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Abstract

:

Cyclohexene esterification–hydrogenation for the efficient production of cyclohexanol will be commercialized for the first time. Cu/MgO/Al2O3 catalysts with layered double hydroxides as precursors were developed, and the effect of altering the reduction temperature on the catalytic activity was explored. Fresh and spent Cu/MgO/Al2O3 catalysts exhibited excellent catalytic performance after thermal treatment during the hydrogenation of cyclohexyl acetate to cyclohexanol. STEM images showed that the Cu particles grew slightly, without obvious aggregation. Based on the results of XAES and in situ FTIR of the adsorbed CO method, optimal performance (conversion rate of 99.59% with 98.94% selectivity) was achieved, which was attributed to the synergistic effect on the surface-active Cu0 and Cu+ sites with Cu0/(Cu0 + Cu+) of around 0.70, and the ratios could be maintained at temperatures of 513–553 K. The morphology of Cu/MgO/Al2O3 catalysts was well preserved during the hydrogenation of cyclohexyl acetate, indicating potential industrial applications. The well-dispersed Cu/MgO/Al2O3 catalyst with a stable microstructure possesses an adjustable valence state and thermal stability during the hydrogenation of cyclohexyl acetate, giving it industrial application prospects.
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1. Introduction


Cyclohexyl acetate (CHA) is a key intermediate that can be used to produce caprolactam and adipic acid. The organic chemical raw materials cyclohexanol (CHOL) and cyclohexanone are used to make ε-caprolactam and adipic acid [1]. The market value of ε-caprolactam is expected to reach 18.6 billion USD by 2023. As a result, the enormous demand for CHOL and cyclohexanone has drawn increasing attention from academics and industry.



Three traditionally commercial CHOL production processes have been applied to date: cyclohexane oxidation [2], cyclohexene hydration [3,4,5], and phenol hydrogenation [6]. The cyclohexane oxidation process must be operated at a low conversion rate, which results in considerable energy consumption during the separation of the product, by-product, and unreacted cyclohexane. The process of hydrogenation from phenol to CHOL is relatively complicated, which produces poisons, and is prone to the corrosion of equipment. The conversion rate is relatively low, separation energy consumption is high, and equipment investment is significant. These are the drawbacks of the cyclohexene hydration technique. Therefore, developing a novel method for efficiently synthesizing CHOL is imperative. Zong et al. proposed a novel cyclohexene-esterification–hydrogenation route to produce CHOL (Scheme 1) [7]. In the novel route, the acetate is subsequently hydrogenated to obtain ethanol and CHOL, and the CHOL is dehydrogenated to become cyclohexanone. This novel cyclohexene esterification–hydrogenation route provides better atom economy and yields than the three above-mentioned procedures, especially cyclohexene esterification and CHA hydrogenation, which have yields higher than 99% and 99.5%, respectively. This novel route, which has been elucidated in detail in previous work [7], has been demonstrated on long-term, pilot-scale units and will be commercialized at a scale of 400,000 tons per year in SINOPEC Co., Ltd., in 2023. Due to their remarkable selectivity in C-O hydrogenation, copper-based catalysts have received a great deal of attention [8] and are widely used in the catalytic hydrogenation of carbonyl-containing compounds such as dimethyl oxalate [9,10,11,12] and other cyclic compound derivatives [13,14,15].



To the best of our knowledge, the sintering and coalescence of copper nanoparticles are among the most common causes of deactivation due to the low Hüttig temperature (surface mobility of atoms) and high Tamman temperature (bulk mobility) for copper at just 407 and 678 K, respectively [16]. Copper-based catalysts suffer from poor durability and thermal stability as a result of the aggregation of copper particles, the loss of active copper surface, and the valence transition of cupreous species under reaction conditions. The inhibition of copper migrations and aggregations is critical to enhancing the thermal stability of Cu-based hydrogenation catalysts. The majority of researchers reached a consensus regarding the inhibition of metallic copper’s migration in the design of many strategies to improve the stability of the catalyst. Sun’s group established [17,18,19] a type of heterogeneous copper catalysts prepared via sputtering and flame-spray pyrolysis methods, characterized by copper stability at ultra-high temperatures of up to 1073 K, and proposed using them in hydrogenation, oxidation, reforming reactions, and other forms of high-temperature processing. Additionally, the active site of the Cu species is also crucial to the catalytic performance of a Cu-based catalyst. Among the various views on active sites [20,21,22,23,24,25,26,27], synergism between Cu0 and Cu+ is commonly accepted [22,27]. According to the proposed synergism, in different reactions, the Cu0/Cu+ ratio should correspond to the catalytic activity, although different studies have reached opposite conclusions [28,29,30,31]. In brief, Cu0 improves H2 dissociation, whereas Cu+ functions as a Lewis acid site to adsorb and activate carbonyl [32,33].



In our previous work [7], Cu/ZnO/SiO2 and Cu/ZnO/Al2O3 catalysts were developed for the hydrogenation of CHA at a pilot scale, but the variables influencing the conversion of CHA and its selectivity to CHOL were not thoroughly investigated. Li’s group also conducted a similar work using the same ester hydrogenation process, and the reaction occurred in an autoclave, in which the reaction temperature reached 553 K without deactivation [34]. Meanwhile, this process faces the unmentioned problem of high-temperature inactivation. Herein, Cu/MgO/Al2O3 catalysts with a layered double hydroxide (LDH) precursor were prepared by the co-precipitation method to constrain the Cu species from migration and aggregation [35,36]. The commercial Cu/ZnO/Al2O3 catalyst and an amorphous Cu/MgO/Al2O3 catalyst were also compared after thermal treatment. The regular micro-structures were preserved to favor better thermal stability due to the spatial confinement of metallic copper atoms achieved by enhancing the interactions between oxide lattices and the copper species. Furthermore, we revealed an activation strategy that could be induced to manipulate the surface amounts and proportions of Cu0 and Cu+ by improving the reduction temperatures from 453 to 593 K. The ratio of Cu0/(Cu0 + Cu+) was characterized by XPS, using the in situ FTIR of CO adsorption method.




2. Results and Discussion


2.1. Different Cu-Based Catalysts


The XRD patterns of the calcined CMA-L, CMA-A, and CZA-C catalysts are shown in Figure 1A. Figure 1A displays the XRD patterns of the precursor CuMgAl-LDH. The precursor showed clear peaks at 12.3° (003), 24.4° (006), 34.7° (012), 39.0° (015), 46.4° (018), and 60.8° (110), which correspond to magnesium-aluminum hydroxide hydrate (JCPDS35-0965) [35]. Compared with the standard LDH structure, all of the diffraction peaks were shifted slightly, which was attributed to the Jahn–Taller effect of Cu2+, which led to the distortion of its octahedral lattice structure, accordingly increasing the disorder of the crystal form [37]. According to the XRD patterns of the precursor, the interplanar spacing and lattice parameters were calculated: the interplanar spacing—d003 = 0.721 nm, d006 = 0.364 nm, and d110 = 0.152 nm; and the lattice parameters—a = 0.305 and c = 2.163. This is consistent with the configuration of hydrotalcite (3R), and the diffraction peaks validated the standard pattern of Mg-Al hydrotalcite. The diffraction peaks at 32.5° (110), 35.5° (11-1), 38.7° (111), 48.7° (20-2), and 61.5° (11-3) were attributed to the crystal faces of CuO (JCPDS 48011548). Calcined CMA-L showed sharp diffraction peaks in CuO, which was obtained by the well-ordered LDH phase precursor. The amorphous calcined samples of CMA-A and CZA-C showed a low degree of crystallinity and weak diffraction peaks in CuO, implying that the micro-structure was conducive to improving the crystallinity of CuO.



After reduction treatment at 453–593 K, the CMA-L samples were also characterized by XRD. The crystal planes of Cu (111), (200), and (220) were attributed to the diffraction peaks at 2 of 43.3°, 50.4°, and 74.1°. (JCPDS 85-1326). The (111), (200), and (220) crystal planes of MgO (JCPDS 87-0653) were responsible for the diffraction peaks at 2 of 37.0°, 43.0°, and 62.5°, respectively. Regarding the CMA-L catalysts, the characteristic peaks of Cu became stronger as the reduction temperature increased, which illustrated that the particle size of Cu increased. The formation of an LDH precursor implied that Cu particles were strongly anchored by the well-ordered structure at a suitable reduction temperature.



Table 1 shows the chemical compositions and textural properties of the calcined CMA-L, CMA-A, and CZA-C samples. The actual contents of CuO, MgO, ZnO, and Al2O3 in Cu-based catalysts were measured by XRF analysis.



The porous characteristics and the as-calcined catalysts were identified using nitrogen sorption, as shown in Table 1. CMA-L had the largest surface area, pore volume, and pore size, which was due to the regular micro-structure. The BET surface area did not change noticeably when Zn or Mg species were loaded. However, the pore volume and pore size of CMA-L and CMA-A decreased compared with CZA-C. Evidently, the presence of Mg might have noteworthy impacts on the pore properties. The dispersion of copper species was further investigated with H2-N2O titration experiments. In contrast, the CMA-L showed the greatest dispersion of metallic copper species (Table 1), a result of the LDH phase precursor’s well-ordered structure and large specific surface (the largest).



Some related characterization methods were used to further understand the Cu-based catalysts. H2–TPR experiments on as-calcined samples were carried out to study the reducibility of Cu species and the interaction of Cu and other metal species. Figure 2 displays the H2–TPR curves of the calcined samples. The distribution of the reduction peaks shows a clear contrast between the catalysts. As illustrated in Figure 2, the reduction from Cu2+ species to Cu+ and Cu0 species corresponded to a decrease in overall hydrogen consumption. The reduction peak distribution demonstrated a clear difference between the catalysts. The presence of magnesium in the catalysts CMA-L and CZA-C caused the major reduction temperature to shift to a lower-temperature area. We can conclude that the interaction between Cu species and Mg may promote the reducibility of Cu species. In the case of CMA-A, the peak at high temperature (506.3 K) was attributed to the reduction in Cu2+ species in the form of larger-sized composite metal oxides or to strong interactions between CuO and other metal oxides, whereas the small shoulder at a low temperature (458.6 K) was attributed to the reduction in smaller, isolated, highly dispersed CuO [38]. Regarding CMA-L and CZA-C, which originated from the presence of highly dispersed copper species, the Cu2+ species were reduced more readily at 452.0 and 511.8 K, respectively (Table 1). Due to the layer framework of the LDH precursor structure, CMA-L had the lowest hydrogen consumption peak, centered at 452.0 K, indicating the well dispersed copper species present in the CuO. The highest hydrogen consumption peak of CZA-C was attributed to the reduction in the largest crystalline CuO. As a result, the interaction of copper species with the carrier and the dispersion of copper species on the carrier’s surface had a significant impact on the reduction behaviors of the Cu-based catalysts.




2.2. Thermal Stability


The hydrogenation of CHA over CMA-L, CMA-A, and CZA-C was carried out. The products were reduced in situ in on the fixed-bed reactor, as described in Section 2.3. Byproducts included ethyl acetate, cyclohexene, cyclohexane, and cyclohexanone (Scheme 2).



To investigate the Cu-based catalysts, the influences of WHSV, hydrogen pressure, and reaction temperature were explored further using CMA-L as a representative. As shown in Figure 3A,B, the reaction temperature was optimized in the range of 473–533 K. Notably, CMA-L derived from LDH displayed stable CHA conversion rate and CHOL selectivity above 90%, making it significantly superior to amorphous CMA-A and commercial CZA-C. As for CZA-C, the conversion rate increased from 94.7% to 99.4% in the temperature range 473–533 K, followed by a slight decrease from 98.3% to 90.1% (within 553–573 K). CMA-A showed a large variation with increasing reaction temperature—rising from 70.3% (at 473 K) to 90.9% (at 513 K) and then decreasing (within 533–573 K). However, the selectivity of the three catalysts stayed high (above 94%) as the reaction temperature ranged from approximately 473 to 553 K. A slight increase in selectivity to CHOL was observed from approximately 553 to 573 K because of the increase in the content of both cyclohexene and cyclohexane.



Subsequently, the influence of WHSV was also investigated. Figure 3C,D shows that the CMA-L achieved nearly 100% CHA conversion rate and 98.8% CHOL selectivity under the optimal conditions (WHSV = 0.5 h−1), outperforming other catalysts. As WHSV increased, the conversion rate of CHA gradually decreased while the selectivity for CHOL remained essentially the same.



Furthermore, the effect of hydrogen pressure was investigated at 2.5 and 5.0 MPa (Figure 3E,F); a significant improvement in the CHA conversion rate of CMA-A was observed, from 70.3% to 98.7%. As hydrogen pressure increased, the CHA conversion rates of CMA-L and CZA-C were also marginally improved. The selectivity to CHOL changed, although not very obviously, as the hydrogen pressure increased.



Furthermore, thermal stability is an exceedingly vital indicator of a heterogeneous catalyst. In order to further study intrinsic thermal stability, the space–time yields (STYs) of CHOL for fresh and spent catalysts were calculated and are presented in Table 2. Fresh catalyst was evaluated at reaction temperature (473 K), and then after a 24 h thermal treatment at 593 K, the STY of the spent catalyst was achieved after the reaction temperature was adjusted to 473 K. After thermal treatment, the catalytic performance of CHA hydrogenation over CMA-L showed a slight decrease (STY from 0.91 to 0.82) compared to CMA-A and CZA-C. After thermal treatment, CMA-A was clearly inactivated; STY dropped from 0.67 to 0.28. STY also showed an obvious decrease for the CMA-C catalyst (from 0.92 to 0.50). This suggested that the thermal stability of CMA-L with a micro-structure was superior to the stability of amorphous CMA-A and CZA-C.



In order to verify the enhanced thermal stability of CMA-L, the fresh and spent catalysts were characterized by STEM mapping. Figure 4 shows the STEM images and EDX maps of Cu from the copper-based catalysts. Figure 4a is a scanning TEM (STEM) image of a typical structure of nanoflakes, on which an elemental mapping analysis was performed. The EDX elemental maps revealed that the compositional distributions of the Cu in the CMA-L, whether before or after reaction, were uniform, suggesting that the micro-structures could be retained to prevent the aggregation of Cu species. A clear difference was observed in HAADF-STEM images (Figure 4c,d) of the amorphous catalyst CZA-C, further confirming the Cu was aggregated into the bulk phase, which was consistent with the results of catalyst deactivation after evaluation. Similarly, CMA-A (Figure 4e,f), as a contrast agent, also showed obvious aggregation of Cu particles after the reaction.



Ensuring a catalyst’s long-term stability is critical for practical industry applications, to guarantee a long life for it. Figure 5 presents the catalytic hydrogenation performance as a function of the duration on a stream over CMA-L at the optimal reaction conditions (473 K, H2 pressure: 2.5 MPa, H2/CHA molar ratio = 20:1, WHSV = 0.5 h−1). It was noted that CMA-L exhibited high stability (conversion rate of 99.59% with 98.94% selectivity) for the hydrogenation of CHA for up to 500 h, and no decrease in either the conversion rate of CHA or the selectivity to CHOL could be observed. Excellent catalytic performance and better stability were demonstrated by the designed CMA-L with an appropriate Cu0/(Cu0 + Cu+) ratio and microstructure.




2.3. Induced Activation Process


To understand the thermal stability of CMA-L, we evaluated the reaction performance of CMA-L at different reduction temperatures. As listed in Table 3, the CHA conversion, CHOL selectivity, and TOF were measured under a high WHSV. CMA-L with an LDH precursor significantly maintained the highest activity and 76–79% conversion, together with 98–99% selectivity to CHOL. The TOF was maintained at 3.2–3.3 when the reduction temperature was in the range of 513–533 K. The TOF, conversion rate, and selectivity all dropped slightly as the reduction temperature was increased.



It is widely recognized that the surface chemical states of Cu-based catalysts, particularly the ratio of Cu0 to Cu+, have an impact on their catalytic performances [39]. We demonstrated an induced activation strategy for controlling the composition of Cu0 and Cu+ to manipulate the catalyst-surface-reconstruction process. XPS was performed on CMA-L at various reduction temperatures (453–593 K) to investigate the surface chemical states of Cu species. Before the XPS test, the catalyst was reduced to H2 via tube furnace, passivated, and sealed with an ethanol solution. As shown in Figure 6A, the spectra of CMA-L samples displayed Cu 2p3/2 (about 932.5 eV), Cu 2p1/2 peaks (about 952.2 eV), and satellite peaks (940–945 and 960–965 eV) (Figure 6A). The satellite peak depicts the characteristic peaks in Cu2+ species on the surface of the reduced CMA-L sample [40,41,42]. The satellite area decreased in the lower temperature range of 453–593 K, which confirmed that the content of Cu2+ was also gradually decreasing. Cu LMM Auger electron spectra were used in Figure 6B due to the proximity of the Cu 2p binding energies for Cu+ and Cu0. On the Cu LMM spectra, the kinetic energies of Cu2+, Cu+, and Cu0 were, respectively, 913, 916, and 918.5 eV [43]. The ratio of Cu0/(Cu0 + Cu+) was calculated using the Cu LMM spectra in Table 4 in order to more clearly survey the variation in Cu species’ states.



According to Figure 6C, increasing the reduction temperature improves reduction, and this is enhanced by the transformation from Cu2+ to Cu0. The content of Cu+ ions was maintained at approximately 20% over a wide temperature range of 453–593 K, which is distinct from Hu’s results [41] regarding the intensity ratio of Cu+ and Cu2+ to Cu0. Hu’s research on Cu/Al2O3 revealed that the quantity of Cu2+ rapidly decreased while that of Cu0 continuously increased. A similar pattern was found in copper phyllosilicate nanotubes for dimethyl oxalate hydrogenation [44] and in other research [27,42]. The aggregation or partial coating of Cu was indicated by a linear decline in Cu content. It is worth noting that our results could be explained by the fact that the reduction procedure was a cascade reaction, with Cu+ acting as an intermediate and remaining at a low proportion of the total. The percentages representing Cu0 and Cu2+ remained at relatively stable values throughout the temperature range from 493 to 553 K, and the molar ratios of Cu0/(Cu0 + Cu+) that were calculated were approximately 0.70. The results also indicated that the reduction in the well-dispersed CuO in CMA-L was hindered either by spatial confinement or the strong interaction between Cu species in the oxide lattices at the medium range of temperatures. Cu0/(Cu0 + Cu+) showed no change at temperatures ranging from 493 to 553 K. This improved significantly until reduction temperatures of 593 K or higher were reached. The synergy of Cu0 and Cu+ is critical in the ester hydrogenation reactions. H2 could be adsorbed and dissociated on the Cu0, and the Lewis acid sites or electrophilic sites on the Cu+ serve to trigger the long-pair electrons on the carbonyl groups [32,33].



The in-depth reduction was further characterized by an in situ FTIR study of the CO adsorbed in this work with the aim of validating the Cu 2p and Auger signal of Cu LMM results. CO is frequently utilized to investigate the characteristics of Cu-containing catalysts due to its comparatively simple molecular structure and outstanding coordination capabilities with Cu species. Researchers were able to determine the metal’s active center on the catalyst and the difference in the activity in the surrounding electronic environment by measuring and comparing the infrared spectra of absorbed CO. The catalytic reaction mechanism could be determined by measuring and comparing the infrared spectra of absorbed CO. As elucidated in previous work, the 2000–2200 cm−1 FTIR absorption bands of CO adsorption are commonly used to discriminate different chemical states of Cu [45]. The interaction of the CuO, Cu2O, or Cu0 sites with linear or bridge-bonded CO has been linked to bands in the first region [45]. The relative quantities of Cu species can also be quantified using CO adsorption on distinct Cu species.



Figure 7 showed the band of CO during the in situ reduction in pre-treatment CMA-L under low-temperature, liquid-nitrogen conditions. During the 10% H2/N2 reduction process at temperatures ranging from 454 to 593 K, the absorbed CO quantities under various conditions were fairly believable, as the operation took place on the same sample flake as that mentioned above in Section 3.2. The deconvolution area of the CO adsorption peak was taken as a function of reduction temperature. A volcanic-type curve appeared, implying that the quantity of CO absorption increases and then drops as the reduction temperature increases.



According to Vannice et al.’s work [45], partial peaking fitting was carried out. Table 5 displays the relative proportions of Cu species with various valences and the calculated molar ratios of Cu0/(Cu0 + Cu+). According to Table 5, the proportions of Cu0 and Cu+ increased with reduction temperature, and the Cu0/(Cu0 + Cu+) ratios rose to around 0.70 between 453 and 553 K, and then fell to 0.60 at 593 K. Cu+ could be assigned a band of 2107–2111 cm−1, and Cu0 could be assigned a band of 2080–2094 cm−1. The frequencies of Cu0 were attributed to the different Cu facets [46] or Coppers’ different surface surroundings [46].



The Cu0/(Cu0 + Cu+) curves and trends obtained by the in situ FTIR of the adsorbed CO method differed significantly from those of Cu LMM (Table 6). A data comparison revealed that the variation in the Cu0/(Cu0 + Cu+) ratio might be more reasonable. Firstly, the ratios being approximately 0.70 at reduction temperatures of 533 K and 553 K, observed by two different characterizations, suggests that the ratios are reliable. Secondly, regarding the ratios of reduction temperatures at 453 and 493 K, it was proposed that the results of in situ FTIR of adsorbed CO were reliable for determining the bulk contents of Cu2+, Cu+, and Cu0 from the information acquired from transmission infrared spectra, and the XPS measurements were associated with the several superficial layers of the catalysts. The copper species in the bulk phase were hydrogenated to a lower degree than those on the surface at relatively lower temperatures of 453 and 493 K. As a result of the enrichment of Cu0 and Cu+, the results of Cu0/(Cu0 + Cu+) are relatively high. The Cu LMM results are suggested to be reliable at higher temperatures, with a Cu0/(Cu0 + Cu+) ratio of 0.79. The higher reduction temperature, in our opinion, caused the Cu species inside the catalysts to reduce to a greater degree than the superficial ones. Simultaneously, higher reduction temperatures promote Cu0 aggregation, reducing the exposure of Cu0 species sites. As a result, the intensity of the in situ FTIR of adsorbed CO measurements will be lower than the exact value, even though the Cu0 proportion increases at elevated temperatures.



Several studies have noted that a synergistic interaction between Cu+ and Cu0 is essential for ester hydrogenation, such as from dimethyl oxalate to ethylene glycol in Cu/SiO2 catalytic systems. However, discussions about our system during the hydrogenation of CHA are absent. The ratio of Cu0/(Cu0 + Cu+) can remain at −0.70 during the activation process (reduction temperatures of 533 and 553 K), as opposed to the linear relationship, as in previous works [41,42,44]. We discovered that the greatest TOF of the catalyst was around 3.3 at the reduction temperature of 513 to 553 K when combined with the evaluation data in Table 3. The surface Cu state of the sample and the catalyst’s catalytic efficiency have a strong correlation. When the ratio of Cu0 is about 0.70, the catalytic activity also reaches its peak. The proportion of Cu0/(Cu0 + Cu+) needs to be in an appropriate range for the ester hydrogenation reaction to exhibit the superior catalytic effect.



The results above substantiate that the synergistic catalysis of Cu0 and Cu+ plays a vital role in the CHA hydrogenation reaction. The hydrogenation from CHA to CHOL on CMA-L can be explained by a potential reaction mechanism. H2 can be adsorbed and dissociated by Cu0 on the catalyst’s surface, and the carbonyl group’s oxygen atoms can be adsorbed and polarized by Cu+. [28,29,30,31]. The ratio of Cu0/(Cu0 + Cu+) can remain at −0.70, which may be the reason for the superior thermal stability of CMA-L.





3. Materials and Methods


3.1. Catalyst Preparation


Cu/MgO/Al2O3 catalysts (CMA-L) were prepared by a typical co-precipitation reported in the literature [43]. The method can be briefly described as follows: Solution A: Cu(NO3)2·3H2O, Mg(NO3)2·6H2O, and Al(NO3)3·9H2O with the Cu2+/Mg2+/Al3+ molar ratio of 3:4:3 were dissolved in 200 mL of deionized water. Solution B: NaOH and Na2CO3 were dissolved in 350 mL of deionized water. In solution A, the concentrations of the base and the metal ions were correlated as: [CO32−] = 2[Al3+], [OH−] = 1.6([M2+] + [Al3+]). Solutions A and B were added together drip by drip, at the same time, maintaining a pH of 10.5. The resulting blue suspension was aged at 313 K for 8 h, washed several times with deionized water until the pH of the filtrate reached 7.0, and finally dried at 393 K for 12 h to obtain the precursor CuMgAl-LDH. The CuMgAl-LDH was pelletized, crushed, and sieved to 20–40 mesh after being calcined in static air at 673 K for 4 h.



In contrast, Cu/MgO/Al2O3 (CMA-A) catalysts were also prepared using the same method. The preparation method was as follows: Solution A: Cu(NO3)2·3H2O, Mg(NO3)2·6H2O, and Al(NO3)3·9H2O salts with the same Cu2+/Mg2+/Al3+ molar ratio as CZA-C were dissolved in 200 mL of deionized water. NaOH and Na2CO3 were dissolved in 350 mL of deionized water to form a mixed-base solution. Solutions A and B were added together at the same time, maintaining pH = 10.5. The resulting blue suspension was aged at 313 K for 8 h and washed by filtration several times with deionized water until the pH of filtrate reached 7.0, and the filter cake was finally dried at 393 K for 12 h. CMA-A was obtained after being calcined at the same temperature of 693 K for 4 h.



Cu/ZnO/Al2O3 catalysts (CZA-C) are commercial catalysts that are proposed to be employed in CHA hydrogenation and were provided by Catalyst Co., Ltd., SINOPEC, using a traditional co-precipitation method.




3.2. Catalyst Characterization


With an Empyrean X-ray diffractometer, samples’ power X-ray diffraction (XRD) patterns were recorded using filtered CuK radiation at tube currents of 40 mA and voltages of 40 kV. All of the samples were collected between the ages of 10 and 80. Interplanar spacing and the lattice parameter were calculated by the Sheller formula.



X-ray fluorescence (XRF) on Rigaku ZSX100E was adopted to measure the contents of CuO, MgO, ZnO, and Al2O3.



On a Micromeritics AutoChem 2920, the temperature-programmed reduction in hydrogen (H2−TPR) was determined. For H2-TPR, about 200 mg of each sample was pre-treated at 323 K for 1 h under argon flow (40 mL/min). The samples were then chilled to ambient temperature and heated up to 773 K using pulses of a 10% H2/Ar gas combination at a constant rate of 283 K/min.



The Brunauer–Emmett–Teller (BET) method was used to calculate the SBET surface areas from the desorption data in the relative pressure (P/P0) range from 0.0 to 1.0. The contributions from micro- and meso-porosity were derived from the t-plot and the Barrett–Joyner–Halenda (BJH) model [47].



Surface metal contents of different copper valence states of the reduced samples were obtained from Cu 2p and Auger signal; Cu LMM was registered in the X-ray photoelectron spectroscopy (XPS) [40,41,48]. Approximately 1000 mg of the calcined catalyst was weighed and reduced in a tube furnace for 96 min after purging with nitrogen (50 mL/min) and then reducing with 10% H2/N2 at 453–593 K, respectively. After reduction, the catalyst was purged with nitrogen and then immediately transferred to an ethanol solution to prevent oxidation by air. Then, X-ray photoelectron spectroscopy (XPS) experiments were performed on a Thermo Fisher ESCALAB 250 spectrometer using a 150 W monochromatic Al Kα source to provide quantitative and chemical-state information of the sample’s surface. The pass energy of the narrow scan was set to 30 eV to obtain high-resolution spectra. The adventitious carbon located at 284.8 eV was used to calibrate samples without the carbon in themselves.



The chemical states of Cu species were obtained from Fourier transform infrared (FTIR) spectroscopy using CO as the probe molecule in vacuum cells for desorption [41,48,49]. The flake of a catalyst sample was reduced at 453–573 K, and then CO was adsorbed under liquid-nitrogen for measurements of FTIR spectra. In this work, an effective characterization method was adopted. After pressing the tablets, the reduction was first performed at 453 K, then at liquid nitrogen’s temperature for CO adsorption and CO-FTIR measurements; then, the same flake was heated to 493 K for reduction, then lowered to liquid nitrogen’s temperature for in situ FTIR of CO-adsorbed measurements; the reduction temperature was gradually increased, and a total of five reductions were performed until the reduction temperature reached 593 K.



The copper dispersions of the samples were measured by H2-N2O titration experiments on a Micromeritics Auto II 2920 apparatus with a TCD. The steps are as follows: (1) Samples were reduced in a 10%H2-90%Ar atmosphere according to the reduction conditions, and the area of hydrogen consumption is denoted as A1. (2) The surface copper atoms were oxidized to Cu2O by N2O. (3) The surface Cu2O was reduced to copper by a 10%H2-90%Ar atmosphere, and the area of hydrogen consumption is denoted as A2. The dispersion (D) of copper was calculated by


D = (2 × A2/A1) × 100%



(1)







X-ray element distribution mappings and high-angle annular-dark-field (HAADF) scanning transmission electron micrographs (STEM) were obtained using a JEM ARM200F transmission electron microscope operating at 200 keV. With a probe spherical-aberration corrector, the microscope’s achievable spatial resolution was 80 pm. To guarantee a suitable signal-to-noise ratio, the dwell period for image acquisition was chosen to be 40 μs per pixel.




3.3. Activity Test


The CHA hydrogenation reaction was carried out in a fixed-bed, stainless-steel reactor with an inner diameter of 14 mm. In a typical run, 15 mL of the catalyst (~10 g, 20–40 mesh) was loaded into the middle of the reactor. Before exposure to feed gas, the catalysts were reduced in a blended 10%H2/N2 atmosphere at 453–593 K for 16 h, respectively, which kept the reduction conditions comparable to the characteristic conditions. Then, the catalyst bed was cooled to the reaction temperature, and pure H2 was introduced into the reactor. The feed CHA was introduced into the reactor by an SSI-III-type plunger pump, and the flow rate was controlled. The effluent from the reactor was analyzed by a gas chromatograph (Agilent 7890, with an HP-5 column), which was equipped with an FID. Four samples were taken under each reaction condition every 6–8 h to ensure reproducibility. For a thermal stability test, the catalysts were evaluated at 473 K, and then the reaction temperature was kept at 553 K for 24 h. The reaction was restarted at 473 K to compare the catalytic activity of fresh and spent catalysts. In addition to the target product, CHOL, and ethanol, the determined by-products comprised ethyl acetate, cyclohexene, cyclohexane, and cyclohexanone. Meanwhile, the conversion to CHA and the selectivity for CHOL and ethanol were calculated by


Conv.CHA = [1 − Molar amount feed after reaction/Total molar amount of feed] × 100%



(2)






Select.CHOL = Molar amount of one product/Total molar amount of feed converted × 100%



(3)







The initial turnover frequency (TOF) of CHA to CHOL was measured at a low CHA conversion rate. The TOF value indicates the moles of CHA converted per hour by per mole metallic copper on the catalyst’s surface, which was calculated according to the following equation:


TOF (h−1) = Molar amount of CHA converted/(Molar amount of surface metallic copper on catalyst surface × reaction time)



(4)







The TOF value was calculated by Cu dispersion when the conversion was kept under 30%.



STY represents the space–time yield of CHA for the fresh or spent catalyst, as grams of product per gram of catalyst per hour (g gcatal−1 h−1). Data were collected after being on-stream for 6 h.





4. Conclusions


A facile co-precipitation approach was developed to prepare Cu-based precursors with the characteristics of LDH to achieve enhanced thermal stability performance in the hydrogenation from CHA to CHOL. The Cu/MgO/Al2O3 catalyst with an LDH precursor achieved almost excellent catalytic performance and superior stability at a lower H2 partial pressure of 2.5 MPa (conversion, 99.59%, and selectivity, 98.94%) compared with the commercial Cu/ZnO/Al2O3 catalyst and amorphous Cu/MgO/Al2O3 catalysts. Meanwhile, higher thermal stability was observed when CMA-L was evaluated on a fixed-bed reactor after thermal treatment. Highly dispersed Cu species were much better preserved on CMA-L within the spatial confinement structure, as confirmed by STEM mapping. The relatively high thermal stability of the CMA-L catalyst was attributed to the micro-structure derived from the precursors with relatively regular structures, such as LDH, which either enhanced the interaction between Cu0 and Cu+ or inhibited the Cu species from becoming over-reduced, leaving appropriate proportions of Cu0 and Cu+. The synergistic effect of Cu0 and Cu+ species was evidenced by a reduction strategy with Cu LMM and the novel in situ FTIR of the adsorbed CO method (low-temperature liquid nitrogen conditions). The optimal performance of the CHA hydrogenation (95–97% conversion and 93–95% selectivity) was observed within a range obtained by coincidence under the reduction temperature ranges of 533 to 553K when the Cu0/(Cu0 + Cu+) was near 0.70. Furthermore, the curve corresponding to the variation in Cu0/(Cu0 + Cu+) remained flat with the increase in reduction temperature from 533 to 553 K, which was different from previous work, in which the Cu0/(Cu0 + Cu+) value increased monotonously. It was proposed that the preserved micro-structure in the catalyst enhanced the interaction between Cu species and the oxide lattices, hindering in-depth CuO reduction at temperatures below 553 K. However, there are still gaps in our understanding of the formation and preservation of the above-mentioned microstructures from the precursors; the interactions between Cu species and the oxide lattices, which prevent copper from migrating and aggregating into large clusters; and the profound effects on CuO reduction. The conversion and selectivity remained up to 97% for 500 h under optimal reaction conditions. Therefore, the CMA-L catalyst with spatial constriction structures has potential commercial applications in the novel cyclohexene esterification–hydrogenation process due to its enhanced hydrogenation activity and thermal stability.
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Scheme 1. The novel cyclohexene-esterification–hydrogenation process to produce CHOL, starting from benzene. 
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Figure 1. XRD patterns of the precursors CMA-L-LDH, and calcined samples CMA-L, CMA-A, and CZA-C (A). The reduced samples of CMA-L (B). 
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Figure 2. H2-TPR curves in CMA-L, CMA-A, and CZA-C after calcination. 
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Scheme 2. The reaction pathway for selective hydrogenation from CHA to CHOL. 
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Figure 3. The effects of reaction parameters on the hydrogenation of CHA over Cu-based catalysts: conversion rate (A) and selectivity (B) at different reaction temperatures, obtained after reduction at 523 K, H2 pressure: 2.5 MPa, H2/CHA molar ratio = 20:1, WHSV = 1.0 h−1; conversion rate (C) and selectivity (D) at different WHSVs, after reduction at 523 K, and the reaction at 473 K, H2 pressure: 2.5 MPa, H2/CHA molar ratio = 20:1, conversion rate (E) and selectivity (F) at hydrogen pressures of 2.5 MPa and 5.0 MPa, after reduction at 523 K, and the reaction at 473 K, H2/CHA molar ratio = 20:1, WHSV = 1.0 h−1. 
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Figure 4. STEM image and EDX maps of Cu of the fresh CMA-L (a), spent CMA-L (b), fresh CZA-C (c), spent CZA-C (d), fresh CMA-A (e), spent CMA-A (f). 
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Figure 5. Long-term performance of CHA hydrogenation over CMA-L. Reaction conditions: 473 K, H2 pressure: 2.5 MPa, H2/CHA molar ratio = 20:1, WHSV = 0.5 h−1. 
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Figure 6. Samples of CMA-L after reduction at 453–593 K: XPS spectra of Cu 2p (A), corresponding spectra of Cu LMM (B), and ratios of copper species (C). 






Figure 6. Samples of CMA-L after reduction at 453–593 K: XPS spectra of Cu 2p (A), corresponding spectra of Cu LMM (B), and ratios of copper species (C).



[image: Catalysts 13 00737 g006]







[image: Catalysts 13 00737 g007 550] 





Figure 7. In situ FTIR of the adsorbed CO method using CMA-L catalysts reduced at 454–593 K. 
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Table 1. Physicochemical properties of the calcined samples of CMA-L, CMA-A, and CZA-C.
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Catalysts

	
Elemental Compositions 1 (wt %)

	
SBET

2 (m2/g)

	
Vpore

2 (cm3/g)

	
Dpore

2 (nm)

	
DM

3 (%)




	
CuO

	
MgO or ZnO

	
Al2O3






	
CMA-L

	
51.0

	
20.6 (MgO)

	
26.6

	
154.8

	
0.55

	
14.2

	
40




	
CMA-A

	
34.3

	
17.2 (MgO)

	
45.6

	
133.2

	
0.46

	
14.0

	
34




	
CZA-C

	
27.5

	
39.0 (ZnO)

	
31.4

	
144.7

	
0.25

	
6.9

	
38








1 Elemental compositions of CuO, MgO, ZnO, and Al2O3 measured by XRF analysis. 2 BET surface area (SBET), pore volume (Vpore), and pore size (Dpore) were measured by N2 adsorption and desorption. 3 DM represents the surface copper dispersion and measured by H2-N2O titration experiments.
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Table 2. STY of fresh and spent catalysts (reaction condition: 473 K, H2 pressure: 2.5 MPa, H2/CHA molar ratio = 20:1, WHSV = 1.0 h−1).
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Catalyst

	
STY




	
Fresh

	
Spent






	
CMA-L

	
0.91

	
0.82




	
CMA-A

	
0.67

	
0.28




	
CZA-C

	
0.92

	
0.50
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Table 3. Results of CHA hydrogenation performance over CMA-L.
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Catalyst

	
Reduced Temperature/K

	
TOF/h−1

	
Conversion/%

	
Selectivity/%






	
CMA-L

	
453

	
2.4

	
56.8

	
98.6




	
513

	
3.3

	
78.7

	
98.0




	
533

	
3.3

	
78.9

	
99.1




	
553

	
3.2

	
76.4

	
98.8




	
593

	
2.3

	
56.4

	
97.9




	
CZA-C

	
533

	
2.6

	
57.2

	
95.7




	
CMA-A

	
533

	
2.5

	
38.4

	
97.2








Reaction condition: 483 K, H2 pressure: 2.5 MPa, H2/CHA molar ratio = 20:1, WHSV = 3 h−1.
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Table 4. Cu LMM results of CMA-L catalysts after reduction.
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Reduction Temperature/K

	
Kinetic Energy (eV)

	
Ratio/%

	
Cu0/

(Cu0 + Cu+)




	
Cu2+

	
Cu0

	
Cu+

	
Cu2+

	
Cu0

	
Cu+






	
453

	
916.2

	
918.5

	
913.0

	
47.0

	
32.2

	
20.8

	
0.61




	
493

	
916.2

	
918.5

	
913.1

	
41.0

	
40.0

	
19.0

	
0.68




	
533

	
916.2

	
918.5

	
913.4

	
40.5

	
40.4

	
19.1

	
0.68




	
553

	
916.2

	
918.5

	
913.0

	
37.3

	
43.8

	
19.0

	
0.70




	
593

	
916.2

	
918.5

	
913.5

	
27.3

	
55.7

	
17.1

	
0.77
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Table 5. CMA-L in situ FTIR of the adsorbed CO method’s peak fitting results.
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Catalysts with Reduction Temperature/K

	
CO Frequency/cm−1

	
Ratio/%

	
Cu0/

(Cu0 + Cu+)




	
Cu+

	
Cu0

	
Cu+

	
Cu0






	
453

	
2108

	
2093

	
47.64

	
33.74

	
0.41




	
493

	
2111

	
2094

	
48.86

	
44.84

	
0.48




	
533

	
2107

	
2080

	
28.21

	
71.79

	
0.72




	
553

	
2108

	
2080

	
32.01

	
67.99

	
0.68




	
593

	
2110

	
2084

	
40.30

	
59.70

	
0.60
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Table 6. Determination of Cu0/(Cu0 + Cu+) ratio by various CMA-L characterization methods.
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	Catalysts with Reduction Temperature/K
	Cu LMM
	In Situ FTIR of Adsorbed CO Method





	453
	0.61
	0.41



	493
	0.68
	0.48



	533
	0.68
	0.72



	553
	0.70
	0.68



	593
	0.77
	0.60
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