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Introduction

The carbon capture and utilization (CCU) gained a significant attention as a potential strategy to reduce greenhouse gases (GHGs) emissions and convert them into value-added products. A novel concept of reforming process has been proposed for the first time by Song and Pan [START_REF] Song | Tri-reforming of methane: A novel concept for synthesis of industrially useful synthesis gas with desired H2/CO ratios using CO2 in flue gas of power plants without CO2 separation[END_REF][START_REF] Song | Tri-reforming of methane: A novel concept for catalytic production of industrially useful synthesis gas with desired H2/CO ratios[END_REF], assuming the usage of the gas feed containing CH4, CO2, H2O, and O2. Tri-reforming of methane (TRM) is a combination of three main reactions which take place in a single reactor: steam reforming of methane (SRM), dry reforming of methane (DRM), and partial oxidation of 2 methane (POM). The presence of the oxygen and water vapor improve energy efficiency and can positively affect coke mitigation. [START_REF] Song | Tri-reforming of methane: A novel concept for catalytic production of industrially useful synthesis gas with desired H2/CO ratios[END_REF][START_REF] Schmal | Perspective of catalysts for (Tri) reforming of natural gas and flue gas rich in CO2[END_REF][START_REF] Świrk | Tri-reforming as a process of CO2 utilization and a novel concept of energy storage in chemical products[END_REF][START_REF] Okonkwo | Thermodynamic analysis of tri-reforming of oxy-fuel combustion exhaust gas[END_REF] However, the biggest advantage of the process is the production of synthesis gas (H2/CO in the range of 1.5-2.0), which may be further converted into methanol, di-methyl ether (oxo-synthesis) and liquid fuels (via Fischer-Tropsch synthesis). [START_REF] Song | Tri-reforming of methane: A novel concept for synthesis of industrially useful synthesis gas with desired H2/CO ratios using CO2 in flue gas of power plants without CO2 separation[END_REF][START_REF] Song | Tri-reforming of methane: A novel concept for catalytic production of industrially useful synthesis gas with desired H2/CO ratios[END_REF][START_REF] Farsi | Development of a green process for DME production based on the methane tri-reforming[END_REF][START_REF] Shi | Methanol production from water electrolysis and trireforming: Process design and technical-economic analysis[END_REF] It should be stressed, however, that for the future implementation of trireforming on industrial scale, an active, stable (carbon-free), and selective catalyst is a key requirement. A promising candidate for TRM is a Ni-based catalyst, considering that typically nickel-based catalysts are used for industrial steam reforming and partial oxidation of methane [START_REF] Bengaard | Steam reforming and graphite formation on Ni catalysts[END_REF].

Nickel supported materials have been reported as effective catalysts due to the low cost, high activity and availability. However, the main drawback of their application is deactivation caused by coke formation, sintering of active phase and metal oxidation [START_REF] Kawi | Progress in synthesis of highly active and stable nickel-based catalysts for carbon dioxide reforming of methane[END_REF][START_REF] Gao | Facile synthesis of Ni/SiO2 catalyst by sequential hydrogen/air treatment: A superior anti-coking catalyst for dry reforming of methane[END_REF]. According to recently published reviews, a deactivation may be limited by controlling Ni metal particles sizes to be lower than 9 nm and a narrow particle size distribution to improve metal-support interactions [START_REF] Kawi | Progress in synthesis of highly active and stable nickel-based catalysts for carbon dioxide reforming of methane[END_REF][START_REF] Dewangan | Recent Progress on Layered Double Hydroxide (LDH) Derived Metal-Based Catalysts for CO2 Conversion to Valuable Chemicals[END_REF].

Recently, we described feasibility of TRM for chemical CO2 utilization, without the necessity of the separation of carbon dioxide from flue gases from fossil fuel fired power plants. [START_REF] Świrk | Tri-reforming as a process of CO2 utilization and a novel concept of energy storage in chemical products[END_REF] Our work was based on the concept introduced by Song and Pan. [START_REF] Song | Tri-reforming of methane: A novel concept for catalytic production of industrially useful synthesis gas with desired H2/CO ratios[END_REF] Moreover, we carried out thermodynamic calculations for reforming processes, revealing feasibility of TRM for flue gas mixture. [START_REF] Świrk | Thermodynamic equilibrium analysis of methane reforming as a prospective process for synthesis gas production[END_REF] Considering our previous work performed in the field of reforming reactions over Ni mixed oxides [START_REF] Świrk | Ce-and Y-modified doublelayered hydroxides as catalysts for dry reforming of methane : On the effect of yttrium promotion[END_REF][START_REF] Świrk | Carbon-resistant NiO-Y2O3-nanostructured catalysts derived from double-layered hydroxides for dry reforming of methane[END_REF][START_REF] Świrk | Effect of low loading of yttrium on Nibased layered double hydroxides in CO2 reforming of CH4[END_REF][START_REF] Świrk | Synthesis strategies of Zr-and Y-promoted mixed oxides derived from double-layered hydroxides for syngas production via dry reforming of methane[END_REF], we wanted to explore the catalytic behavior of Ni/Mg/Al hydrotalcite-derived catalyst in TRM. Hydrotalcites (HTs) can be represented by the

following formula [M II 1-xM III x(OH)2] x+ [A n-x/n]• mH2O
, where M II are divalent and M III are trivalent metals cations, A n-is an n-valent anion and m is the number of molecular water. [START_REF] Świrk | Ce-and Y-modified doublelayered hydroxides as catalysts for dry reforming of methane : On the effect of yttrium promotion[END_REF] In this structure, two hydrotalcite sheets are positively charged, while water and anions compensate this charge. The choice of Ni-hydrotalcites for tri-reforming is based on several arguments. Firstly, other Ni-based supported materials, such as Ni/Al2O3 and Ni/MgO, were found active and stable under tri-reforming of methane conditions [START_REF] Fedorova | Porous nickel-based catalysts for tri-reforming of methane to synthesis gas: Catalytic activity[END_REF][START_REF] García-Vargas | Preparation of Ni-Mg/β-SiC catalysts for the methane tri-reforming: Effect of the order of metal impregnation[END_REF][START_REF] Kumar | Effect of support materials on the performance of Nibased catalysts in tri-reforming of methane[END_REF][START_REF] Walker | Synthesis gas production to desired hydrogen to carbon monoxide ratios by tri-reforming of methane using Ni-MgO-(Ce,Zr)O2 catalysts[END_REF]. Moreover, Ni/Mg=0.33 was dropwisely added to the solution of Na2CO3 at 65°C. For keeping constant pH (10±0.2) sodium hydroxide (2M) was used. The precipitate was aged for 24h with stirring.

The obtained slurry was washed with deionized water and dried overnight at 100°C. The mixed oxides were obtained after the thermal decomposition of the precursor at 550°C (10°C•min -1 ) for 5h. The catalyst was labelled as HTNi.

Characterization

X-ray diffraction analyses were performed from 4 to 90° with a 0.03 step using an Empyrean (PANalitycal) equipped with Cu K radiation (λ = 1.54056 Å). The X'Pert HighScore Plus program was used for results analysis.

Thermogravimetric analysis allowed to determine the quantity of the formed carbon. The experiments were carried out using a Q5000 IR thermobalance. Around 20 mg of spent sample was heated starting from 40°C to 900°C (heating rate of 10 °C/min) in synthetic air (flow 100 ml/min).

Microscopy studies were carried out on a JEOL JEM-2010 transmission electron microscope. The ethanol-based suspensions including spent samples were first sonicated, and then the suspension was added dropwise onto a copper grid covered with amorphous carbon film. The Ni particle size distribution was obtained from 300 particles measured in ImageJ program.

ToF-SIMS experiments were performed using an ION-TOF GmbH instrument (TOF-SIMS IV) equipped with a 25kV pulsed Bi + primary ion gun in the static mode. Before the measurements, the samples were pressed into pellets and attached to the sample holder using a double-sided tape. The analyzed area corresponded to a square of size 500 μm×500 μm. A pulsed electron flood gun was used for the charge compensation. The intensity ratios between selected ions or the intensities normalized with the use of the number of total counts were taken into consideration during discussion of the obtained results.

Catalytic tests

Catalytic tests were performed in a fixed-bed quartz reactor under atmospheric pressure.

Prior to each catalytic reaction, HTNi catalyst was placed inside the reactor between two quartz plugs and reduced in a mixture of 5% H2/Ar (100 ml/min) at 900°C for 1h. For heating, an electric furnace was used. After this step, the reactor was cooled down and purged with Ar, to either 850°C (TPSR test) or 700°C (isothermal test). Depending on the reaction, different feed gas composition was used (defined in the Table 1). The total flow for each reaction was 100 ml/min. For the TRM(1-3) experiments using steam, the water content in the reaction mixture was controlled using the vapor pressure of H2O at the temperature of the saturator (52°C). All lines downstream of the saturator were heated to temperature above 100°C to prevent condensation. All the unreacted water present in the outlet gaseous mixture was trapped in a water trap. All tests assumed gas hourly space velocity (GHSV) of 20,000h -1 . CH4 and CO2 conversions (XCH4, XCO2) were calculated according to the following equations:

Concentrations of reactants and products were analyzed by a micro-GC (490 Varian Micro-GC).

XCH = • 100 [%] XCO = • 100 [%] = [mol/mol]
Where CH and CO corresponds to the volumetric flow rates of reactants, and CH , CH , H and CO the volumetric flow rates of products.

The average reaction rate of methane ( ) and average turnover frequency were calculated from isothermal steady-state experiments using the following equations [START_REF] Akri | Atomically dispersed nickel as coke-resistant active sites for methane dry reforming[END_REF]. Prior to the reaction, diffusion limitations were verified.

= • •( ) "• . •$% & •(% • )*.$+ ,-.$+ [mol•s -1 •gcat -1 ]
Where F is total flow rate [ml/min], (CH4) is volumetric concentration of methane, w is mass of catalyst [g],

./0 = 

Results and discussion

Catalytic performance

First, partial oxidation of methane (POM) was catalyzed by HTNi showing over 70% of CH4 in the studied temperature window (Fig. 1A). In contrast to the results for DRM (CH4/CO2/Ar = 1/1/8) [START_REF] Świrk | Ce-and Y-modified doublelayered hydroxides as catalysts for dry reforming of methane : On the effect of yttrium promotion[END_REF][START_REF] Świrk | Carbon-resistant NiO-Y2O3-nanostructured catalysts derived from double-layered hydroxides for dry reforming of methane[END_REF][START_REF] Świrk | Effect of low loading of yttrium on Nibased layered double hydroxides in CO2 reforming of CH4[END_REF], the CH4 conversion was higher in POM, pointing to the beneficial role of oxygen. The H2/CO ratio decreased with increasing reaction temperature, from 2.4 at 600°C to 1.9 at 850°C (Fig. 1A), in agreement with the equilibrium calculations presented in the literature. [START_REF] Świrk | Tri-reforming as a process of CO2 utilization and a novel concept of energy storage in chemical products[END_REF][START_REF] Peymani | Preparation of highly active and stable nanostructured Ni/CeO2 catalysts for syngas production by partial oxidation of methane[END_REF][START_REF] Özdemir | Preparation and characterization of Ni based catalysts for the catalytic partial oxidation of methane: Effect of support basicity on H2/CO ratio and carbon deposition[END_REF] At higher temperatures H2 is consumed due to the endothermic nature of the side reactions involved in DRM or SRM, such as reverse water-gas shift (RWGS). [START_REF] Peymani | Preparation of highly active and stable nanostructured Ni/CeO2 catalysts for syngas production by partial oxidation of methane[END_REF][START_REF] Chalupka | Partial oxidation of methane on NixAlBEA and NixSiBEA zeolite catalysts: Remarkable effect of preparation procedure and Ni content[END_REF] It has been clearly shown that POM took place at 750-850°C, because only CO was formed and no CO2 was detected (Fig. S1A, ESI †). However, below 750°C, both CO and CO2 were formed, confirming the co-existence of partial and total oxidation of methane (TOM). [START_REF] Nguyen | Partial oxidation of methane over bifunctional catalyst I[END_REF] The TOM resulted also in H2O formation, but the latter was not quantified during these experiments. Chalupka et al. [START_REF] Chalupka | Partial oxidation of methane on NixAlBEA and NixSiBEA zeolite catalysts: Remarkable effect of preparation procedure and Ni content[END_REF] reported the occurrence of TOM in the range of ca. 420-425 to 720-770°C, whereas POM reaction started above the latter temperature. The CO2 presence at lower temperatures and its absence at higher temperatures agrees with thermodynamics, predicting the gradual decrease of CO2 concentration in the products with the increase in temperature. This behavior is in agreement with the mechanism proposed by Prettre et al. [START_REF] Prettre | The catalytic oxidation of methane to carbon monoxide and hydrogen[END_REF], in which CO2 is a primary product of POM, undergoing further the reaction with either CH4 or H2O (the product of TOM) to form CO and H2. This explains why CO2 is registered only at lower studied temperatures where DRM and SRM have lower conversions than at higher temperatures due to their highly endothermic nature. In the isothermal POM test the catalyst was stable without any decrease in catalytic activity (Fig. 1B). It showed 87.4% of converted CH4 (Table 1) in the agreement with the results presented in Fig. 1A. The calculated H2/CO molar ratio was ca. 2.0 (Fig. 1B), which is the stoichiometric value for the POM reaction. No evident decrease was observed, pointing to a stable behavior under POM conditions. The conversion of oxygen was 100%. Apart from H2 and CO only traces of CO2 were recorded (Fig. S1B, ESI †). This could suggest an insignificant role of TOM but is also consistent with the literature. [START_REF] Prettre | The catalytic oxidation of methane to carbon monoxide and hydrogen[END_REF] In order to understand the influence of CO2 -D, Table 1). This is due to CO2-forming side reactions, which are thermodynamically feasible in this temperature window. [START_REF] Świrk | Thermodynamic equilibrium analysis of methane reforming as a prospective process for synthesis gas production[END_REF] The H2/CO molar ratio decreased with increasing temperature (from ca. 1.3 to 0.95). CRPOM (CH4/CO2/O2/Ar=1/1/0.5/7.5) over HTNi in the range of 600-850°C (C), and at 700°C for 300 min (D).

All tests assumed GHSV=20,000h -1 . Solid lines present equilibrium curves. Catalytic performance for TRM1 at 700°C for 300 min is presented in Figs. 2 A,B,C. The CH4 conversion increased in the first 27 min., from 85% to 99%, whereas a decrease in the CO2 conversion from 99% to 55-80% was revealed. The presence of oxygen in the feed promotes the exothermic partial or total oxidation of a fraction of the CH4 feed, sustaining the reforming steps. [START_REF] Pino | Hydrogen production by methane tri-reforming process over Ni-ceria catalysts: Effect of La-doping[END_REF] The methane oxidation reactions result in the formation of CO2 which in turn could affect the net CO2 conversion. The other CO2-forming reaction is water-gas shift (CO+H2O = CO2+H2). On the other hand, CO2 conversion could also originate from the oxidation of carbon deposit, formed upon dry and/or steam reforming, methane decomposition or Boudouard reaction. [START_REF] Majewski | Tri-reforming of methane over Ni@SiO2 catalyst[END_REF] The HTNi catalyst showed stable activity for CH4, while the experimental data obtained for the CO2 presented huge variations, and do not provide straight answer about the changes of XCO2. The mean value is 69.3%. The registered H2/CO molar ratios were in the range 1.7-2.2. However, some trends can be recognized. At the beginning of the test the ratio increased. Then, after first 50 min it remained stable within the range of 2.1-1.9, and started to decline after 250 min. The mentioned initial increase possibly arises from the formation of additional H2 via methane partial oxidation, as suggested before. [START_REF] Majewski | Tri-reforming of methane over Ni@SiO2 catalyst[END_REF] The final decline in H2/CO ratio may be, on the other hand, ascribed to the excess of CO. The latter TRM2 test revealed average XCH4 and XCO2 of 91.9% and 77.9%, respectively (Table 2, Figs. 2 A,B,C). These values are, respectively, slightly lower and higher for CH4 and CO2 conversions, as compared to TRM1. The increased value for methane, and the decreased CO2/H2O ratio in the reaction feed could contribute to this effect. Again, some oscillations of XCO2 may be observed, though they are much less intensive as compared to TRM1. The average H2/CO ratio was 1.86.

CH4 and CO2 conversions recorded for TRM3 test at 700°C are presented in Fig. 2 A,B,C.

Despite some fluctuations, the obtained values of XCO2 remained fairly stable, while a small decrease of XCH4 was registered. CO2 conversion was always higher than that of CH4.

Possibly one of the reactions resulting in the formation of additional CO2 was inhibited in the TRM3 tests. However, further studies are necessary to confirm this hypothesis. The gradually decreasing H2/CO molar ratio were recorded over the time, with initial value of 1.7 and the final one of 1.5 after 300 min. This indicates the excess production of CO. The enhanced CO2 conversion and extra production of CO may suggest a significant contribution of RWGS.

Under the TRM(1-3) conditions O2 was converted in 100%.

Due to the coexistence of reactions producing and consuming CO2 in TRM, turnover frequency (TOF) was calculated only for CH4. During tests at 700°C, the TOF values of CH4 [•10 -2 s -1 ] show the following sequence both reduced/spent materials: TRM1 (14.5 / 13.9) < TRM2 (27.2 / 27.8) < TRM3 (34.0 / 75.7) (Table 2). TOF may be linked to the change of the Ni 0 particle size when HTNi is exposed to different conditions of tri-reforming of methane reaction. After TRM3, the catalyst revealed considerably bigger Ni nanoparticles (the highest frequency for 20-25 nm particle size) compared to the catalysts used in TRM2 (10-12 nm) and TRM1 (7-8 nm) (Fig. S2, ESI †). A correlation between increasing turnover frequency and increasing metal crystallite size has been reported in the literature before, for example in the work of Hindle et al. [START_REF] Hindle | Para-substituted Aniline Hydrogenation Over Rhodium Catalysts: Metal Crystallite Size and Catalyst Pore Size Effects[END_REF] on Rh/SiO2 catalysts tested in p-toluidine hydrogenation. In our study, the Ni dispersion, used in the calculation of TOF, was determined by H2 chemisorption for the reduced sample and by HRTEM for spent materials. Additionally, the highest TOF for TRM3 may have arisen from the significant influence of carbon forming reactions, similarly as observed by Liu et al. [START_REF] Liu | MCM-41 supported nickel-based bimetallic catalysts with superior stability during carbon dioxide reforming of methane: Effect of strong metal-support interaction[END_REF] for a catalyst tested in DRM. Our TOF values are comparable to those presented in the literature. Izquierdo et al. [START_REF] Izquierdo | Tri-reforming: A new biogas process for synthesis gas and hydrogen production[END_REF] carried out TRM for Ni/Ce-Al2O3, Ni/Ce-Zr-Al2O3 and Ni-Rh/Ce-Al2O3. The quoted TOF values were from ca. 5.0 to 3.0•10 -2 for the studied catalysts.

Characterization of spent catalysts

Figs. 3 A,B present XRD and TGA results of the spent HTNi catalysts, with special focus laid on carbon deposits, which is important for the stability discussion. The mass loss from TGA was estimated from a certain temperature to exclude the interference of the loss of adsorbed species (H2O and/or CO2) and Ni 0 oxidation (Table 3). During DRM a considerable amount of catalytic coke was formed (mass loss 20.0%), revealing graphite-like carbon, as well as filamentous and amorphous carbon. [START_REF] Świrk | Ce-and Y-modified doublelayered hydroxides as catalysts for dry reforming of methane : On the effect of yttrium promotion[END_REF][START_REF] Świrk | Carbon-resistant NiO-Y2O3-nanostructured catalysts derived from double-layered hydroxides for dry reforming of methane[END_REF][START_REF] Świrk | Effect of low loading of yttrium on Nibased layered double hydroxides in CO2 reforming of CH4[END_REF] After POM, the weight loss was only 1.9%, and no graphitic carbon was found. The CRPOM resulted in the improved stability and no coke formation, pointing to the beneficial role of oxygen in the feed (mass loss 1.4%). In principle, the O2 addition should prevent or decrease the carbon formation. However, it is strongly dependent on the oxygen amount, as low O2 concentrations will not have the desired effect and high O2 amount results in lower selectivity, hot spots formation and sintering. [START_REF] Hu | Catalytic conversion of methane to synthesis gas by partial oxidation and CO2 reforming[END_REF] Moreover, side reactions (direct methane decomposition (DMD) and Boudouard reaction) can occur parallelly during CRPOM and they are the additional sources of carbon deposits. The addition of steam and oxygen positively influenced the catalytic stability compared to the DRM. Considerably lower amount of C was observed after TRM1 (mass loss 0.9%). This indicates, that the carbon formed by side reactions was oxidized with oxidants such as CO2, O2 and H2O. Also, the HRTEM micrograph hardly revealed a presence of carbonaceous species (Fig. 2D), in contrast to the sample after TRM3, where carbon nanotubes and encapsulated Ni particles were observed (Fig. 2E). The weight loss for the latter sample was 17.3%. Despite the high carbon formation and Ni 0 sintering observed after 5 hours, no deactivation in terms of CH4 and CO2 conversions was observed. This can be explained by the presence of side reactions, such as direct methane decomposition or Boudouard reaction which was already shown in the literature in dry reforming of methane over Ni/Mg/Al hydrotalcite-derived catalysts. [START_REF] Świrk | Ce-and Y-modified doublelayered hydroxides as catalysts for dry reforming of methane : On the effect of yttrium promotion[END_REF][START_REF] Świrk | Carbon-resistant NiO-Y2O3-nanostructured catalysts derived from double-layered hydroxides for dry reforming of methane[END_REF][START_REF] Świrk | Effect of low loading of yttrium on Nibased layered double hydroxides in CO2 reforming of CH4[END_REF] The gas composition seems to be crucial for obtaining the stable behavior, as proven by the different amount of carbon deposits for TRM1 (the ratios CO2/H2O = 1, O2/CH4 = 0.1 and (CO2+H2O+O2)/CH4 = 1.1); TRM2 (CO2/H2O = 0.5, O2/CH4 = 0.15 and (CO2+H2O+O2)/CH4 = 1.65); and TRM3 (CO2/H2O = 0.5, O2/CH4 = 0.1 and (CO2+H2O+O2)/CH4 = 1.1). The ratio CO2/H2O of 0.5 could contribute to carbon formation, as probably DRM and SRM processes occurred parallelly. The ratio (CO2+H2O+O2)/CH4 = 1.65 in TRM2 could, however, lead to the removal of significant amount of C (mass loss 2.4%), since the content of oxidants was higher compared to the CH4. The surface analysis of the chosen samples was carried out by ToF-SIMS. The normalized intensities of selected ions are presented in Table 4, showing lower Ni surface content for the samples after TRM(1-3) compared to the calcined material. Despite the observed fluctuations, the highest decrease of the contribution of Ni surface species was observed for the catalyst after TRM3 (i.e., Ni + /C + =4.6). This was confirmed by the changes in the values of NiO -/Total ion -. Furthermore, the increase of the methane concentration in the reaction feed resulted in continuous drop of the intensity of Ni + ion in comparison to Mg + and Al + . The same trend was observed for the ions containing oxygen (NiO -/MgO -and NiO -/AlO -), suggesting that the Ni surface is covered by the reaction intermediates/impurities more efficiently than the surface of Mg and Al. Moreover, the surface carbon (C -and C2 -ions) did not change for the samples after TRM(1,2) as it is similar to that for calcined HTNi. On the other hand, a noticeable increase of intensities of C -and C2 -ions was observed for the sample the after TRM3 (0.034 and 0.104, respectively). This suggests the formation of higher amount of C deposit on this catalyst, which is in line with the XRD, TGA and HRTEM results. 

Conclusions

In conclusion, HTNi is a promising catalyst for tri-reforming of methane, assuming flue gas composition similar to that of natural gas-fired power plants. HTNi resulted in H2/CO ratio in the range of 1.6-2.0 which is suitable for Fischer-Tropsch process over Co-based catalysts. A control of the CO2/H2O and (CO2+H2O+O2)/CH4 ratios is important for both activity and selectivity towards carbon formation reactions. Also, the methane content in the feed is crucial in order to maintain stable catalytic performance, by controlling the Ni particle size and limiting the C deposition. In TRM conditions, under Ni/Mg/Al hydrotalcite-derived catalysts, the TOF is increasing with increasing Ni metal crystallite size.

  presence in oxidative conditions, combined CO2 reforming and partial oxidation of methane was carried out. The addition of CO2 (10 vol.%) resulted only in a slight increase of CH4 conversion in comparison to the POM results (Fig.1C). Similar observation was reported for the CRPOM process over Ni/MgO prepared by impregnation technique.[START_REF] Meshkani | Investigation of the catalytic performance of Ni/MgO catalysts in partial oxidation, dry reforming and combined reforming of methane[END_REF] Meshkani et al.[START_REF] Meshkani | Investigation of the catalytic performance of Ni/MgO catalysts in partial oxidation, dry reforming and combined reforming of methane[END_REF] registered higher CH4 conversion for CRPOM than for DRM or POM, carbon deposits lower for POM reaction than for DRM, and no carbon deposition in the CRPOM process. The values of CO2 conversion were significantly lower under oxidative CO2 reforming than in DRM, showing ca. 55% at 850°C and 45.9% at 700°C in TPSR and isothermal tests, respectively (Figs. 2B

Fig. 1

 1 Fig. 1 POM (CH4/O2/Ar=1/0.5/8.5) over HTNi in the range of 600-850°C (A), and at 700°C for 300 min (B).

Fig. 2

 2 Fig. 2 Catalytic results of HTNi tested at 700°C for 300 min in (A) TRM1 (CH4/CO2/H2O/O2/Ar = 1/0.5/0.5/0.1/7.9), (B) TRM2 (CH4/CO2/H2O/O2/Ar = 2/1/2/0.3/4.7), (C) TRM3 (CH4/CO2/H2O/O2/Ar = 3/1/2/0.3/3.7). All tests assumed GHSV=20,000h -1 . HRTEM images of HTNi used in TRM1 (D), HRTEM images of HTNi used in TRM3 (E).

Fig. 3

 3 Fig. 3 TGA curves obtained upon thermal decomposition of the HTNi catalysts used in: DRM, POM, CRPOM, TRM1, TRM2, and TRM3 (A). XRD patterns of the spent catalysts (B). The indicated temperature regions in Fig. 3A are just approximate regions. An amorphous carbon can be already oxidized in the temperature <300°C.

Table 1

 1 Feed gas compositions used in this study.

	Reaction	Feed gas composition
	POM	CH4/CO2/O2/Ar= 1/0/0.5/8.5
	CRPOM	CH4/CO2/O2/Ar = 1/1/0.5/7.5
	TRM1	CH4/CO2/H2O/O2/Ar = 1/0.5/0.5/0.1/7.9
	TRM2	CH4/CO2/H2O/O2/Ar = 2/1/2/0.3/4.7
	TRM3	CH4/CO2/H2O/O2/Ar = 3/1/2/0.3/3.7

Table 2

 2 Average CH4 and CO2 conversions, H2/CO molar ratio and TOF for DRM, POM, CRPOM and TRM processes for HTNi in the 300 min at 700 °C, GHSV 20,000 h -1 .

	Catalytic performance	DRM 1	POM	CRPOM	TRM1	TRM2	TRM3
	XCH4 [%]	73.2	87.4	89.0	98.2	91.9	75.9
	XCO2 [%]	75.0	-	45.9	69.3	77.9	90.8
	H2/CO	0.90	2.0	1.11	1.97	1.86	1.59
	TOF [•10 -2 s -1 ] 2	n/c	n/c	n/c	14.5	27.2	34.0
	TOF [•10 -2 s -1 ] 3	n/c	n/c	n/c	13.9	27.8	75.7
	1 values taken from our previous studies [13-15]; n/c -not calculated			
	2 calculated for reduced materials						
	3 calculated for spent materials based on Ni dispersion values of: TRM1 (9.3%), TRM2 (8.7%), TRM3
	(4.0%)						

Table 3

 3 The comparison of selected data concerning carbon deposits for the spent HTNi catalyst after DRM,

	CRPOM, TRM(1-3) in isothermal tests at 700 °C, GHSV = 20,000 h -1 .		
	Carbon analysis	DRM	POM	CRPOM	TRM1	TRM2	TRM3
	XRD a	+	-	-	-	-	+
	TGA b	20.0%	1.9%	1.4%	0.9%	2.4%	17.3%
		450°C	390°C	365°C	410°C	333°C	425°C

a "+" presence of reflection of graphitic-type of carbon, "-" carbon not detected; b mass loss[%] and starting temperature of carbon oxidation.

Table 4

 4 Normalized intensity of selected ions calculated on the basis of ToF-SIMS spectra collected from the surface of the studied catalysts.

	Type of ions	HTNi calcined	TRM1	TRM2	TRM3
	Ni + /C +	19.1	10.5	15.7	4.6
	NiO -/C -	0.029	0.007	0.014	0.004
	NiO -/C 2-	0.032	0.011	0.016	0.001
	NiO -/Total ion -	0.00058	0.00019	0.00030	0.00012
	Ni + /Mg +	0.223	0.095	0.070	0.056
	Ni + /Al +	0.41	0.19	0.15	0.13
	NiO -/MgO -	1.86	0.82	0.55	0.37
	NiO -/AlO -	0.23	0.14	0.09	0.07
	C -/Total ion -	0.020	0.026	0.023	0.034
	C2 -/Total ion-	0.018	0.018	0.019	0.104
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