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Abstract

:

Despite of the huge number of papers about the catalytic preferential oxidation of CO (CO-PROX) for the purification of H2 streams, there is still a need for more effective catalysts in order to reduce the large required catalyst volume of CO-PROX unity. In this work, large surface area nanometric ceria was used as support for CuO/CeO2 catalysts with CuO load up to 10 wt % easily dispersed by wet impregnation. Catalysts were characterized by ICP-MS, XRD, SEM/EDS, N2 physisorption, H2 temperature programmed reduction (TPR), and CO2 temperature programmed desorption (TPD) and tested under different reaction conditions (including under feed containing inhibiting species such as CO2 and H2O). Catalytic tests revealed that our samples show high activity and selectivity even under stringent reaction conditions; moreover, they result among the most active catalysts when compared to those reported in the scientific literature. The high activity can be related to the enhanced amount of highly dispersed copper sites in strong interaction with ceria related to the nature of the nanometric support, as evidenced by the characterization techniques. Despite the high concentration of active copper sites, catalytic performance is limited by CO2 desorption from ceria in the neighborhood of copper sites, which prevents a further improvement. This suggests that new catalyst formulations should also provide a lower affinity towards CO2.
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1. Introduction


The catalytic preferential oxidation of CO (CO-PROX) has been proposed as an effective technique to purify hydrogen streams for Proton-Exchange Membrane (PEM) fuel cells reducing CO concentration from 0.5–1 vol % to 10–100 ppm [1,2,3]. A proper catalyst should operate at quite low temperatures in order to reduce CO concentration to this level, limiting as much as possible the competitive H2 oxidation activated at slightly higher temperatures [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22].



Catalysts proposed for CO-PROX process include noble metal-based systems, mostly Pt but also Au-supported on metal oxides [23,24,25,26,27,28,29,30,31].



CuO/CeO2 catalysts represent a cheaper and more selective alternative to noble metals and have been widely investigated in the last decades [3,5,32,33,34], focusing on methods to further improve performance based on doping [6,8,10,18,22,35,36,37,38,39,40,41,42] or unconventional preparation methods [4,11,12,18,43,44,45,46,47].



The reason for the good performance of CuO/CeO2 catalysts was assigned to the strong interactions between copper and ceria resulting in an enhanced reducibility of both oxides [48,49,50]. In particular, copper reducibility depends on its dispersion on CeO2, highly dispersed copper showing the best CO oxidation activity and selectivity [51]. Indeed, copper oxides clusters, not interacting with ceria, are recognized as active centers for the (undesired) H2 oxidation [21,52].



Generally, a lower copper content provides a good dispersion of CuO particles for catalysts prepared by impregnation [48,52], thus providing highly active copper but at the expense of the total number of sites. Other techniques, such as coprecipitation, sol–gel, and combustion synthesis [9,10,11,12,13,14,15,18,44,53] are also used to favor copper dispersion and interaction with ceria.



In a previous work, it was found that 4 wt % CuO roughly corresponded to the monolayer coverage on a commercial ceria with a surface area equal to 56 m2/g [52]. For CeO2 with the same surface area, Maciel et al. [48] found a similar result, detecting XRD reflections of CuO clusters only for catalyst with a copper load exceeding 5 wt %. The activity towards CO oxidation increased up to 4 wt % CuO, whilst a further increase of the copper load did not provide a significant increase of CO conversion. Moreover, the kinetic constant measured at 100 °C per copper amount slightly decreased up to 4 wt % and it dropped for 8 wt %, suggesting that badly dispersed copper is not active towards CO oxidation. As a consequence, the best intrinsic activity is associated with the catalyst with the highest copper dispersion [52].



More recently, 4 wt % CuO dispersed on nanometric CeO2 from colloidal solution (surface area equal to 120 m2/g) was used to washcoat a ceramic honeycomb monolith [54,55] with good results related not only to the increased heat and mass transfer, associated with the use of a structured catalyst with a proper substrate, but also with the high dispersion of copper on a ceria support with a much larger surface area compared to that used in [52]. The copper load, equal to that used for conventional CeO2 with a half surface area, is likely under the monolayer coverage when nanometric ceria is used as support. Consequently, nanometric CeO2 could theoretically accommodate more dispersed copper, thus enhancing the intrinsic catalyst activity of the system.



In the present work, on the basis of these results, nanometric ceria performances at increasing copper amounts dispersed on nanometric ceria were tested in the CO-PROX reaction in order to reduce the PROX reactor volume using a more effective catalyst. In fact, reduction of catalytic reactor volume, together with a suitable control of the heat generated by the reaction, is one of the main objectives for CO-PROX, especially for automotive applications [56]. Consequently, this work represents a preliminary and fundamental study to select a highly performing active phase to be supported on a structured substrate. Samples with 4, 8 and 10 wt % CuO nominal content were prepared in order to obtain catalysts with a copper load lower than, equal to, or exceeding the theoretical monolayer coverage, respectively, on the basis of CeO2 surface area (120 m2/g) [48,52]. The catalysts are labelled xCuCe where x represents the nominal CuO load.




2. Results


2.1. Catalysts Characterization


2.1.1. ICP-MS, XRD, SEM/EDS, and BET


Results of ICP-MS analysis (not reported) revealed that the copper content corresponds to the theoretical one within the experimental error.



Figure 1 shows the XRD patterns of the catalysts at different CuO content. All patterns show the typical reflections of fluorite structure (28.8°, 33.1°, 47.5°, 56.3°, 59.1°; JCPDS 43-1002 [57]). No CuO reflections are detected on 4CuCe and 8CuCe, while typical peaks of monoclinic CuO (tenorite: 35.6° and 38.8°; JCPDS 45-0937 [58]) are observed on 10CuCe.



Figure 2 shows SEM images at 3000× magnification and the corresponding EDS analysis of all samples. A good copper dispersion can be detected for 4CuCe and 8CuCe samples, not showing detectable copper oxide aggregates. The surface copper composition of these samples is 3.7% and 8.8% (wt.), respectively, slightly higher than the corresponding nominal values (Table 1). On the contrary, 10CuCe appears more heterogeneous; as a matter of fact, the presence of bulk-like copper oxide is evident in the EDS map and well agrees with XRD results. In this sample, the estimated surface copper amount is 6.1 wt %, much lower than the nominal content (8 wt %; see Table 1), and it could be linked to the lower homogeneity in the copper distribution.



In Table 1, the BET surface areas of the freshly calcined catalysts are reported. The SSA of the support is about 120 m2/g [54]. As expected, all the samples show SSA lower than the bare support, approaching a plateau level starting from the sample with the supposed monolayer coverage (8%). Analysis of the pore size distribution (not shown), estimated according to the BJH model based on desorption branch of the isotherm, suggested that the reduction of surface area is mainly assignable to blocking of larger pores of the original support, having a PSD extending from about 10 to 60 Å. Indeed, pores in the region 25–60 Å disappear for xCuCe catalysts, with a consequent reduction of total pore volume from 0.077 cm3 g−1 for CeO2 support to 0.044 cm3 g−1 for 10CuCe. The small contribution of new pores centered at 10–15 Å evaluated for xCuCe catalysts does not balance the loss of mesopores of CeO2.




2.1.2. H2 Temperature Programmed Reduction (TPR)


H2-TPR profiles of xCuCe samples are shown in Figure 3 in terms of hydrogen uptake as a function of temperature. The reduction profiles of xCuCe samples refers to the third cycle of the redox treatment because the TPR profiles on copper/ceria catalysts are reproducible only after the first one, as also reported by Zimmer et al. [59] and by Caputo et al. [52] and attributed to copper redistribution during the reduction process, stabilizing copper in lower energy sites. In the same figure, the TPR profile of 4%CuO/CeO2 [52] (catalyst with the same copper load on the commercial ceria from Grace with 56 m2/g SSA) and of S5-M [54] (ceramic monolith washcoated with copper/ceria slurry with the same nanometric ceria and the same copper content of 4CuCe) are shown for comparison. In Table 2, the H2 uptake evaluated from the integration of TPR curves is reported.



As reported in the literature, ceria reduction starts at temperatures higher than 350 °C [52,59,60]; however, a small copper amount supported on ceria significantly modifies the TPR pattern, showing two to four reduction peaks at temperatures much lower than those obtained on pure ceria [9,19,22,43,52,61,62].



From a quantitative point of view, the total H2 uptake increases with Cu load, as expected on the basis of the increasing nominal copper content and exceeds that estimated on the basis of reduction of copper from Cu2+ to Cu0 due to the enhanced reducibility of cerium when strongly interacting with copper confirmed by the H2/Cu ratio > 1 [52]. Nevertheless, this ratio is not so high as expected by a supposed greater copper dispersion, with a H2/Cu ratio as high as 3.7 having been found for the catalyst with the lowest copper load and best dispersion [52]. Likewise, also for the same ceria support, this ratio was estimated to be 2.2 for S5-M [54]. On the other hand, it must be highlighted that within the xCuCe series, the H2/Cu ratio decreases with increasing copper load, which is in agreement with a more extended copper–cerium interaction when the copper load is lower than the monolayer coverage [52].



In contrast with the quantitative analysis, all xCuCe catalysts show two main reduction peaks, in agreement with the curve of S5-M where the same colloidal ceria was used for the washcoat [54] (Figure 3). Only 4CuCe shows an additional very small peak at low temperature. However, TPR profiles of xCuCe appear simpler and slightly shifted towards higher temperatures with respect to that of the sample prepared with commercial Grace ceria (4% CuO/CeO2 in Figure 3 [52]), basically resembling that of 0.5% CuO/CeO2 reported in [52], showing only two peaks at higher temperature.



TPR curves were deconvoluted using Origin 2015 Software (OriginPro 2015): the first peak (α peak) related to the reduction of copper species strongly interacting with ceria, the second one (β peak) related to large CuO clusters formed on the ceria surface, and the third one (γ peak) related to surface ceria reduction promoted by copper [54]. α’ peak can be assigned to isolated Cu2+ species strongly interacting with ceria [63]. These species can be expected on 4CuCe due to the coverage level being lower than the monolayer. The species responsible for α and β peaks were related to CO and H2 oxidation sites, respectively [21]. Nevertheless, we have previously demonstrated that the β and γ peaks merge on CuO supported over nanometric ceria due to the shift of the β peak to higher temperatures [54]. Therefore, in Table 2 a unique β + γ contribution is reported. In addition, only for the 4CuCe sample, the area of α’ signal is evaluated. The sum (α’ + α) increases from 4 to 8 wt % CuO load, then approaches a quite stable value. The same trend is observed for (β + γ), although a more significant increase is estimated from 8 to 10 wt % copper oxide load, in agreement with the larger fraction of copper oxide aggregates observed by SEM and XRD for 10CuCe.




2.1.3. CO2 Temperature Programmed Desorption (TPD)


In Figure 4, CO2-TPD profiles are shown, and in Table 2, the amount of CO2 desorbed evaluated from the curve integration is reported.



All samples show a tailed peak with a maximum at 110–140 °C, which is in agreement with our previous results on copper-based catalysts supported on conventional ceria [21]. Nevertheless, for those catalysts, TPD profiles followed much more that of the corresponding support, whereas TPD profiles of xCuCe catalysts reported in the present paper appear quite different, and for this reason, a deconvolution of curves was not attempted. Indeed, the peak at about 450 °C is reduced due to the increasing addition of copper, whilst a significant additional contribution between 130 and 320 °C is detectable in the profiles of xCuCe catalysts, especially for 4CuCe. This suggests that the addition of copper inhibits the support adsorption centers desorbing CO2 at high temperatures, but it increases the amount of adsorption centers desorbing CO2 at intermediate temperatures.



Although different at T < 165 °C, the TPD profiles of xCuCe catalysts show the same shape at higher temperatures, those of 8CuCe and 10CuCe just shifted to lower CO2 concentrations, likely due to a smaller overall contribution of the support, suggesting that the nature of the new sites is about the same.



Otherwise, the TPD profiles of 8CuCe and 10CuCe are not overlapped at low temperatures, showing different shapes. The same occurs for 4CuCe, although the curve of this sample is always shifted at higher CO2 concentrations.



Sites desorbing CO2 at low temperatures are considered to be responsible for CO oxidation and identified as Cu2+-O2−-Ce4+ [21]. Therefore, the different profile at low temperatures can suggest a different site distribution as also evidenced by TPR analysis.



Finally, from the quantitative point of view (Table 2), the trend is the same observed for the catalysts supported on conventional ceria, namely, the catalyst with the highest copper dispersion provides the greatest amount of desorbed CO2. In other words, the maximum amount of CO2 adsorption sites (both from ceria and from dispersed copper) is achieved by the catalyst with the lowest Cu load related to the best compromise between the number of the (still) free CeO2 sites and that of new Cu sites.





2.2. Activity Tests


Activity tests (Figure 5) were performed under the same reaction conditions used in our previous works [15,17,21,54,64] in order to compare catalysts, i.e., in the absence of CO2 and H2O and at contact time, defined as catalyst weight divided by total flow rate (W/F), equal to 0.054 g·s·cm−3. As for TPR analysis, performance of 4% CuO/CeO2 catalyst reported in [15] has been also reported as a reference.



All xCuCe catalysts exhibit CO conversion higher than that of 4% CuO/CeO2 at T > 90 °C and 100% CO selectivity up to 110 °C, thus highlighting the much better performance of catalysts supported on ceria with a double surface area. Surprisingly, catalytic performance both in terms of CO conversion (Figure 5a) and selectivity to CO2 (Figure 5b) appears to be independent of the copper content. This behavior will be discussed in the Section 3.



Due to the wide range of operative conditions reported in the literature, a full comparison of the present results with previous works is not trivial. However, some indications can be drawn. Table 3 compares the catalytic activity of some highly performing copper/ceria catalysts reported in the scientific literature and those reported in this work in terms of temperature at which CO conversion higher than 99% (T99) is attained. Table 3 also shows the values of contact times (τ’) defined as number of active sites (CuO) per CO molecules fed per second.



On the basis of these comparisons, our catalysts rank among the best catalysts. It should be underlined that our catalysts overcome or are comparable to other samples prepared with nano-shaped supports, such as nanosheets [65], nanorods [66], and nanocubes [67].



However, the question about the independence of the activity of the copper content is still open. While mass transfer limitations can be invoked at high conversion, an intrinsic kinetic regime is more probable at low CO conversion. Anyhow, the controlling regime was verified (see Section 2.3, Appendix A) and no mass transfer limitations are found at temperatures below 110 °C.



As a consequence, we hypothesized that under the conditions of tests of Figure 5, the catalytic bed is oversized and, consequently, tests were repeated under more stringent conditions, halving the contact time and reducing the oxygen concentration to 0.5 vol %. As shown in Figure 6a, under these conditions, CO conversion increases by increasing the copper content; conversion maxima are detected at about 130 °C for 4CuCe, at about 120 °C for 8CuCe, and at about 110 °C for 10CuCe, respectively. Selectivity decreases starting from about 100 °C. In Figure 6c, the selectivity-conversion plot is reported. Within the experimental error, the curves merge on a master curve, suggesting that under these reaction conditions, selectivity depends on the oxygen availability rather than on temperature. In the literature, several works report that CO oxidation sites are copper species strongly interacting with ceria, while H2 oxidation occurs on bulk (or bulk-like) copper oxide (see [21,68] and references therein, for instance). However, it has been demonstrated that the same sites can shift from CO oxidation to H2 oxidation depending on their oxidation state. In particular, while the redox cycle between Cu2+ and Cu+ is suggested for CO oxidation [19], the formation of metallic copper enhances H2 reactivity [7,20,51,66,69]. Accordingly, at lower oxygen concentrations and high CO conversion degrees, metallic copper can be formed onto xCuCe catalysts activating H2 rather than CO.



In the Figure 6a–c the performance of the 10CuCe sample at higher contact time and higher O2 concentration is reported as a reference. Unlike 4CuCe and 8CuCe, for this catalyst, conversion curves at the two different contact times are still very close, suggesting that the higher amount of copper sites active for CO oxidation, verified through TPR analysis, is also too much for a contact time of 0.027 (g·s)·cm−3 and a low O2 concentration. Therefore, for this catalyst, even more severe conditions could be operated. As reported in Figure 6c, on 10CuCe, highest selectivity can be obtained at lower contact time and oxygen partial pressure. This counterintuitive evidence can be also explained by the formation of metallic copper at high CO conversion and low O2 feed concentration: higher is the oxygen concentration in the gas phase, lower is the probability of metallic copper formation, and higher is the selectivity towards CO oxidation.



On the basis of these considerations, with respect to the comparison with the results presented in the literature (Table 3), the performance reported in Figure 6 makes the catalysts studied in this work among the most active ones investigated till now.



As mentioned before, more severe conditions can also be obtained from feeding inhibiting molecules as CO2 and/or H2O, which are generally present in the reforming-WGS stream [16,71,72,73]. Figure 7 shows the effect of H2O and CO2 on the catalytic activity of xCuCe samples. The experimental conditions are those of Figure 5 (τ = 0.054 g·s·cm−3; CO/H2/O2/ = 0.5/50/0.9) with the addition of 10 vol % H2O and 25 vol % CO2.



As expected, in the presence of CO2 and H2O, CO conversion and selectivity curves (Figure 7a,b) shift to higher temperatures due to the inhibiting effect of these compounds. In contrast with the results of Figure 5 and in agreement with those reported in Figure 6, the three samples show different activity and selectivity, 10CuCe showing again the best performance. The s-x plot (Figure 7c) shows that selectivity is mainly dependent on the CO conversion, with a slight additional dependence on the temperature for the 10CuCe catalyst. This could be related to the bulk-like CuO fraction detected on this sample (see Section 2.1), active towards H2 oxidation at high temperatures. In Figure 7, the catalytic performance of a catalyst with the same copper content and prepared by impregnation on commercial ceria (4% CuO/CeO2 in Figure 7) is also reported for comparison purposes. These unpublished data were obtained under the same reaction conditions, except for the CO2 concentration, equal to 15 vol % instead of 25 vol %. As clearly shown in Figure 7, despite of the higher CO2 concentration in the gas feed, xCuCe samples outperform, confirming the good resistance of the catalysts prepared on nanometric ceria towards the inhibiting effect of CO2 and H2O, as reported for structured systems [54]. Active sites for CO oxidation are considered those mostly affected by CO2 inhibition at T < 160 °C [21]. Thus, as expected, a strong difference between CO conversion in the absence and in the presence of CO2 is observed for 10CuCe catalyst since 100% CO conversion is achieved at temperature well below 160 °C without CO2. Twenty-five percent CO2 concentration in the feed saturates all CO conversion sites, although abundant in this catalyst, at T < 160 °C. Only when the temperature exceeds this limit value the high performance of this catalyst becomes evident.




2.3. Relevance of Mass Transfer Resistance in the Catalytic Tests


In order to calculate the controlling regime as function of temperature, we performed calculations of the inter and intraparticle mass transfer diffusion resistances. Details are reported in the Appendix A.



To this end we assumed a pseudo-first order kinetics. To verify the role of the interparticle diffusion resistances, we calculated the mass transfer coefficient with the correlations of Satterfield and Sherwood [74] between the Sherwood, the Schmidt, and the Reynolds numbers, assuming a pseudo-first order kinetic of CO oxidation.



We found that in the whole range of temperatures investigated, external mass transport is not the limiting step.



To evaluate the intraparticle diffusion resistances, we used the Prater criteria, calculating the Thiele modulus (Φ). We found that for all samples at temperatures lower than 116 °C, the reaction rate is controlled by intrinsic kinetics, while at higher temperatures a mixed regime applied, in which both intrinsic kinetics and intraparticle diffusion are controlling.



In summary, at low temperatures (<116 °C) and low CO conversion degree, the intrinsic kinetics is controlling, while at high temperatures (>116 °C) and high CO conversion, CO reaction rate is controlled also by the diffusion in the particle pores.



As a consequence, the existence of a “master curve” of CO conversion as a function of the Cu content cannot be assigned to the mass transfer limitations, but it has to be related to the catalytic reaction mechanism.





3. Discussion


The results reported in the previous section suggest more considerations than expected.



The main goal of this work, i.e., significantly improving the catalytic performance of copper/ceria catalysts thus reducing the catalytic bed volume, was successfully achieved. It was shown that commercial nanometric ceria with a high surface area can accept a larger amount of highly dispersed Cu sites, active towards CO oxidation compared to conventional CeO2, up to loads that for conventional supports involve the addition of unselective copper sites, active for H2 oxidation. This was attained using the simplest preparation technique, i.e., the wet impregnation. As highlighted in the Table 3, 10CuCe shows very high activity, higher than those reported in recent work on nano-shaped (nanosheets, nanorods, nanocubes) CuO/CeO2 catalysts [65,66,67]. The high activity can be related to the larger amount of highly dispersed copper sites in strong interaction with ceria, as evidenced by the characterization techniques. This suggests that large surface areas and improved copper–ceria interaction affect the catalytic performance more than the shape of ceria nanoparticles.



In order to underline the effect of the strongly enhanced copper dispersion, in Table 4, kinetic constants evaluated at 95 °C at the two different contact times for xCuCe catalysts of the present work were compared with those evaluated at 100 °C according to a first-order kinetics.



In both cases the temperature chosen for calculations ensures a well measurable CO conversion at 100% selectivity.



For similar contact times (0.027 g∙s∙cm−3 vs. 0.03 g∙s∙cm−3), the catalysts reported in the present study give a kinetic constant higher than that of CuCe samples reported in [52], despite of a slightly lower operating temperature. Moreover, k increases with copper load whereas a plateau value was reached for CuO load ≥4% for the reference catalysts, clearly suggesting that the additional copper does not or weakly contributes to CO oxidation. On the other hand, nanometric ceria has a high capacity to accept and disperse copper generating copper sites active for CO oxidation up to very high loads.



k values estimated at τ = 0.054 g∙s∙cm−3, all around 30, are an evident indication that only a fraction of copper sites is actually working under this condition, the exceeding fraction, increasing with the Cu load, being not involved in the reaction due to an extra catalytic bed.



In the same Table, the calculated TOF is also reported for all catalysts and conditions. As expected, for the reference catalysts, TOF decreases with increasing Cu load due to the increasing fraction of inactive copper. This finding is in agreement with the behaviors of other catalysts reported in the literature. For instance, Wang et al. [61] showed a significant improvement of the catalytic activity by increasing the Cu content from 2 to 5 wt %, while a further increase to 10 wt % showed a lower effect. Jampa et al. [46] and Gu et al. [33] reported the catalytic performance of CuO/CeO2 catalysts with different copper contents. Even if the difference among the performance of the samples is measurable, the effect of the copper load is marginal for the best catalysts. Similarly, Du et al. [64] detected an improvement of the catalytic performance only at low copper content, with further increase of the Cu load not providing higher conversion (a poor effect on the selectivity was detectable). Nevertheless, a surprisingly opposite trend was observed for xCuCe catalysts at similar contact time, suggesting that additional and even more active copper sites are dispersed on nanometric ceria at higher copper loads. At the greater contact time, the higher TOF value associated to 4CuCe indicates the good exploitation of active sites for 4CuCe. It is worth noting that 8CuCe shows constant k and TOF values, as expected, while they increase on 4CuCe and decrease on 10CuCe. So, the reaction mechanism on 8CuCe (whose copper content corresponds to about the monolayer) is unchanged by changing the contact time, while the significant variation of TOF values for the other xCuCe samples and the concomitant merge of kinetic constants by simply increasing the contact time suggest that the reaction rate could not be dependent only on the copper content (and dispersion). Data reported in this paper cannot fully explain this behavior and further investigations are needed.



In addition to these results, which could have an impact from the practical point of view, another unexpected conclusion can be drawn. The overlap of CO conversion curves as a function of temperature into a master curve, found for 10CuCe at two different contact times and at the highest contact time for all xCuCe catalysts, suggests that something not depending on the copper load limits the maximum CO conversion, as stated above. This finding was not previously reported. The investigation on the reaction mechanism is beyond the scope of this work. Nevertheless, some explanations can be attempted. Bueno-Lopez and co-workers [19] reported that the number of copper sites affects the catalytic activity at temperatures above that corresponding to main CO2 desorption, which is in turn the limiting kinetic step at low temperatures. In agreement with these authors, we demonstrated that CO oxidation sites, desorbing CO2 at temperature below 160 °C on samples prepared with conventional ceria, are related to ceria sites modified by copper [21]. TPR analysis carried out in this work confirmed that the nature of copper is mostly that of highly dispersed sites, even for high loads which, on the contrary, for conventional ceria are associated to the formation of a fraction of unselective copper oxide.



As a consequence, when the number of active sites is equal to or even exceeds that necessary to oxidize CO, the reaction is limited by CO2 desorption from ceria sites in the neighborhood of copper centers. CO2 inhibition is significant at T < 160 °C [21], a range including a large part of the operative window for xCuCe catalysts supported on nanometric CeO2.



These results suggest also a new approach for the design and the development of more active CO-PROX catalysts. In addition to large surface areas, high copper loadings and copper dispersion (i.e., a large number of Cu sites in strong interaction with ceria per unit volume), it is demanding the optimization of the CO2 desorption step.




4. Materials and Methods


4.1. Catalyst Preparation


CuO/CeO2 catalysts with different CuO content were prepared via wet impregnation. A colloidal ceria suspension (Nyacol Nano Technologies Inc., Ashland, MA, USA, particles size <20 nm) was dried at 120 °C overnight in order to obtain the nanometric support. The so-obtained fine powder was impregnated with a proper amount of copper acetate monohydrate (Sigma-Aldrich, St. Louis, MO, USA) in a rotary evaporator at 50 °C, 90 mbar, and 120 rpm, dried overnight at 120 °C, and then calcined in air at 450 °C for 2 h.




4.2. Catalytic Tests


The lab-scale set-up used for CO-PROX experiments was described elsewhere [21]. The powder catalyst with 180–300 μm particle size was placed in a tubular Pyrex reactor. Temperature was controlled with an electric tubular furnace (Lenton, Hope Valley, UK). The gaseous feed (0.5 vol % CO, 50 vol % H2 and 0.9 vol % O2 (N2 as balance)) and products were monitored with a Fisher-Rosemount NGA2000 continuous analyzer (Saint Louis, MO, USA).



Catalytic tests were conducted at different contact times, defined as the (catalyst weight)/(flow rate) ratio, by changing the total flow rate. Reaction temperature ranged from RT to 160 °C to explore the whole temperature range of interest for CO-PROX. Mass balance was always closed within ±4%. CO conversion and selectivity of oxygen reacting with carbon monoxide were calculated according to the following equations:


    x  C O   =   C  O  I N   − C  O  O U T     C  O  I N     ,   



(1)






    s  C O   =   Δ  O 2  C O     Δ  O 2  C O   + Δ  O 2   H 2      = 0.5 ·   C  O  I N   − C  O  O U T      O 2  I N   −  O 2  O U T     ,   



(2)




where xCO and sCO are the CO conversion and the O2 selectivity to CO2, while ΔO2CO and ΔO2H2 are the oxygen moles consumed for CO and H2 oxidation, respectively.




4.3. Catalyst Characterization


The actual metal content was determined by ICP-MS analysis using an Agilent 7500CE instrument (Santa Clara, CA, USA). BET surface areas (SSA) of supports and catalysts were measured by N2 adsorption at 77 K with a Quantachrome Autosorb-1C instrument (Boynton Beach, FL, USA) after degassing the samples at 150 °C for 1.5 h. The catalysts morphology was observed using a FEI Inspect Scanning Electron Microscope (SEM, Hillsboro, OR, USA) equipped with an energy dispersive X-ray (EDX) probe for the elemental mapping.



Temperature programmed reduction (TPR) analysis was carried out in a quartz-fixed bed reactor using mixtures of 2 vol % H2 in N2 with a total flow rate of 18 l(STP)/h, loading a 0.3 g sample with a particle dimension of 180–300 μm pretreated 1h under airflow at 450 °C. In all TPR tests, the reactor was heated at 10 °C/min up to 450 °C, maintaining the final temperature for 1 h. Hydrogen uptake was monitored using the same analysis system used for catalytic tests. TPR experiments were repeated three times for each sample in order to obtain reproducible profiles (the second and the third profile) after stabilization of copper centers upon the first TPR cycle. After each TPR cycle, the sample was treated under air as described above.



CO2-TPD tests were carried out by using a Micromeritics Autochem II 2020 equipped with a TC detector (Norcross, GA, USA). The samples (≈150 mg) were pretreated in synthetic air for 15 min at 450 °C, then saturated with 1 vol % CO2/N2 mixture for 1 h at 30 °C and washed in nitrogen for 0.5 h. The reactor was then heated at 10 °C/min up to 450 °C.





5. Conclusions


In this work, a nanometric ceria with large surface area was used as support for copper-based catalysts applied in the preferential oxidation of carbon monoxide in H2-rich streams. A large amount of dispersed copper sites strongly interacting with the support can be obtained by wet impregnation, providing high CO conversion and selectivity at low temperatures, as evidenced by the characterization techniques. The catalysts rank among the best catalysts proposed in the literature obtained through more complex preparation techniques leading to a significant reduction of catalytic bed volume.



The catalyst with 10 wt % CuO showed the highest performance in terms of conversion and selectivity, also showing a better resistance to the inhibiting effect of carbon dioxide and water vapor. Calculations of reaction rates and TOFs confirmed the high intrinsic activity of the catalysts.



CO conversion curves as a function of the temperature of the 10CuCe catalyst overlapped for the two different contact times explored and at the highest contact time for all xCuCe catalysts. This unexpected result suggests that the limiting step is not dependent on the copper sites once diffusional limitations were ruled out. According to literature results, we hypothesized that CO2 desorption from ceria sites in the neighborhood of copper centers controls the reaction rate.



From the obtained results, a novel approach for the design and the development of active CO-PROX catalysts is proposed which is based on the optimization not only of surface areas, copper loadings, and copper dispersion (i.e., a large number of Cu sites in strong interaction with ceria per unit volume), but also CO2 desorption features of the support at low temperatures.
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Appendix A


The evaluation of the controlling regime was performed at all temperatures investigated.



The kinetic constant has been evaluated assuming a first order reaction of CO oxidation:


     d  x  C O     d t   =  r  C O   = k ·  (  1 −  x  C O    )    



(A1)




where xCO is the CO conversion degree, k is the kinetic constant.



In Figure A1, the kinetic constant is plotted versus temperature (ln(k) vs. 1/T). It is possible to observe that at a temperature equal to about 165 °C, the slope of the curve changes, suggesting that the controlling regime is changed. From these data, the kinetic parameters have been evaluated.
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Figure A1. Kinetic constant as function of temperature, 4CuCe sample. CO = 5000 ppm, O2 = 0.5 vol % and H2 = 50 vol %. 
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Appendix A1. Interparticle Diffusion


In the hypothesis of first order reaction, the interparticle diffusion resistances are negligible if


    k   k m  ·  a v    ≪ 1   



(A2)




where km is the mass transport coefficient and av is the specific external surface of the particle assumed equal to 400 cm−1, considering that for spherical particles, it is equal to 6/dp where dp (150 μm) is the particle size.



The mass transport coefficient has been estimated by using the Satterfield and Sherwood correlation [74]:


    k m  =    J D  · G   ρ · S  c  −  2 3        



(A3)




where:


    J D  = 1.66 · R  e p  − 0.51     



(A4)






   R  e p  =    d p  · G  μ    



(A5)






   G =   ρ · Q   S · ε     



(A6)




where Sc is the Schmidt number, S is the area of the annular section of the lab reactor (0.67 cm2), ε is the reactor porosity (0.37), ρ is the gas density (0.428 kg/m3), and μ is the gas viscosity (0.02 cp).



The diffusivity of the carbon monoxide in N2, DCO-N2, in the Sc number has been estimated by using the formula of Satterfield and Sherwood [74]:


    D  C O − N 2   = 1.858 ×   10   − 3   ×  T  1.5      [   (   M  C O   +  M  N 2    )  / (  M  C O   ×  M  N 2    )   ]   1 2      P ×  σ  C O − N 2  2  ×  Ω D      



(A7)




where T is the temperature (K), P the pressure (atm), MCO and MN2 are the molecular weights of CO and N2, respectively, and ΩD, the collision integral. We found DCO-N2 = 0.38 cm2·s−1. We found that in the whole range of temperatures, the control is kinetic.



In Table A1, the values of the ratio k/(km∙av) for all the samples investigated are given.
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Table A1. k/(km∙av), Thiele module and efficiency for xCuCe samples at different contact times and temperatures.
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SAMPLE

	
τ g∙s∙cm−3

	
T °C

	
k/(km∙av)

	
Φ

	
η






	
4CuCe

	
0.027

	
120

	
0.00012

	
0.28

	
0.98




	
0.040

	
0.005

	
0.27

	
0.98




	
0.027

	
90

	
0.00011

	
0.09

	
0.99




	
0.040

	
0.0004

	
0.028

	
0.99




	
8CuCe

	
0.027

	
120

	
0.005

	
0.44

	
0.97




	
0.054

	
0.006

	
0.34

	
0.985




	
0.027

	
90

	
0.0002

	
0.023

	
0.99




	
0.054

	
0.000045

	
0.03

	
0.99




	
10CuCe

	
0.027

	
120

	
0.008

	
0.7

	
0.95




	
0.054

	
0.0078

	
0.43

	
0.97




	
0.027

	
90

	
0.01

	
0.07

	
0.99




	
0.054

	
0.03

	
0.03

	
0.98










Appendix A2. Intraparticle Diffusion


In order to estimate the role of intraparticle diffusion resistances, we used the Prater criteria, calculating ϕ:


   Φ =    d p 2  · r   4 ·  D  e f f   ·  c s      



(A8)




where at Φ < 0.3, the diffusion inside the pores resistances are negligible.



At Φ ≈ 0.3, a mixed regime applies.



We also computed the effectiveness factor (η) through the Thiele module (Φ) calculation:


   Φ =    d p 2   2  ·    k   D  e f f         



(A9)




where Deff (cm2·s−1) is the effective diffusivity of CO in N2 and is equal to D∙ε/τ (ε and τ are the particle porosity and tortuosity, respectively).



Effectiveness may be calculated as function of the Thiele number:


   η =  3 Φ  ·  (   1  tan Φ   −  1 Φ   )  .   



(A10)







Depending on the value of η, the controlling step may be identified:



at η = 1, diffusion inside the pore is not controlling;



at 0.97 < η < 0.95, a mixing regime applies.



In Table A1, the results are given for all the samples at two values of the contact times (0.054 and 0.027 g s/mL) and temperatures (90 and 120 °C).



From the results of Table A1, it may be concluded that at a high temperature (120 °C) reaction, over 10% and 8% samples occur in a mixed regime, while in the case of the 4% sample, a transition to a purely kinetic controlled regime occurs.
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Figure 1. XRD patterns of xCuCe samples. Peak positions corresponding to fluorite (▼) and tenorite (■) structure. 
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Figure 2. SEM images of xCuCe samples (3000× magnification) and corresponding EDS maps for Cu and Ce. 
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Figure 3. H2-TPR profiles of xCuCe samples (profile of 4% CuO/CeO2 from [52]; profile of S5-M from [54]). 
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Figure 4. CO2-TPD profiles of xCuCe samples (profile of nanometric CeO2 support as reference). 
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Figure 5. CO conversions (a) and selectivities (b) as a function of the temperature for the xCuCe catalysts. τ = 0.054 g·s·cm−3; CO/H2/O2/N2 = 0.5/50/0.9/balance. Symbols: ● 4CuCe;  [image: Catalysts 08 00209 i001] 8CuCe;  [image: Catalysts 08 00209 i002] 10CuCe;  [image: Catalysts 08 00209 i003] 4%CuO/CeO2 [15]. 
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Figure 6. CO conversions (a) and selectivities (b) as a function of the temperature and selectivities as a function of the conversions (c) for the xCuCe catalysts. τ = 0.027 g·s·cm−3; CO/H2/O2/N2 = 0.5/50/0.5/balance. Symbols: ● 4CuCe;  [image: Catalysts 08 00209 i001] 8CuCe;  [image: Catalysts 08 00209 i002] 10CuCe;  [image: Catalysts 08 00209 i004] 10CuCe at τ = 0.054 g·s·cm−3 and CO/H2/O2/N2 = 0.5/50/0.9/balance. 
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Figure 7. CO conversions (a) and selectivities (b) as a function of the temperature and selectivities as a function of the conversions (c) for the xCuCe catalysts. τ = 0.054 g·s·cm−3; CO/H2/O2/CO2/H2O/N2 = 0.5/50/0.9/25/10/balance. Symbols: ● 4CuCe;  [image: Catalysts 08 00209 i001] 8CuCe;  [image: Catalysts 08 00209 i002] 10CuCe;  [image: Catalysts 08 00209 i004] 10CuCe (CO/H2/O2/N2 = 0.5/50/0.9/balance); ¯ 4%CuO/CeO2 (CO/H2/O2/CO2/H2O/N2 = 0.5/50/0.9/15/10/balance). 
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Table 1. Sample labels: nominal CuO and Cu contents, BET surface areas, and surface Cu contents measured by EDS.






Table 1. Sample labels: nominal CuO and Cu contents, BET surface areas, and surface Cu contents measured by EDS.





	Sample
	Nominal CuO Content, wt %
	Nominal Cu Content, wt %
	BET Area, m2/g
	Surface Cu Content, wt % a





	4CuCe
	4
	3.2
	83.4
	3.7



	8CuCe
	8
	6.4
	61.4
	8.8



	10CuCe
	10
	8.0
	57.8
	6.1







a as measured by EDS.
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Table 2. H2-TPR and CO2 temperature programmed desorption (TPD) quantitative analysis.






Table 2. H2-TPR and CO2 temperature programmed desorption (TPD) quantitative analysis.





	
Sample

	
Total H2 Uptake, µmol/g

	
Peak

	
Peak Temperature, °C

	
Peak Area, µmol/g

	
H2/Cu

	
CO2, µmol/g






	
CeO2

	

	

	

	

	

	
361




	
4CuCe

	
971

	
α’

	
121

	
57.0 (6.1%)

	
1.5

	
436




	
α

	
166

	
418 (44.5%)




	
β + γ

	
224

	
465 (49.5%)




	
8CuCe

	
1618

	
α

	
175

	
800 (49.5%)

	
1.3

	
328




	
β + γ

	
214

	
818 (50.5%)




	
10CuCe

	
1750

	
α

	
166

	
838 (47.9%)

	
1.1

	
326




	
β + γ

	
214

	
912 (52.1%)
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Table 3. Best catalytic performance of some CuO/CeO2 based catalysts reported in the literature and in this work.






Table 3. Best catalytic performance of some CuO/CeO2 based catalysts reported in the literature and in this work.





	
Sample

	
CuO,

	
τ,

	
τ’,

	
T99,

	
Feed Composition

	
Ref.




	
%

	
g∙s∙cm−3

	
s (×103)

	
°C

	
CO a

	
O2 b

	
H2 b






	
CuCe-2b

	
7.5

	
0.003

	
9.4

	
170

	
300

	
0.03

	
1

	
[13]




	
5CuCe nano-sheet

	
6.2

	
0.045

	
3.5

	
122

	
10,000

	
20

	
-

	
[65]




	
0.04CuCe from Ce-UiO-66

	
10.9

	
0.3

	
41.1

	
105

	
10,000

	
1

	
50

	
[70]




	
CuCe(rod)-48h

	
8.7

	
0.06

	
6.6

	
90

	
10,000

	
1

	
50

	
[66]




	
10CuCe-2OH-ILs

	
12

	
0.06

	
9.1

	
130

	
10,000

	
1

	
50

	
[67]




	
4%CuO/CeO2

	
4

	
0.054

	
5.4

	
170

	
5000

	
0.9

	
50

	
[15]




	
4%CuO/CeO2 by SCS

	
4

	
0.054

	
5.4

	
150

	
5000

	
0.9

	
50

	
[15]




	
xCuCe

	
4, 8, 10

	
0.054

	
5.4–13.6

	
115

	
5000

	
0.9

	
50

	
This work




	
10CuCe

	
10

	
0.027

	
6.8

	
115

	
5000

	
0.5

	
50

	
This work








a ppm; b vol %.
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Table 4. Comparison of the first-order kinetic constant (k) and Turnover Frequency (TOF) evaluated at different contact times, CuO load, and temperature for CuO/CeO2 catalysts reported in [52] and in this work. CO = 5000 ppm; H2 = 50 vol %; O2 = 0.5 vol % ([52], this work at τ = 0.027 g∙s∙cm−3), 0.9 vol % (this work at τ = 0.054 g∙s∙cm−3).






Table 4. Comparison of the first-order kinetic constant (k) and Turnover Frequency (TOF) evaluated at different contact times, CuO load, and temperature for CuO/CeO2 catalysts reported in [52] and in this work. CO = 5000 ppm; H2 = 50 vol %; O2 = 0.5 vol % ([52], this work at τ = 0.027 g∙s∙cm−3), 0.9 vol % (this work at τ = 0.054 g∙s∙cm−3).





	Sample
	CuO, wt %
	τ, g∙s∙cm−3
	τ’, s (×103)
	T, °C
	k, cm3∙s−1∙g−1
	TOF, s−1
	Ref.





	0.5CuCe
	0.6
	0.03
	0.4
	100
	3.1
	6.7
	[52]



	4CuCe
	4.2
	0.03
	3.2
	100
	17.6
	5.4
	[52]



	8CuCe
	8.2
	0.03
	6.2
	100
	16.7
	2.6
	[52]



	4CuCe
	4
	0.054
	5.4
	95
	32.3
	10.6
	This work



	8CuCe
	8
	0.054
	10.9
	95
	27.6
	4.5
	This work



	10CuCe
	10
	0.054
	13.6
	95
	35.2
	4.6
	This work



	4CuCe
	4
	0.027
	2.7
	95
	10.1
	3.3
	This work



	8CuCe
	8
	0.027
	5.4
	95
	28.6
	4.7
	This work



	10CuCe
	10
	0.027
	6.8
	95
	64.0
	8.4
	This work











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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