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Abstract

:

In this work, the facile reflux method was used as a crystallization procedure for zeolite NaY synthesis. The zeolite mixture was aged for 7 days and then refluxed for crystallization at 100 °C for 12 h. The synthesized zeolite NaY was impregnated with 10, 20 and 30 wt%Ni solution to use as a catalyst for CO2 methanation. The 30 wt% of Ni on the zeolite NaY catalyst showed the highest CO2 methanation catalytic activity, with almost 100% CH4 selectivity. This can be explained by an appropriate H2 and CO2 adsorption amount on a catalyst surface being able to facilitate the surface reaction between them and further react to form products. The oxidation state of Ni and the stability of the catalyst were monitored by time-resolved X-ray absorption spectroscopy. The oxidation state of Ni2+ was reduced during the catalyst reduction prior to the CO2 methanation and it was completely reduced to Ni° at 600 °C. During CO2 methanation, Ni° remained unchanged. In addition, the stability test of the catalyst was conducted by exposing the catalyst to a fluctuating condition (CO2 + H2 and only CO2). The oxidation state of Ni° remained unchanged under the fluctuating condition. This indicated that the Ni/zeolite catalyst has high stability, which can be attributed to an appropriate binding strength between Ni and the zeolite support.
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1. Introduction


CO2 hydrogenation or CO2 methanation is a promising method for solving CO2 emissions by utilizing the waste CO2 as a starting feed chemical. The CO2 methanation is expressed as Equation (1):


CO2 + 4H2 ⇌ CH4 + 2H2O   ΔH298K = −165 kJ/mol



(1)







However, this reaction exhibits large exothermic energy and it has a high kinetic barrier; thus, a catalyst is required to accelerate the reaction. One approach for enhancing catalytic activity is to increase the reactants’ adsorption probability. For the CO2 methanation reaction, CO2 and H2 are usually adsorbed on different sites on the catalyst’s surface. In a typical heterogeneous catalytic system, the dissociative adsorption of H2 often occurs on a metal active site, which is deposited on a catalyst support, while the adsorption of CO2 often occurs on a catalyst support [1,2,3]. It is accepted that Ni was a suitable active metal for this reaction because of its high activity, high selectivity and low price [4,5,6]. For catalyst support, mesoporous solid oxides with high surface area and pore volume such as SiO2, Al2O3 and zeolite are usually used for this reaction. It has been reported that tuning the surface properties of the catalyst support can also alter the active metal properties [7,8,9,10,11]. A high surface area and pore volume of supports can promote the dispersion of metal active species, which then facilitates the adsorption of H2 molecules. Moreover, the interaction between the support and metal active species or metal–support interaction also plays an important role in catalyst reducibility, which affects the adsorption behavior of both reactants. From our previous work [2,12,13], we found that the surface area and pore volume of a catalyst support plays important roles in the reducibility and basicity properties of catalysts, which plays a dominant role in CO2 methanation catalytic activity. Zeolite NaY with faujasite (FAU)-type zeolite has been extensively used as a catalyst or catalyst support for hydrocracking reactions, CO2 hydrogenation, biodiesel production and CO2 methanation [14,15,16,17]. The advantage of using zeolite NaY as a catalyst support is its high surface area (400–600 m2/g), which can increase the dispersion of deposited particles of metals and consequently reduce the sintering of those metals during high reaction temperatures. In addition to its high surface area, the high pore volume of zeolite NaY (0.74 nm supercage) can also enhance CO2 diffusion [8]. Moreover, the sodium form of zeolite is beneficial for CO2 methanation since compensating Na ions in zeolite present higher basicity than the protonic (H+) form, which can increase the CO2 adsorption capacity. In addition, the Na form of zeolite can also improve the Ni reducibility of a zeolite-supported nickel catalyst [18,19].



Typical zeolite synthesis procedures are usually conducted under a high-pressure reactor; thus, an instrumental setup with a high degree of safety must be a major concern. Normally, the zeolite synthesis procedure consists of two main steps: nucleation and crystallization. For nucleation, silicon and aluminum source solutions are mixed together to obtain a zeolite mixture. In this step, the zeolite mixture is usually aged for a period of time to produce a nucleation precursor. For the crystallization step, the zeolite mixture is heated, which leads to the growth of the nucleation precursor and the formation of a zeolite. In this step, a high-pressure vessel is usually used to promote the crystallization of the zeolite. However, the heating of the high-pressure vessel must be carefully handled. A large number of research groups have proposed a facile zeolite synthesis method under mild conditions (ambient pressure) to reduce the risk of a high-pressure reactor explosion [20,21,22]. Wang et al. [20] reported a zeolite Y synthesis method under ambient pressure. The synthesis procedure was conducted in an open system using a glass tube as a reactor. Sun and coworkers [21] also reported a general method for LTA, FAU, BEA and MFI zeolite synthesis methods under atmospheric pressure using a conventional device (a reflux flask as a reactor). The zeolite precursors can be synthesized by heating and stirring liquid reflux. Herein, a facile crystallization method using reflux was used for zeolite synthesis. The as-synthesized zeolite NaY exhibited a high surface area and it was used as the catalyst support for the CO2 methanation reaction. Scheme 1 presents the scope of this work. Zeolite NaY was synthesized by mixing feed and seed gels to obtain a zeolite mixture. The zeolite mixture, which consisted of a nucleation precursor (aluminosilicate anion), was aged for 7 days. After that, the aged zeolite mixture was heated for crystallization by refluxing at 100 °C for 12 h. The obtained zeolite NaY had a high surface area. This indicates that this facile crystallization method has high potential to synthesize zeolite NaY. As-prepared zeolite NaY was used as a catalyst support, impregnated with 10, 20 and 30 wt%Ni solution. All modified catalysts were tested for CO2 methanation catalytic activity under atmospheric pressure in the temperature range of 100–500 °C. All synthesized samples were characterized by X-ray diffraction, transmission electron microscopy, N2 adsorption–desorption and temperature-programmed (H2-TPR, H2-TPD and CO2-TPD) techniques. Furthermore, we focused on describing the role of the catalyst in enhancing the CO2 methanation catalytic activity by in situ X-ray absorption spectroscopy (in situ XAS). The information obtained on the molecular level from the XAS technique can indicate the electronic changes to Ni during the reaction and also describe the stability of the catalyst.




2. Materials and Methods


2.1. Catalyst Preparation


2.1.1. Zeolite NaY Preparation


Zeolite NaY was prepared by mixing seed gel and feed gel. The seed gel contained 4.62 Na2O:Al2O3:10 SiO2:180 H2O and the feed gel was 10.67 Na2O:Al2O3:10 SiO2:180 H2O. The ratio of seed gel to feed gel was 1:9.



In a typical preparation, the seed gel was prepared by dissolving 2.96 g silica (SiO2) in sodium hydroxide solution to obtain a sodium silicate solution. Next, 0.80 g of sodium aluminate anhydrous was dissolved in a sodium hydroxide solution to attain a sodium aluminate solution. The sodium silicate solution and sodium aluminate solution were then mixed and stirred for a few minutes to obtain a seed gel. The seed gel was aged at room temperature for 1 day. The feed gel was prepared by dissolving 26.70 g of SiO2 in a sodium hydroxide solution. Next, 7.29 g of sodium aluminate anhydrous was dissolved in a sodium hydroxide solution. The two solutions were then mixed and stirred to obtain the feed gel. For the next step, the seed gel was mixed into the feed gel and transferred into a polypropylene bottle. The mixture was aged at room temperature. Then, the zeolite mixture was heated for crystallization at 100 °C for 12 h by reflux. Finally, the sample was filtered and dried at 80 °C for 12 h. The sample was denoted as ZY_xD, where D was the aging time of the zeolite mixture before crystallization.




2.1.2. Zeolite-Supported Ni Catalyst Preparation


We prepared 10, 20 and 30 wt%Ni/zeolite NaY catalysts using the wet impregnation method. The desired amount of Ni(NO3).6H2O was dissolved in distilled water and the synthesized zeolite NaY was immersed in this solution. The immersed sample was dried in an oven at 110 °C for 12 h and calcined at 450 °C for 2 h.




2.1.3. Characterization


X-ray diffraction patterns of all samples were obtained using a Panalytical Empyrean X-ray diffractometer (Marvern Panalytical Ltd., Marlvern, UK). The diffractogram was obtained in the 2θ range of 5° to 50°. The scan speed was 30 s/step and the increment was 0.02°.



The N2 adsorption–desorption isotherms of synthesized samples were carried out at −196 °C using a BELSORP MINI X surface area analyzer instrument (MicrotracBEL Corp., Osaka, Japan). The sample was degassed at 300 °C for 4 h prior to the gas adsorption experiment. The multipoint BET method was used to determine the specific surface area with the relative pressure (P/Po) range of 0.05 to 0.30.



The actual metal content was determined by atomic absorption spectroscopy (PerkinElmer Atomic Absorption Spectrometer PinAAcle 900F; PerkinElmer, CT, USA) with a wavelength of 232.00 nm for the Ni element.



The morphologies of all samples were obtained from a LEO1450VP Scanning Electron Microscope (Carl Zeiss, New York, NY, USA). The sample was first dispersed on carbon tape and then coated with gold ions under vacuum for 240 s. The TEM images of the synthesized samples were obtained from an FEI Tecnai G2 20 TWIN transmission electron microscope (FEI company, Hillsboro, OR, USA). Ethanol was used as the dispersing solvent. The sample was dispersed in ethanol and then the solution was dropped on the copper grid. The prepared copper grid was left out to dry the ethanol prior to measurement.



The H2-temperature program reduction (H2-TPR) profiles of all samples were obtained using Belcat B apparatus (MicrotracBEL Crop., Osaka, Japan). A 20 mg sample was first pretreated by He flowing at 120 °C for 30 min. After the sample had cooled down, a gas mixture of 5% H2 and 95% Ar was switched over the sample. The reduction temperature was increased up to 800 °C with a ramp rate of 10 °C/min. A thermal conductivity detector was used as a detector and a H2-TPR profile was constructed by plotting H2 consumption against temperature.



A CO2-tempreature program desorption (CO2-TPD) technique was used to determine the binding strength between CO2 and the catalyst. The CO2-TPD profiles were obtained from a Belcat II apparatus (MicrotracBEL Crop., Osaka, Japan). The sample was first pretreated under He (50 mL/min) at 150 °C for 60 min, and then the sample was cooled down to 50 °C. After that, a flow of CO2 was switched over the sample (30 mL/min) for 30 min at the same temperature. Then, a flow of He was switched back to remove any excess adsorbed CO2 at 50 °C for 60 min. Finally, the temperature of the system was increased up to 750 °C with a ramp rate of 10 °C/min to desorb the adsorbed CO2 on the catalyst surface. The desorbed CO2 was detected using the TCD detector.



The H2-tempreature program desorption (H2-TPD) technique was used to determine the strength of the binding between H2 and Ni active sites. An H2-TPD profile was obtained from the Belcat B apparatus (MicrotracBEL Crop., Osaka, Japan). A sample (50 mg) was pretreated under gas mixture (5%H2/95%Ar) with a flow rate of 50 mL/min at 600 °C for 90 min. After the pretreatment process, the sample was then cooled down to 50 °C under an Ar flow to remove weakly adsorbed H2 on the surface of the catalyst. Next, the sample was heated from 50 °C to 800 °C (10 °C /min) under an Ar flow with a rate of 60 mL/min. The TCD detector was used to detect the desorbed H2. An H2-TPD profile was constructed by plotting the desorbed H2 signal against temperature. To determine the dispersion of active metal on the surface of the catalyst, the H2-TPR information was also used. The dispersion of active metal can be calculated using the following equation [23].


   D     ( % ) =   100   ×      2 ×   V   ad   × M × SF   P ×   V   m   ×   d   r       ,  



(2)




where Vad (mL) is the chemisorbed H2 volume at standard temperature and pressure (STP), measured by TPD, M is the molar mass of Ni (58.69 g/mol), and P is the weight fraction of Ni in the sample, which was obtained by AAS. SF is the stoichiometric factor between Ni and H in the chemisorption, which was equal to 1, and Vm is the molar volume of H2 (22,414 cm3/mol) at STP. The dr is the reduction degree of nickel, which was obtained from H2-TPR.




2.1.4. CO2 Methanation Catalytic Activity Test


The CO2 methanation test was carried out using a fix-bed continuous-flow quartz reactor. Briefly, 50 mg of sample was packed into the reactor between two layers of quartz wool and the reactor was placed inside the temperature-controllable furnace. The reaction temperature inside the reactor was measured using a K-type thermocouple, which was placed on the top of the catalyst bed. The sample was first activated by H2 flowing at 600 °C for 90 min. Next, the reactor was cooled down to 100 °C. To start the CO2 methanation reaction, the mixed gas feed (24 mL/min H2, 6 mL/min CO2 and 10 mL/min He) was switched through the sample for 30 min. The remaining reactants and products were analyzed by an on-line GC Agilent 6890N Series, Agilent technology Gas Chromatography (Agilent, Santa Clara, CA, USA) with HEYSEPD Packed Column and TCD detector. The reaction temperature was increased by 50 °C for each step, up to 500 °C.



The catalyst activity was reported as the percentage of carbon dioxide conversion (    X   C   O   2      ) and selectivity to methane and carbon monoxide (    S   C   H   4       and     S   CO    ) by the following equations:


    X   C   O   2     =     C   C   O   2     in      -      C   C   O   2     out       C   C   O   2     in     ×  100 %   



(3)






    S   C   H   4     =     C   C   H   4         C   C   H   4     +   C   CO     ×  100 %   



(4)






    S   CO   =     C   CO       C   C   H   4     +   C   CO     ×  100 %  ,  



(5)




where     C   C   O   2     in     is the concentration of CO2 in the pre-reaction,     C   C   O   2     out     is the concentration of CO2 in the post-reaction, and     C   C   H   4      ,      C   CO     were the concentrations of CH4 and CO in the post-reaction, respectively.



A separate experiment for kinetic study was carried out using the reaction temperature range of 175–275 °C (% conversion < 15%). Under this condition, the heat and mass transfer can be excluded. The rate of reaction can be determined by following equation:


   Rate = (      F     CO   2       W    )   ×      X     CO   2     ,  



(6)




where     F     CO   2       is the total flow rate of CO2 (mol s−1) and W is the weight of the sample (g).




2.1.5. In Situ X-ray Absorption Spectroscopy


Oxidation State of Ni during CO2 Methanation


The oxidation state of Ni during the reduction process and CO2 methanation reaction was monitored by analyzing the data of the Ni K edge XANES spectra of the 30 wt%Ni/zeolite NaY sample. An in situ experiment was conducted at Beamline 2.2, with Time-Resolved X-ray absorption spectroscopy, at the Synchrotron Light Research Institute, Nakhon Ratchasima, Thailand. The XAS experiment was performed in transmission mode using an energy dispersive monochromator (EDM) with a bent Si (111) crystal (photon energy = 4–12 keV). An NMOS linear image sensor was used as a detector. The in situ experimental procedure was similar to the CO2 methanation catalytic activity test. First, the sample was mixed with boron nitride using a ball mill for 15 min. Then, the mixed sample was pressed into a pellet and put inside an in situ cell. The sample was reduced under H2 atmosphere (24 mL/min). After that, the in situ cell was heated from ambient temperature to 600 °C. XANES spectra were recorded at every 10 °C increment during the reduction temperature increases. The sample was reduced at this temperature (600 °C) for 90 min and the XANES spectra were recorded every 10 min. After pretreatment by gas reduction, the sample was cooled down to 100 °C and the mixed feed gas (H2; 24 mL/min and CO2; 6 mL/min) was then switched over the sample to start the CO2 methanation reaction with a total flow rate of 30 mL/min. The temperature was held for 10 min and the XANES spectra were recorded. The reaction temperature was increased every 50 °C until 500 °C and the XANES spectra at each temperature were collected. The XANES spectra were first corrected by the pre-processing program and then analyzed by the Athena program (Demeter, version 0.9.25).




Local Environment of Ni during CO2 Methanation


The local environmental changes of the Ni probe atom, during the CO2 methanation reaction, were carried out at the SUT-NANOTEC-SLRI XAS Beamline (BL5.2) of the Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima, Thailand. The EXAFS of the Ni K edge of 30 wt%Ni/zeolite NaY was obtained by transmission mode. The ionization chamber, which was installed in front of and behind the sample, was used as a detector to measure the incident (I0) and transmitted (I1) beam, respectively. The Ge (220) was used as a double crystal monochromator (DCM) to select an appropriate photon energy. An in situ experiment was started by placing the pressed sample in an in situ cell and then reducing the sample under H2 flow (24 mL/min) at 600 °C for 90 min. At this reduction state, the EXAFS spectra were recorded. Next, the CO2 methanation was started by cooling down the sample to 100 °C and switching the feed stream (H2:CO2 ratio = 4:1) over the sample (30 mL/min). The sample was kept at this temperature for 30 min and the EXAFS spectra was recorded at this state. Following this, the sample was heated up by 50 °C for each step until it reached to 500 °C. The EXAFS spectra were collected during the holding period at each temperature. All EXFAS spectra were analyzed by the Athena and Artemis programs (Demeter, version 0.9.25).




Stability Test Carried out by Monitoring the Ni Oxidation State Changes during Fluctuating Conditions


The stability of the Ni/zeolite catalyst under fluctuating conditions was conducted at the BL 2.2 time-resolved X-ray absorption spectroscopy beamline. The fluctuating condition was carried out by switching the feed stream between the feed gas with and without H2. The sample was first pretreated under H2 flow by increasing the temperature to 600 °C and the XANES spectra were recorded at every 10 °C temperature increment. The reduction temperature was then maintained at 600 °C for 90 min and XANES spectra were collected every 10 min. Next, the sample was cooled down under a H2 atmosphere to 100 °C and then the CO2 methanation reaction was started by switching the feed gas of CO2 (6 mL/min), H2 (24 mL/mi) and He (10 mL/min) over the sample. The sample was then heated to 350 °C and held at this point for 60 min. The XANES spectra were collected every 10 min from the 30th min until the 60th min, together with mass spectrometry profile collection. After the CO2 methanation condition, there were H2 dropouts from the feed gas, which indicated that only CO2 and He were present in the feed stream. The sample was held at this temperature for 60 min and spectra were also collected every 10 min from the 30th min until the 60th min. The fluctuating condition was repeated again and the spectra were collected in the same manner as above. All XANES spectra were corrected by a pre-processing program and then analyzed by Athena software (Demeter, version 0.9.25).







3. Results and Discussion


3.1. Zeolite NaY Support and Zeolite-Supported Ni Catalyst


Zeolite NaY is usually synthesized by mixing seed and feed gels. In keeping with this method, after mixing these two zeolite precursors, the zeolite mixture was then aged for different times, i.e., 0, 1, 3 and 7 days. After that, the aged zeolite mixture was heated for crystallization by refluxing at 100 °C for 12 h. Figure 1a illustrates the XRD patterns of synthesized zeolite with the different aging times of the zeolite mixture. All as-prepared samples exhibited the characteristic peaks of the FAU type of zeolite with different peak intensity [17,22]. Increasing the aging time resulted in increased peak intensity, which indicated high crystallinity levels in the zeolite. The advantage of aging the zeolite mixture before crystallization is to increase the nucleation precursor (aluminosilicate anion), which is the origin of zeolite crystal growth [24,25]. By increasing the number of nucleation precursors, the crystallite size is reduced and zeolite crystallinity is promoted [26,27]. However, aging the zeolite mixture for more than 7 days would not increase the zeolite crystallinity. Therefore, the optimum aging time was 7 days.



Figure S1 (in Supplementary Materials) displays SEM images of synthesized zeolite with different aging times. It can be seen that all samples exhibited an octahedral shape, which is a characteristic of FAU zeolite. The octahedral shape became noticeably sharper with an increase in the aging of the zeolite mixture, which is consistent with the XRD results. Figure 1b illustrates N2 adsorption–desorption isotherms of zeolite with 0, 1, 3 and 7 days’ aging time. All as-prepared zeolite exhibited type IV adsorption isotherms. The N2 uptake improved upon increases of aging time and the multipoint method was used to determine the specific surface area. The data for this are summarized in Table 1. From Table 1, the specific surface areas of ZY_0D, ZY_1D, ZY_3D and ZY_7D increased with the increased aging times, which corresponds to the crystallite sizes. The ZY_7D sample expressed the highest specific surface area of 468.8 m2/g, which was comparable to other works in which zeolite was obtained under ambient conditions, as shown in Table 1. From these results, it can be seen that zeolite NaY can be formed without aging the zeolite mixture before crystallization. This would seem to indicate that the refluxing method has great potential for use as a zeolite NaY crystallization method at ambient pressure.



As-prepared zeolite NaY with 7 days’ aging time (ZY_7D) was selected for use as a support for the impregnation of various amounts of Ni. The actual Ni contents used were 8.6, 20.8 and 30.6 wt% for 10, 20 and 30 wt%Ni addition, respectively. It is seen that the actual Ni content was close to the nominal content. Figure 2a displays the XRD patterns of Ni/zeolite NaY with contents of 10, 20 and 30 wt% compared with that of the bare zeolite NaY support. The zeolite NaY characteristic peaks were reduced upon an increase in Ni loading, which was attributed to a lowering of crystallinity. However, peaks at 37.3° and 43.3°, which corresponded to the NiO(111) and NiO(200) crystallographic planes, were observed [28,29]. The peak intensity of the NiO phase was increased upon an increase in the Ni content. The crystallite sizes of the zeolite support and NiO were calculated by Scherrer’s equation and the results are summarized in Table 1. The results show that the zeolite and NiO crystallite size increased with an increase in Ni content. Figure S2 displays SEM images and the elemental mapping of zeolite support and Ni/zeolite catalysts. The pristine zeolite NaY showed an octahedral characteristic shape of faujasite zeolite type with an average particle size of around 700 nm. Upon impregnation with Ni, a distorted octahedral shape and increase in the degree of agglomeration of the catalyst particle was observed. The average particle sizes of the 10, 20 and 30 wt%Ni loading catalysts were 675, 700 and 800 nm, respectively. The distribution of Ni seems low when the Ni loading amount is increased, which can be observed in the Ni mapping images. Figure 2b displays the N2 adsorption–desorption of all Ni/catalysts compared with zeolite NaY support. All samples exhibited type IV adsorption isotherms which are associated with mesoporous materials. The specific surface areas of all samples are summarized in Table 1. The specific surface area of the modified samples was reduced upon an increase in Ni loading, indicating that zeolite porosity was partially reduced by the added Ni. However, a reduction in surface area can suppress the diffusion of reactants into the pores [30].




3.2. Temperature-Programmed Results


The reducibility of catalysts can be investigated using the H2 temperature program reduction technique. Figure 3 displays the H2-TPR profiles of 10, 20 and 30 wt% of Ni impregnated on zeolite. All H2-TPR profiles exhibited reduction peaks, which were attributed to a reduction in NiO to metallic Ni. All of those reduction peaks exhibited a different peak intensity and peak position, which corresponded to the binding strength of NiO to the zeolite support and the location of NiO, respectively [31,32]. A small reduction peak around 370 °C was attributed to the NiO, which was located on the external surface of the zeolite [8,33]. This reduction peak intensity increased with an increase in Ni content, which suggested the existence of a larger amount of external NiO on the catalyst surface. The higher reduction peak at around 400 °C was attributed to the reduction in deposited NiO inside the zeolite pore [31]. This reduction peak intensity also increased with an increase in the amount of Ni. Moreover, the peak position shifted toward a higher reduction temperature, which indicated a higher binding strength between the NiO and zeolite support or a strong metal support interaction [8]. It was reported that high binding strength between Ni active species with catalyst support can prevent the agglomeration or sintering of Ni active species under reaction streams [34]. The amount of H2 consumption of all catalysts is presented in Table 2, which shows that that an increase in consumed H2 corresponds to an increase in Ni loading.



Temperature program desorption (TPD) is usually used to investigate the amount of desorbed gas from a catalyst’s surface, which relates to the binding strength and the affinity of the catalyst surface to the adsorbed gas. Since H2 was the key reactant for CO2 methanation, H2-TPD was used to investigate the desorption of H2 from the catalyst surface, which can directly indicate the amount of adsorbed H2 molecules. Figure 4 shows that all of the H2-TPD profiles exhibited a single prominent desorption signal at around 350–450 °C. This can be attributed to H2 adsorption on surface defects and dispersed Ni nanoparticles, which can promote the diffusion of surface hydrogen [35]. The TPD peak intensity increased with an increase in Ni content, which indicated a higher amount of H2 adsorption on the catalyst’s surface. The total amount of desorbed H2 is expressed in Table 2. The percentage of Ni dispersion on the catalyst’s surface can be calculated using the data from H2-TPR together with H2-TPD, the results of which are summarized in Table 2. It can be seen that the dispersion decreased with an increase in Ni loading. This was probably due to the agglomeration of the high Ni amount, which can be evidenced in the SEM mapping images.



CO2-TPD results can indicate the CO2 adsorption capacity and the binding strength between CO2 and the catalyst’s surface. The amount of desorbed CO2 directly represented the amount of CO2 uptake and the desorption temperature can indicate the strength between adsorbate and adsorbent. Normally, the three main regions in the CO2-TPD profile can indicate the binding strength of CO2 with the catalyst’s surface as weak (<300 °C), medium (300–600 °C) or strong (>600 °C) [8,14]. The binding strength between CO2 and the catalyst’s surface plays an important role in catalyzing the reaction. In the case of weak binding strength, CO2 was physically bound with the surface and could leave the surface more easily than when the surface reaction was suppressed. Meanwhile, the strong binding strength of CO2 with the surface can lead to the hindering of CO2 dissociation to a key reaction intermediate (carbon monoxide or formate species). Consequently, an appropriate binding strength between CO2 and the catalyst is an important consideration in catalytic performance. However, the strong region was negligible in this case, since the maximum reaction temperature was 500 °C. Figure 5 illustrates the CO2-TPD profiles of zeolite NaY support, 10, 20 and 30 wt%Ni/zeolite for weak and medium ranges. The contribution of weak and medium regions can be calculated from the areas under the desorption peaks, which are presented in Table 2.




3.3. CO2 Methanation Catalytic Activity


All synthesized Ni/zeolite catalysts were tested for CO2 methanation catalytic activity under atmospheric pressure in the reaction temperature range of 100–500 °C. The CO2 methanation catalytic performance is reported in terms of the percentage of CO2 conversion as a function of reaction temperature, as shown in Figure 6a. The bare zeolite NaY support was not active for this reaction even though the reaction temperature had reached around 500 °C. The CO2 methanation catalytic activity was greatly enhanced upon the addition of Ni to the zeolite. Due to increased Ni loading, CO2 conversion was enhanced, which was indicated by a CO2 conversion of 50%. The temperature at the CO2 conversion of 50% was shifted toward a lower temperature with an increased Ni content, from 400, 353 and 335 °C for 10, 20 and 30 wt%Ni loading, respectively. However, further increases in the amount of Ni (40 wt%Ni) led to a decrease in CO2 conversion. This might be due to Ni agglomeration from an excess amount of loaded Ni, which then blocked the CO2 adsorption site. Therefore, the optimum Ni loading for a maximum reaction was 30 wt%. It can be seen that the CO2 conversion of all catalysts did not increase, even at higher temperatures, i.e., the CO2 conversion dropped slightly and was much lower than the equilibrium line. This can be explained by the fact that the catalyst diluent was not used in the catalyst bed, during the catalytic activity test. Therefore, the reported temperature might be much lower than that inside the catalyst bed in the reactor. Figure 6b shows the desired (CH4) product selectivity compared with the undesirable (CO) product. It was found that CH4 selectivity increased with the amount of Ni and the selectivity almost reached 100% in the temperature range of 300–450 °C. The undesirable product increased with an increased reaction temperature, which was due to the occurrence of a side reaction (reversed water gas shift; CO2 + H → CO + H2O). The kinetic study was analyzed in terms of apparent activation energy (Ea), which is calculated using the temperature range of 175–275 °C (CO2 conversion less than 15%), as shown in Figure 6c. The activation energies of all modified catalysts were 94.46, 80.20 and 72.01 kJ/mol for 10, 20 and 30 wt%Ni, respectively. This shows that 30 wt%Ni/zeolite exhibited the lowest activation energy, which corresponds to its highest catalytic activity. The stability of 30 wt%Ni/zeolite was tested under a feed stream at 350 °C for 72 h, as shown in Figure 6d. It was found that the CO2 conversion and CH4 selectivity were constant during the time on stream. This indicates the great stability of the catalyst. Table 3 illustrates the comparison of CO2 methanation catalytic activity between our catalysts and other works.




3.4. X-ray Absorption Spectroscopy


X-ray absorption spectroscopy is a useful technique for monitoring the electronic state of the probe atom in the catalyst during the reaction. Since Ni was an active species for this reaction, an in-situ experiment for investigating the electronic state changing of Ni was conducted by time-resolved X-ray absorption spectroscopy. Figure 7a displays the Ni K edge XANES spectra of 30 wt%Ni/zeolite NaY before and after reduction by H2 at 600 °C compared with metallic Ni and Ni2+ standards. For the Ni° standard, an edge energy at 8333 eV, attributed to the 1s to 3d electronic transition, was observed. The edge energy of Ni2+ was found at 8350 eV, which is attributed to electron transition from the 1s to 4p state [38,39]. It was found that the XANES spectral feature of the fresh catalyst was similar to that of the Ni2+ standard, while the pretreated catalyst showed the same spectral feature as the Ni foil standard. This indicated that the oxidation state of Ni was Ni2+ and Ni° for before and after pretreatment, respectively. Figure 7b displays the Ni K edge XANES spectra of 30 wt%Ni/zeolite NaY during the pretreatment step and the CO2 methanation reaction. The oxidation state of Ni2+ for the fresh catalyst was gradually reduced to Ni° during the increase in the reduction temperature and it was completely turned to Ni° at 600 °C. This is indicated by the lowering of the Ni2+ peak at 8350 eV during the increase in reduction temperature, as shown in Figure 7c. The metallic Ni was unchanged when the reduction temperature was held at 600 °C (for 90 min), as shown in Figure 7d. After the pretreatment step, the mixed feed gas (CO2 and H2) was switched to the catalyst and the Ni K edge XANES spectra were recorded during the increase in reaction temperatures from 100 to 500 °C. It was found that the oxidation state of Ni° was still unchanged, which was indicated by the same edge energy being observed in the Ni K edge XANES spectra at each temperature, as shown in Figure 7d. This indicated that Ni species had high stability under the reaction stream. The local environment of Ni during the CO2 methanation reaction was also investigated by analyzing the data in the EXAFS region. Figure S3 (left hand side) shows the Ni K-edge EXAFS spectra for the pretreatment step (600 °C), and CO2 methanation at 350 and 450 °C. All spectra were amplified by a k2 weight with a window k range of 2–9 Å−1 and an R space of 1–6 Å. The Fourier transformed function without phase correction of the in-situ Ni K-edge EXAFS oscillation for 30 wt%Ni/ZY_7D at each state is shown in Figure S3 (right hand side). The cubic closed-packed (CCP) Ni structure was used as the model for fitting. The best fitting parameters of the 30 wt%Ni/ZY_7D catalyst at different states are shown in Table S1. The first strongest peak at around 2.0 Å (2.48 Å from fitting) originated from a single scattering path between the Ni probe atom and the nearest neighboring Ni atoms (Ni–Ni). Following an increase in the reaction temperature, the distance between Ni-Ni was slightly decreased, which might indicate the agglomeration of Ni [40,41].



Since the deactivation of the catalyst usually results from the sintering or agglomeration of the Ni species during a reaction, monitoring of the electronic state of Ni during the fluctuating condition (CO2 + H2 and H2 dropout conditions) was used to describe the stability of this catalyst. Figure 8a illustrates the Ni K edge XANES spectra of 30 wt%Ni/zeolite NaY during the pretreatment step and under fluctuating conditions. The oxidation state of Ni2+ was reduced to Ni° during the reduction process, which can be indicated by an increasing Ni° peak (8333 eV). The Ni° state was constant during the holding time (600 °C for 90 min), as shown in Figure 8b. After the reduction process, the mixed feed gas of CO2 and H2 was first switched to the catalyst for 60 min. In this state, the Ni K edge XANES spectra and CH4 were recorded at the 30th, 40th and 60th min. It was found that the oxidation state of Ni remained unchanged during the CO2 methanation, which can be observed by the same spectral feature of Ni (Figure 8a) and the peak at 8333 eV also being constant (Figure 8b). Next, H2 was removed from the feed gas for 60 min and those two pieces of data were collected in the same manner as above. Figure 8b revealed that the oxidation state of Ni remained unchanged and the CH4 signal was also dropped during the H2 dropout process. After that, H2 was re-purged in the feed gas again. In this state, the oxidation state of Ni was Ni° and the product signal increased. The proposed CO2 methanation reaction on the catalyst’s surface during fluctuating conditions is presented in Figure 8c. During CO2 methanation, CO2 and H2 molecules were adsorbed on the active site of the catalyst’s surface. After that, the surface reaction between adsorbed species occurred, and products were formed and then left the surface. In this step, the oxidation state of Ni was Ni°. After removing H2 from the feed gas, the oxidation state of Ni was still unchanged. This indicated that the Ni species was stable under only a CO2 atmosphere. Then, the CO2 methanation was aged again by re-purging the H2 into the feed stream. At this step, two reactants were then adsorbed on the catalyst’s surface and reacted to form products. The oxidation state of Ni was also still unchanged. This indicated that the Ni species on the catalyst’s surface had high stability [42,43]. The stability of the catalyst can be evidenced by comparing the TEM images of 30 wt%Ni/ZY_7D catalyst (fresh catalyst) after the reduction by H2 at 600 °C for 90 min and that catalyst after CO2 methanation, as shown in Figure 8d. The Ni particle distribution of the former sample was 6–14 nm, while that of the latter sample exhibited broader distribution (5–30 nm), as shown in the distribution graph (inset). Therefore, the TEM images indicate that the surface morphology was maintained after CO2 methanation. This confirmed that zeolite can support the distribution of Ni species by strong metal support interaction and that the active Ni species was stable.



In order to elucidate the role of catalysts on the catalytic activity, the amount of H2 and CO2 adsorption was taken into account. Figure 9 illustrates the H2 and CO2 desorption amounts which were obtained from H2-TPD and CO2-TPD (weak + medium peaks), respectively. The desorption amount was directly related to the amount of adsorbed species on the catalyst’s surface. For H2 desorption, the H2 signal was not detected for bare zeolite NaY, which indicated that H2 cannot be adsorbed on zeolite support; therefore, zeolite was not active for this reaction. Increasing Ni loading on the catalyst’s surface increased the H2 adsorption. This resulted from a higher Ni area being available for the dissociative adsorption of H2 molecules. In the case of CO2 desorption, the weak and medium binding strength of CO2 with the catalyst tended to increase following the impregnation of Ni. For the CO2 methanation reaction, four molecules of H2 were required to react with one molecule of CO2; therefore, a larger amount of H2 molecules are needed than CO2 molecules. It was found that 30 wt%Ni/ZY_7D presented the highest H2 adsorption amount, together with an appropriate amount of CO2 uptake, which in turn promoted the highest CO2 methanation catalytic activity. In addition, zeolite support can promote stability by providing an appropriate interaction between metal and support, as evidenced by the H2-TPR results. For the most part, the NiO species located on different sites on the zeolite surface showed different reduction peaks. A large number of works have reported that lower reduction temperatures (<350 °C) of NiO in the H2-TPR profiles indicated weak binding strength between NiO and zeolite support. However, higher reduction peaks (>500 °C) would lead to strong interactions between those two species. Weak interactions between NiO and zeolite support cannot suppress the agglomeration of NiO during reactions, while strong interactions cannot facilitate the reducibility of NiO during the reactions. Therefore, an appropriate interaction between NiO and zeolite support can promote CO2 methanation catalytic activity.





4. Conclusions


Zeolite NaY with a high surface area was successfully synthesized via the facile reflux method under atmospheric pressure. The optimized aging time of zeolite mixtures before crystallization was 7 days. As-prepared zeolite NaY was further used as a catalyst support for CO2 methanation reactions. Amounts of 10, 20 and 30 wt%Ni were impregnated on the catalyst and the modified catalysts were tested for CO2 methanation catalytic activity. The 30 wt%Ni/zeolite NaY exhibited the highest CO2 methanation catalytic activity and high stability during a time on stream of 72 h. The high surface area of zeolite support can provide an area for Ni dispersion and large amounts of Ni can be added on the catalyst’s surface, which can promote H2 adsorption. The 30 wt%Ni/zeolite NaY also exhibited the highest H2 adsorption amount, which indicated its highest reducibility. Likewise, this catalyst also expressed the highest CO2 uptake. Therefore, the appropriate adsorption amount of both reactants can promote CO2 methanation catalytic activity. In situ X-ray absorption spectroscopy was used to confirm the stability of the catalyst. The Ni active species on the catalyst’s surface were monitored when the feed gas was switched between CO2 methanation conditions (H2 + CO2) and H2 dropout conditions. The results showed that the oxidation state of metallic Ni, which originated from a reduction under the H2 atmosphere in the pretreatment step, was unchanged during two cycles of fluctuating experiments. This indicated that zeolite support can prevent the agglomeration of the Ni species by an appropriate metal support interaction.
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Scheme 1. A schematic representation of the scope of this work, including the synthesis of the 30 wt%Ni/ZY_7D catalyst using the facile reflux method (for crystallization), CO2 methanation tested by synthesized catalysts and in situ XAS investigation. 
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Figure 1. (a) XRD patterns and (b) N2 adsorption–desorption isotherms of zeolite NaY with different aging times (0, 1, 3 and 7 days). Solid and open symbols represent adsorption and desorption branches, respectively. 
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Figure 2. (a) XRD patterns and (b) N2 adsorption–desorption isotherms of zeolite NaY support (ZY_7D), with 10, 20 and 30 wt%Ni/ZY_7D catalysts. 
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Figure 3. H2-TPR profiles of zeolite NaY support, with 10, 20 and 30 wt%Ni/zeolite NaY catalysts. 
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Figure 4. H2 TPD of zeolite support and x wt%Ni/zeolite catalysts (x = 10, 20 and 30 wt%Ni). 
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Figure 5. The CO2 TPD of zeolite support and x wt%Ni/zeolite catalysts (x = 10, 20 and 30 wt%Ni). 
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Figure 6. (a) Catalytic activity (b), CH4 and CO selectivity, (c) Arrhenius plot of 10, 20 and 30 wt%Ni/zeolite NaY and (d) stability test of 30 wt%Ni/zeolite NaY at 350 °C. 
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Figure 7. Ni K edge XANES spectra of the 30 wt%Ni/ZY_7D catalyst (a) before and after reduction at 600 °C and Ni standards, (b) during the reduction process and CO2 methanation, (c) during the reduction process at various temperatures and (d) during the reduction process and CO2 methanation. 
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Figure 8. (a) Ni K edge XANES spectra of the 30 wt%Ni/ZY_7D catalyst during fluctuating conditions, (b) relationship between Ni° peak intensity, product (CH4) GC-MS signal and temperature during the process, (c) proposed reaction during fluctuating condition related to the oxidation state of the Ni species for each state and (d) comparison of TEM images of 30 wt%Ni/ZY_7D after reduction at 600 °C and after CO2 methanation reaction. 
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Figure 9. Comparing the H2 and CO2 desorption amounts for all synthesized samples. 
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Table 1. Surface area and crystallite size of zeolite and NiO and zeolite synthesis methods of other works.
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Samples

	
SBET (m2/g)

	
Crystallite Size of Zeolite (nm) a

	
Crystallite Size of NiO (nm) b

	
Synthesis Method

	
Reference






	
ZY_0D

	
285.3

	
41.1

	
-

	

	-

	
Age zeolite mixture at room temperature for 0, 1, 3 and 7 days;




	-

	
Crystallization by reflux at 100 °C for 12 h under ambient pressure.







	
This work




	
ZY_1D

	
313.0

	
33.6

	
-




	
ZY_3D

	
390.1

	
27.5

	
-




	
ZY_7D

	
468.8

	
23.6

	
-




	
Zeolite NaY

	
384.0

	
-

	
-

	

	-

	
Crystallization by reflux at 90 °C for 4 h under ambient pressure;




	-

	
Heating at 400 °C for 3 h.







	
[20]




	
Zeolite NaY

	
564.0

	
-

	
-

	

	-

	
Age zeolite mixture for 30 min;




	-

	
Crystallization in conventional lab oven at 90 °C for 18 h.







	
[21]




	
silicalite-1 zeolite

	
466.2

	
-

	
-

	

	-

	
Crystallization by reflux at 90 °C for 9 h under ambient pressure.







	
[22]




	
10 wt%Ni/ZY_7D

	
377.3

	
37.0

	
13.2

	
Wet impregnation

	
This work




	
20 wt%Ni/ZY_7D

	
300.4

	
38.8

	
16.4




	
30 wt%Ni/ZY_7D

	
282.8

	
39.2

	
18.9








a Calculated from (111) crystallographic plane of zeolite NaY. b Calculated from (200) crystallographic plane of NiO.













 





Table 2. H2 consumption, H2 and CO2 desorption, %Ni dispersion and activation energy of all synthesized samples.






Table 2. H2 consumption, H2 and CO2 desorption, %Ni dispersion and activation energy of all synthesized samples.





	
Sample

	
H2 Consumption (mmol/g) a

	
H2 Desorption (mmol/g) b

	
CO2 Desorption

(mmol/g) c

	
%

Dispersion

	
Ea (kJmol−1)




	
Weak

	
Medium






	
ZY_7D

	
-

	
-

	
0.294

	
0.406

	
-

	
-




	
10 wt%Ni/ZY_7D

	
132.5

	
46.32

	
0.482

	
0.622

	
29.5

	
94.46




	
20 wt%Ni/ZY_7D

	
184.3

	
50.61

	
0.302

	
0.405

	
14.6

	
80.20




	
30 wt%Ni/ZY_7D

	
195.5

	
56.25

	
0.478

	
0.601

	
11.0

	
72.01








a Estimated from H2-TPR. b Estimated from H2-TPD. c Estimated from CO2-TPD.













 





Table 3. Comparison of CO2 methanation catalytic activity between our catalyst and other works.






Table 3. Comparison of CO2 methanation catalytic activity between our catalyst and other works.





	Catalysts
	Temperature (°C)
	CO2 Conversion (%)
	CH4 Selectivity (%)
	Condition
	Reference





	5Ni/ITQ-2(∞)
	350
	68
	99
	H2/CO2 = 4:1, 1 atm, GHSV = 3500 h−1
	[7]



	15 wt%Ni/zeolite NaY
	250
	33
	100
	H2/CO2 = 4:1, 1 atm, GHSV = 12,500 h−1
	[8]



	10 wt%Ni/ZSM-5
	400
	76
	77
	H2/CO2 = 4:1, 1 atm, GHSV = 2400 h−1
	[36]



	Ni-10%La2O3/Na-BETA
	350
	65
	100
	H2/CO2 = 4:1, 1 atm, GHSV = 10,000 h−1
	[19]



	15 wt%Ni/USY

(Cs+ = compensating cation)
	325
	35
	100
	H2/CO2 = 6:1, 5 atm
	[37]



	30 wt%Ni/ZY_7D
	350
	58
	97
	H2/CO2 = 4:1, 1 atm, GHSV = 4250 h−1
	This work
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