni° crystal size after test are much smaller than those
calculated for the reduced catalysts, i.e. it changes from 8.4 nm to 4.5 nm in the reduced and
spent HN3 catalyst, respectively. During reaction a redistribution of Ni° particles takes place,
probably due to the formation of isolated Ni-species that are continuously extracted from the

Ni-Mg-Al mixed oxide matrix and reduced under DRM reaction atmosphere.

Isothermal DRM experiments were conducted at 550°C on HN4 and HN3 catalysts, i.e.
the non-promoted and 4% wt. La-promoted HT-derived catalysts. Figure 7 shows the CH4 and
CO2 conversions, as well as the H2/CO ratio, measured over more than 8 hours time-on-

stream (TOS). An estimation of the rate of C formation, in ug/min — estimated from the

carbon balance, is plotted together with CHa4 conversion in Figure 7a. The activity and

selectivity of both HN4 and HN3 change with time on stream. This means that the evolution

of the catalytic system continues even after 8 hours TOS, and that further longer-duration

experiments need to be performed in order to further conclude on catalytic stability. In any

case, either La-promoted or not, the values of H2/CO ratio increases as the isothermal
experiment progresses. This can be assigned to the creation of new and readily reduced Ni°
species of smaller crystal size, active in direct methane decomposition yielding C(s) and Ho,
which is thermodynamically favored at such low temperatures. In agreement with the

enhanced reducibility of Ni-species, this fact becomes especially true for the La-promoted

catalyst, HN3. In conseguence carbon formation rate is as well higher all the time for HN3

than for the non-promoted catalyst, HN4.

The extent of carbon formation was evaluated by means of thermogravimetric
oxidation of HN4 and HN3 after the isothermal DRM experiments. Figure 8 a and b shows
the thermogravimetric curves — weight loss and its derivative as a function of temperature —

obtained for these two catalysts. Slightly higher amount of carbon is formed during DRM at

15



550°C in the presence of the non-promoted catalyst, HN4. The comparison of the amount of

carbon deposited calculated from the thermogravimetric curves and the integration of the

carbon balance show an interesting mismatch, i.e. 12.6 mg of deposited C according to TGA

vs. 30.5 that should be theoretically present of the spent HN3 catalyst after reaction,

according to the carbon balance. The presence of La may favor the formation of lanthanum

oxycarbonates, able to gasify the carbon deposits, and above all the non-crystalline
amorphous carbon formed during reaction [20]. In fact, the derivative, dTGA, is substantially
different for HN3 (La-promoted), than for HN4 (unpromoted), pointing to the presence of
different relative amounts of amorphous and graphitic carbon. The dTGA peak can be
deconvoluted into two Gaussian contributions: a first peak, appearing at temperatures higher
than 450°C, due to the oxidation of “coating” or amorphous carbon, and a second one,
centered at about 600-650°C, corresponding to the oxidation of filamentous carbon formed
through methane direct decomposition on Ni-sites [44]. The low-temperature peak assigned to
the presence of amorphous carbon has a lower contribution to the oxidation profile and
appears shifted to higher reaction temperatures. The gasification of such amorphous carbon
deposits in the presence of lanthanum oxycarbonate species may have contributed to this fact.
Moreover, the high-temperature peak corresponding to carbon filaments and fibers grown on
Ni-sites is clearly marked in the La-promoted catalyst, HN3, in agreement with the increased
presence of Ni® species and its evolution with time-on-stream leading to the enhancement of

direct methane decomposition reaction.

4. Conclusions

La-promoted Ni-containing HT-derived catalysts were prepared from MgAl
hydrotalcites and tested in methane dry reforming at temperatures from 550°C to 850°C. The

physico-chemical characterization of these materials evidenced bulk NiO segregation and
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enhanced Ni-reducibility for the La-promoted catalysts. Medium strength and weak basicity

were found to be boosted in such La-containing catalyst, depending on La-loading.

Mostly as a consequence of the increased presence of reduced Ni° sites, the activity of
the La-promoted catalysts was found to be higher than for the non-promoted HT-derived
catalyst. However, the presence of La results as well in the promotion of undesirable side
reactions, such as direct methane decomposition, thermodynamically favorable at low
temperatures, i.e. 550°C. In spite of this, La can contribute to the gasification of amorphous
carbon deposits, through the formation of oxycarbonate species, thus resulting in overall
lower carbon formation during long-duration isothermal experiments performed at 550°C.
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Captions to Figures
Figure 1. H2-TPR profiles of a) calcined b) reduced HT-derived catalysts.

Figure 2. X-ray diffractograms acquired for a) the fresh hydrotalcites, and the HT-derived
catalysts b) before and c) after reduction.

Figure 3. CO2-TPD profiles for the HT-derived reduced catalysts.
Figure 4. DMR experiments: a) CH4 and b) CO2 conversions as function of reaction

temperature. Inset: zoom of the results obtained at 550 and 600°C. Solid line: thermodynamic
equilibrium conversions.

Figure 5. H2/CO molar ratio versus reaction temperature for the different HT-derived catalysts.
Solid line: thermodynamic equilibrium H2/CO ratio.

Figure 6. X-ray diffractograms for the HT-derived catalysts after the DMR activity test.

Figure 7. Isothermal DMR experiments at 550°C: a) CHa and b) CO2 conversions, ¢) H2/CO
ratio, vs. time on stream, for HN3 and HN4.

Figure 8. Thermogravimetric oxidation of carbon deposits, weight loss and its derivative for a)
HN4 and b) HN3 after DRM.
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Figure 1. H2-TPR profiles of a) calcined b) reduced HT-derived catalysts.
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Table 1. Ni-containing, La-promoted (Me = Ni, La)
[MeyMgxAlo.25(0OH)2](CO3%)o.125-0.5H20 hydrotalcites and derived catalysts: Nominal

concentration of the different cations

Metal content [wt.%] La/Al M(III)

Hydrotalcite Catalyst V(D 5 Ml

Ni | La| Mg | Al ratio (D) + M)
Nio.215L.a0.006MQo.535Al0.244 HN1 15 1 | 156 | 7.9 0,03 0.25
Nio.215L.a0.012Mgo.535Al0.238 HN2 15 2 | 154 | 7.6 0,05 0.25
Nio.22La0.02sMgo.53Al0.225 HN3 15 4 | 150 | 71 0,11 0,25
Nio.21Mgo.54Alo0.25 HN4 15 0 | 158 | 8.1 0 0,25
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Table 2. H2 consumption for the reduced catalysts, a and b unit cell parameters and Ni

crystal size calculated for the HT-derived catalysts (before and after DMR test).

H2 consumption —
reduced catalysts

Crystal size [nm]

Catalyst (ol Hlg) alA] | c[A] Reduced Spent
HN1 0.471 3.06 23.43 6.3 4.0
HN2 0.438 3.06 23.49 8.9 4.5
HN3 0.602 3.06 23.52 8.4 4.5
HN4 0.529 3.06 23.46 8.3 3.5
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