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Abstract

:

Three-dimensionally ordered macroporous (3DOM) TiO2-supported AuPd alloy (xAuyPd/3DOM TiO2 (x = 0.87–0.91 wt%; y = 0.51–1.86)) catalysts for trichloroethylene (TCE) oxidation were prepared using the polymethyl methacrylate-templating and polyvinyl alcohol-protected reduction methods. The as-prepared materials possessed a good-quality 3DOM structure and a surface area of 49–53 m2/g. The noble metal nanoparticles (NPs) with a size of 3–4 nm were uniformly dispersed on the surface of 3DOM TiO2. The 0.91Au0.51Pd/3DOM TiO2 sample showed the highest catalytic activity with the temperature at a TCE conversion of 90% being 400 °C at a space velocity of 20,000 mL/(g h). Furthermore, the 0.91Au0.51Pd/3DOM TiO2 sample possessed better catalytic stability and moisture-resistant ability than the supported Au or Pd sample. The partial deactivation induced by H2O introduction of 0.91Au0.51Pd/3DOM TiO2 was reversible, while that induced by CO2 addition was irreversible. No significant influence on TCE conversion was observed after introduction of 100 ppm HCl to the reaction system over 0.91Au0.51Pd/3DOM TiO2. The lowest apparent activation energy (51.7 kJ/mol) was obtained over the 0.91Au0.51Pd/3DOM TiO2 sample. The doping of Au to Pd changed the TCE oxidation pathway, thus reducing formation of perchloroethylene. It is concluded that the high adsorbed oxygen species concentration, good low-temperature reducibility, and strong interaction between AuPd NPs and 3DOM TiO2 as well as more amount of strong acid sites were responsible for the good catalytic activity, stability, and water- and HCl-resistant ability of 0.91Au0.51Pd/3DOM TiO2. We believe that 0.91Au0.51Pd/3DOM TiO2 may be a promising catalyst for the oxidative elimination of chlorine-containing volatile organics.
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1. Introduction


Chlorine-containing volatile organic compounds (CVOCs) are widely used in industries as solvents, dry-cleaning agents, degreasing agents, synthetic resins, and pharmaceuticals, which are nowadays produced in considerable amounts. These CVOCs are harmful to the environment and human health [1,2]. Therefore, it is highly desired to find effective methods to remove the CVOCs. So far, there have been a number of technologies for CVOCs elimination. Because of its high efficiency and low operating temperatures, catalytic oxidation is considered as one of the most promising catalytic technologies [3]. Various catalysts, such as noble metals, transition-metal oxides, and perovskite-type oxides, have been developed for the oxidation of CVOCs [4,5]. Ideal catalytic combustion of CVOCs is formation of water, carbon dioxide, and hydrogen chloride. Over transition-metal oxides, there was generation of volatile metal oxychlorides and intermediate by-products which promoted the loss of the active phases and refractory organics [4]. In contrast, supported noble metals showed good activity and resistance against volatilization [6], hence becoming the most prospect catalysts for elimination of the CVOCs. Since Hutchings et al. first report on the hydrochlorination of acetylene, the supported Au catalysts have obtained continuing attention [7]. For example, Liu et al. observed that the three-dimensionally ordered macroporous (3DOM) La0.6Sr0.4MnO3-supported gold and meso-Co3O4-supported gold catalysts showed the T90% of 170 and 138 °C for toluene oxidation at a space velocity (SV) of 20,000 mL/(g h) [8,9], respectively. In recent years, Pt or Pd alloyed with Au has been reported to exhibit excellent catalytic activity for H2O2 synthesis, N2O decomposition, toluene oxidation, and methane combustion [10]. For example, Hutchings and coworkers found that Au could play an electron donor for Pd, the active catalyst owned a Pd-enriched surface, and the surface-bound oxygen-centered radicals played an important role in toluene activation over the Au–Pd/TiO2 catalysts [11]. Working on the Au–Pd alloy catalysts for vinyl acetate synthesis, Chen et al. pointed out that the main role of Au in the bimetallic system was to isolate the Pd atoms, promoted the anticipant coupling of critical surface species, and reduced formation of the unexpected by-products [12].



In the past several years, titanium dioxide and its containing materials have gained much attention. Titanium dioxide is an environmentally friendly compound, which is often used as a component of photocatalytic or NH3-SCR catalysts. Such a material possesses unique redox behaviors and strong acid-resistant ability [13]. The 3DOM structure with a large pore size (>50 nm) could immensely enhance mass transfer of the reactants and efficiently utilize active sites on the accessible surface of porous inner walls, hence improving the catalytic activity and selectivity for trichloroethylene (TCE) combustion [14]. However, studies on the use of 3DOM TiO2 as support to generate the Au–Pd alloy/3DOM TiO2 catalysts for CVOCs oxidation have not been seen in the literature.



Previously, we investigated the controlled preparation, characterization, and catalytic performance of numerous 3DOM-structued catalysts (e.g., Au–Pd/3DOM Co3O4 [15], Au–Pd/MnO2 [16], and Au–Pd/3DOM La0.6Sr0.4MnO3 [17]), and observed that most of them performed well in the oxidation of VOCs. Herein, we report the preparation of xAuyPd/3DOM TiO2 (x = 0.87–0.91 wt%; y = 0.51–1.86) using the polymethyl methacrylate (PMMA)-templating and gas bubble-assisted polyvinyl alcohol (PVA)-protected reduction strategies. Based on the characterization and activity results, we found that adsorbed oxygen species concentration, low-temperature reducibility, and interaction between AuPd NPs and 3DOM TiO2 influenced activity, stability, and water- and HCl-resistant ability of the catalysts.




2. Results and Discussion


2.1. Crystal Phase, Morphology, Pore Structure, and Surface Area


Figure 1 shows the phase structures of the 3DOM TiO2, 0.89Au1.86Pd/3DOM TiO2, 0.87Au0.95Pd/3DOM TiO2, 0.91Au0.51Pd/3DOM TiO2, 0.93Au/3DOM TiO2, and 0.89Pd/3DOM TiO2 samples. All of the samples exhibited similar XRD patterns. The diffraction signals at 2θ = 25.3°, 36.5°, 37.8°, 38.6°, 48.0°, 53.9°, 55.1°, 62.7°, and 75.0° can be indexed to the (101), (103), (004), (112), (200), (105), (211), (204), and (215) crystal planes of the anatase-phase TiO2 (JCPDS PDF# 21-1272) [18], respectively. No characteristic diffraction peaks assignable to the noble metal phases appeared, indicating formation of the highly dispersed noble metal NPs. It should be noted that the absence of XRD signals due to the noble metal phases might be also associated with their low loadings. According to the Scherrer equation using the FWHM of the (101) line of TiO2, one can obtain the crystallite sizes (D) of TiO2 that were in the range of 19.5–20.4 nm.



Figure 2, Figure 3 and Figure 4 exhibit the SEM, TEM, and HAADF–STEM images of the typical samples, respectively. It can be clearly seen that the 3DOM TiO2, 0.89Au1.86Pd/3DOM TiO2, 0.87Au0.95Pd/3DOM TiO2, 0.91Au0.51Pd/3DOM TiO2, 0.93Au/3DOM TiO2, and 0.89Pd/3DOM TiO2 samples possessed a high-quality 3DOM architecture with a pore size of 175–205 nm (Figure 2a–h). The sizes of 200 particles from TEM images (Figure 3a–l) were measured. It is found that the mean sizes (2.9–3.4 nm) of AuPd alloy NPs in xAuyPd/3DOM TiO2 were smaller than or similar to the mean sizes (3.2–3.5 nm) of Au and Pd NPs in 0.93Au/3DOM TiO2 and 0.89Pd/3DOM TiO2 (Table 1 and Figure S2). The interplanar crystal spacing of Au NPs in 0.93Au/3DOM TiO2 was 0.234 nm (Figure 3j), which were identified to the (111) crystal face of Au NPs. The interplanar crystal spacing of Pd NPs in 0.89Pd/3DOM TiO2 was 0.226 nm (Figure 3l), which was due to the fcc (111) crystal plane of Pd NPs. The lattice fringes (0.23 nm) were clearly observed in the AuPd NPs on the surface of 3DOM TiO2, which were assigned to the fcc (111) crystal face of Au–Pd NPs. Furthermore, the intraplanar crystal spacing of 0.25 nm corresponded to the (101) crystal plane of 3DOM TiO2. To further study the structures and compositions of the 3DOM TiO2-supported AuPd NPs, we recorded the HAADF–STEM and EDS elemental mapping images (Figure 4) of the xAuyPd/3DOM TiO2 samples. Apparently, the Au, Pd, and/or AuPd NPs were well dispersed on the skeleton surface of the 3DOM TiO2. The signal intensity of the Au element (sapphirine in color) was similar to the signal intensity of the Pd element (pink in color), suggesting that the Au and Pd were uniformly mixed in the AuPd NPs. Such a uniform structure indicates that an AuPd alloy was formed within the AuPd NPs [15,16]. During the reduction processes, the mixed noble metal precursors were synchronously reduced to form the bimetallic AuPd alloy NPs because of its similar standard reduction potentials. The synergic effect of AuPd alloy and TiO2 could provide ample low-coordination unsaturated metal sites or oxygen vacancies, which were active sites for adsorption and activation of molecular oxygen.



Figure S3 shows the N2 adsorption–desorption isotherms and pore-size distributions of the 3DOM TiO2, 0.89Au1.86Pd/3DOM TiO2, 0.87Au0.95Pd/3DOM TiO2, 0.91Au0.51Pd/3DOM TiO2, 0.93Au/3DOM TiO2, and 0.89Pd/3DOM TiO2 samples. Each sample exhibited a type II isotherm with an H3 hysteresis loop in the relative pressure (p/p0) range of 0.8–1.0 and a small H2-type hysteresis loop in the p/p0 range of 0.2–0.8. The existence of H3 hysteresis loop indicates existence of the slit-shaped macropores in the materials [19]. The low-pressure portion of the almost linear middle section of each isotherm (which could be attributed to the multilayer adsorption) also suggests formation of macropores [20]. The appearance of H2 hysteresis loop indicates that mesoporous existed in the skeleton of 3DOM TiO2. There were meso- or nanopores (2.6–4.4 nm) and macro- or submicropores (175–205 nm) in these samples (Table 1), which were proven by the SEM and TEM observations and pore-size distributions of the samples. The samples possessed hierarchical pore structures (textural meso- or nanopores and open macro- or submicropores). Surface areas (49.5–52.1 m2/g) of the xAuyPd/3DOM TiO2, 0.93Au/3DOM TiO2, and 0.89Pd/3DOM TiO2 samples were slightly lower than that (53.3 m2/g) of the 3DOM TiO2 support. All of the samples possessed a pore volume of 0.190–0.210 cm3/g.




2.2. Metal Oxidation State and Surface Element Composition


We use the XPS technique to measure the surface element compositions and surface species of the samples. O 1s, Ti 2p, Pd 3d, and Au 4f XPS spectra of the 3DOM TiO2, 0.89Au1.86Pd/3DOM TiO2, 0.87Au0.95Pd/3DOM TiO2, 0.91Au0.51Pd/3DOM TiO2, 0.93Au/3DOM TiO2, and 0.89Pd/3DOM TiO2 samples were recorded, as shown in Figure 5. Using the CasaXPS (computer aided surface analysis for X-ray photoelectron spectroscopy) software to perform the curve-fitting of the spectra, one can obtain the XPS data (Table S1). The asymmetric O 1s XPS signal could be decomposed to three components at binding energy (BE) = 529.6, 531.7, and 533.3 eV (Figure 5A), ascribable to the surface lattice oxygen (Olatt), adsorbed oxygen (Oads, e.g., O2−, O22− or O−), and carbonate or adsorbed water species [15,16], respectively. According to the quantitative analysis on the three peaks, the 0.91Au0.51Pd/3DOM TiO2 sample showed the highest Oads/Olatt molar ratio (Table 2). Since the Oads species was important for the deep oxidation of organics, the 0.91Au0.51Pd/3DOM TiO2 sample would be expected to show good catalytic activity for TCE combustion. As shown in Figure 5B, the BEs of Ti 2p1/2 and Ti 2p3/2 of TiO2 were 464.1 and 458.3 eV, respectively, which were assigned to the surface Ti4+ species. Each of the Au 4f spectra of the Au-containing samples could be decomposed into six components (Figure 5C): the two components at BE = 83.4 and 87.3 eV were assigned to the surface Au0 species, while the other four components at BE = 84.3, 85.8, 88.4, and 89.9 eV were attributed to the surface Auδ+ species [21]. There were higher Auδ+/Au0 molar ratios (0.29–0.36) on the supported Au–Pd alloy samples than that (0.21) on the supported Au sample. It is well known that a higher Auδ+/Au0 molar ratio stands for a stronger ability in activating oxygen molecules, thus favoring the oxidation of VOCs. Each of the Pd 3d XPS spectra of the Pd-containing samples was deconvoluted into four components (Figure 5D): the two components at BE = 335.5 and 340.7 eV were ascribed to the surface Pd0 species, whereas the other two components at BE = 337.8 and 342.7 eV were attributed to the surface Pd2+ species [22]. There were higher Pd2+/Pd0 molar ratios (0.65–0.77) on the surface of xAuyPd/3DOM TiO2 than that (0.63) on the surface of 0.89Pd/3DOM TiO2, indicating that Au inclusion could increase the surface Pd2+ concentration of the sample. Such a conclusion was well consistent with Hutchings’ finding that Au could act as an electron promoter for Pd in bimetallic AuPd NPs on TiO2 [23]. The active Auδ+ and Pd2+ species located at the interface between AuPd NPs and TiO2 were beneficial for improving O2 adsorption and activation, leading to an increase in density of active oxygen species.




2.3. Low-Temperature Reducibility and Oxygen Species


It is well known that catalytic activity largely depends on the redox property of a sample. In this work, the H2-TPR technique was used to investigate the reducibility of the 3DOM TiO2, 0.89Au1.86Pd/3DOM TiO2, 0.87Au0.95Pd/3DOM TiO2, 0.91Au0.51Pd/3DOM TiO2, 0.93Au/3DOM TiO2, and 0.89Pd/3DOM TiO2 samples, and their profiles are shown in Figure 6A. For the 3DOM TiO2 sample, there were two reduction peaks at 303 and 508 °C, which were assigned to the removal of adsorbed oxygen species on the surface of TiO2 and the reduction of Ti4+ to Ti2+ [24]. When Au, Pd or Au–Pd NPs were loaded on the skeleton surface of 3DOM TiO2, the reduction peaks were shifted to lower temperatures (28–265 and 415–441 °C, respectively), indicating that the noble metal NPs promoted the reduction of 3DOM TiO2 through the strong interaction between noble metal NPs and 3DOM TiO2. The higher intensity of the low-temperature peak was due to the reduction of oxidized noble metals as well as the removal of adsorbed oxygen species on the surface of TiO2. The improvement in low-temperature reducibility would favor the increase in catalytic performance. Among these samples, 0.91Au0.51Pd/3DOM TiO2 showed the lowest reduction temperature (218 °C), suggesting that this sample possessed the best low-temperature reducibility. The hydrogen consumption can be obtained by quantitative analysis of the reduction peaks in the H2-TPR profiles of the samples. The H2 consumption (14.2 mmol/g) of 3DOM TiO2 was lower than that (15.3–17.2 mmol/g) of xAuyPd/3DOM TiO2 (Table 2). It is better to use the initial H2 consumption rate to evaluate the low-temperature reducibility of a catalyst [25], and the results are shown in Figure 6B. It is observed that the initial H2 consumption rate (i.e., low-temperature reducibility) decreased in the order of 0.91Au0.51Pd/3DOM TiO2 > 0.89Pd/3DOM TiO2 > 0.87Au0.95Pd/3DOM TiO2 > 0.89Au1.86Pd/3DOM TiO2 > 0.93Au/3DOM TiO2 > 3DOM TiO2, in good agreement with the sequence in catalytic activity of the samples (shown below). It is therefore concluded that catalytic activity was closely related to low-temperature reducibility of the sample.



The ability to activate oxygen is closely related to the catalytic performance for VOCs oxidation. Figure 7 shows the O2-TPD profiles of the 3DOM TiO2, 0.89Au1.86Pd/3DOM TiO2, 0.87Au0.95Pd/3DOM TiO2, 0.91Au0.51Pd/3DOM TiO2, 0.93Au/3DOM TiO2, and 0.89Pd/3DOM TiO2 samples. Each profile displayed two oxygen desorption peaks at ca. 170 and 680 °C, which corresponded to the low-temperature and high-temperature desorption of oxygen. It is known that the adsorbed oxygen generally transforms in the order of O2 (gas) → O2 (ads) → O2− (ads) → O22− (ads) → O− (ads) → O2− (lattice) [26]. From the results reported in the literature, we tentatively attributed the low-temperature peak to desorption of the chemisorbed oxygen (Oads, e.g., O2−, O22− or O−) species, which could be easier desorbed from the catalyst surface. The high-temperature peak was associated with desorption of the lattice oxygen (Olatt) species [21]. The adsorption and desorption of oxygen could be enhanced by loading precious metal alloys on the surface of titanium dioxide. It is seen from Table 2 that the total O2 desorption (3.05–3.47 mmol/g) of xAuyPd/3DOM TiO2 was higher than the total O2 desorption (2.28 mmol/g) of 3DOM TiO2. At the same time, the desorbed oxygen species below 450 °C decreased in the order of 0.91Au0.51Pd/3DOM TiO2 (1.16 mmol/g) > 0.89Pd/3DOM TiO2 (1.08 mmol/g) > 0.87Au0.95Pd/3DOM TiO2 (1.03 mmol/g) > 0.89Au1.86Pd/3DOM TiO2 (0.98 mmol/g) > 0.93Au/3DOM TiO2 (0.92 mmol/g) > 3DOM TiO2 (0.46 mmol/g). It was reported that the ability to activate O2 is associated with the surface oxygen vacancy density [27]. Loading of AuyPd alloy NPs might increase the surface oxygen-deficient density of 3DOM TiO2 due to existence of the strong interaction between AuyPd NPs and 3DOM TiO2. The AuyPd NPs possessed a strong electron-donating ability to activate molecular oxygen, therefore favoring the adsorption and activation of oxygen.




2.4. Surface Acid Property


Surface acid properties of the samples were characterized by the NH3-TPD technique, and their profiles are shown in Figure 8. The desorption peak at 50–450 °C was assigned to the successive desorption of ammonia physically adsorbed at the weak acid sites, and the desorption of NH3 at the weak acid sites were observed in all of the samples. The peaks at 450–900 °C corresponded to the strong acid sites. The NH3 desorption (peaks at 450–900 °C) from the 3DOM TiO2 sample was weaker than that from the 0.91Au0.51Pd/3DOM TiO2 sample, indicating a rather low amount of NH3 adsorption on the former sample [28]. The relative area (Astrong/Aweak) of the desorption peaks corresponds to the amount of ammonia that desorbs from the sample, and could be taken as a standard to quantify the acidity of the sample [29,30]. Obviously, the amount (Astrong/Aweak = 0.50) of strong acid sites in 0.91Au0.51Pd/3DOM TiO2 was more than that (Astrong/Aweak = 0.12) in 3DOM TiO2, suggesting that AuPd doping could enhance the acidity of the sample. According to the literature [31], strong acid sites were more important than weak acid sites for the deep oxidation of CVOCs. The weak acidic sites were related to the adsorption of TCE, while the strong acid sites were associated with the deep oxidation of TCE.




2.5. Catalytic Performance


Figure 9A shows catalytic activities of the 3DOM TiO2, 0.89Au1.86Pd/3DOM TiO2, 0.87Au0.95Pd/3DOM TiO2, 0.91Au0.51Pd/3DOM TiO2, 0.93Au/3DOM TiO2, and 0.89Pd/3DOM TiO2 samples for TCE combustion. It is convenient to compare catalytic activities of the samples using the reaction temperatures T10%, T50%, and T90% (corresponding to TCE conversion = 10, 50, and 90%), as summarized in Table 3. TCE could not be completely oxidized over 3DOM TiO2 (43% TCE conversion was obtained at 480 °C). After loading of Au, Pd, or AuyPd, however, catalytic activity was obviously enhanced. For example, the T10%, T50%, and T90% over 0.91Au0.51Pd/3DOM TiO2 were 255, 354, and 400 °C at SV = 20,000 mL/(g h), respectively, much lower than those (294, 419, and 480 °C) over 0.93Au/3DOM TiO2, those (283, 401, and 479 °C) over 0.89Au1.86Pd/3DOM TiO2, those (270, 386, and 462 °C) over 0.87Au0.95Pd/3DOM TiO2, and those (261, 371, and 435 °C) over 0.89Pd/3DOM TiO2. Apparently, catalytic activity decreased in the sequence of 0.91Au0.51Pd/3DOM TiO2 > 0.89Pd/3DOM TiO2 > 0.87Au0.95Pd/3DOM TiO2 > 0.89Au1.86Pd/3DOM TiO2 > 0.93Au/3DOM TiO2 > 3DOM TiO2. Figure 9B shows the Arrhenius plots for TCE oxidation at TCE conversion <20% and SV = 20,000 mL/(g h) over the prepared catalysts. According to the slopes of the well linear Arrhenius plots, we calculate the apparent activation energies (Ea) of TCE oxidation over the prepared catalysts, as summarized in Table 3. Previous works have reported that the oxidation of CVOCs over Ru/Al2O3 [32], LaMn1+xO3 [33], Cr2O3 [34], and MnxCe1−xO2/HZSM–5 [35] fellow the reaction mechanism of first-order toward CVOC concentration and zero-order toward O2 concentration. In the present, we can reasonably presume that TCE oxidation in the presence of excess oxygen (TCE/O2 molar ratio = 1/1090) obeyed a first-order reaction mechanism with respect to TCE concentration (c): r = −k c = (−A exp(−Ea/RT)) c, in which r, k, A, and Ea are the reaction rate (mol/s), rate constant (s−1), pre-exponential factor, and apparent activation energy (kJ/mol), respectively. It is well known that the lower the apparent activation energy (Ea), the easier the complete oxidation of an organic compound over the catalyst, and hence the better is the catalytic performance. The discrepancy in Ea of the samples could reflect their different catalytic activities. Obviously, the Ea increased in the sequence of 0.91Au0.51Pd/3DOM TiO2 (51.7 kJ/mol) < 0.89Pd/3DOM TiO2 (59.1 kJ/mol) < 0.87Au0.95Pd/3DOM TiO2 (63.5 kJ/mol) < 0.89Au1.86Pd/3DOM TiO2 (66.2 kJ/mol) < 0.93Au/3DOM TiO2 (71.4 kJ/mol) < 3DOM TiO2 (97.6 kJ/mol), with the 0.91Au0.51Pd/3DOM TiO2 sample exhibiting the lowest Ea. Such a sequence agrees with the order in catalytic activity of these samples.



To compare catalytic properties of the as-prepared samples, we calculate the TCE reaction rates (normalized by per gram of catalyst) and turnover frequencies (TOFs; TOFs = xC0/n, x = the conversion at a certain temperature, C0 (mol/s) = the initial TCE concentration per second, and n (mol) = the molar amount of metal or oxide (M = Au, Pd, AuyPd, or TiO2)), as listed in Table 3. Obviously, the 0.91Au0.51Pd/3DOM TiO2 sample possessed the TCE reaction rate (50.4 μmol/(gNoble metal s)) and the highest TOF (0.96 × 10−3 s−1) at 300 °C. In the past years, there have been a number of works on the oxidation of TCE over various catalysts in the literature, and their typical activities are listed in Table S2. It can be observed that the TCE oxidation rate at 250 °C (2.69 × 10−7 mol/(gcat s)) over 0.91Au0.51Pd/3DOM TiO2 was much higher than those ((1.12–1.13) × 10−7 mol/(gcat s)) over CeMn-HT-N6A4 [36] and 1.02 wt% Ru/TiO2 (P25) [37], those ((2.67–9.76) × 10−8 mol/(gcat s)) over Ce0.15Zr0.85O2 [38], LaMn1.2O3 [33], 4Ce1Cr-(NH4)2CO3 [39], and 3.5 wt% VOx/TiO2-SG [40], and those ((2.67–7.05) × 10−9 mol/(gcat s)) over 4.3 wt% Mn/H-ZSM-5 [41], 0.42 wt% Pd/Al2O3 [42], and CoFeAlOx [43].



The analysis on the effluent gas mixture of TCE oxidation reveals that the reaction products were mainly composed of COx (COx = CO2 + CO), H2O, HCl, and Cl2, and the other carbon-containing byproduct was only C2Cl4. Figure S4 shows the C2Cl4 concentration versus temperature over the as-obtained samples at SV = 20,000 mL/(g h). Over the 3DOM TiO2 sample, a low concentration of C2Cl4 at Tmax (temperature at which the maximum C2Cl4 concentration was reached) was detected and the maximum concentration was 50 ppm at Tmax = 500 °C. Over the 0.89Au1.86Pd/3DOM TiO2, 0.87Au0.95Pd/3DOM TiO2, 0.91Au0.51Pd/3DOM TiO2, 0.93Au/3DOM TiO2, and 0.89Pd/3DOM TiO2 samples, however, very low concentrations of C2Cl4 were detected and the maximum C2Cl4 concentrations were < 183 ppm.



The HCl selectivity (SHCl) over all of the samples are also listed in Table 3. It is found that all of the samples showed a high HCl selectivity, particularly over the 0.91Au0.51Pd/3DOM TiO2 sample. Since HCl is easier to be treated and less toxic than Cl2, a high HCl selectivity would be favorable for the oxidation of TCE. Moreover, over each of the samples, selectivity to COx was higher than 99% (more than 98% CO2 as well as a trace amount of CO). It should be noted that the estimated carbon and chlorine balance were 95–97 and 89–94%, respectively. In other words, small amounts of carbon and chlorine were retained on the surface of the samples.




2.6. Catalytic Stability and Effects of H2O, CO2, and HCl on Catalytic Activity


To test the stability of the catalyst, we implemented the on-stream TCE oxidation over 0.91Au0.51Pd/3DOM TiO2 at 430 °C and SV = 20,000 mL/(g h). As shown in Figure 10, no significant loss in activity was observed after 30 h of on-stream reaction. This result demonstrates that 0.91Au0.51Pd/3DOM TiO2 displayed good thermal stability in TCE oxidation. Due to the strong interaction between AuPd NPs and 3DOM TiO2, the supported AuPd alloy sample exhibited excellent thermal stability [9], which would be useful in designing high-performance catalysts for practical removal of CVOCs.



Effects of water vapor, carbon dioxide, and hydrochloric acid on activity of the 0.91Au0.51Pd/3DOM TiO2 sample at 410 °C and SV = 20,000 mL/(g h) were probed, and their results are shown in Figure 11A–C. Since water vapor is part of the feedstock and reaction products, it is necessary to explore the influence of water vapor on catalytic performance. It has been reported that activities of most of the catalysts were negatively influenced by water vapor introduction [19]. Therefore, it is highly desirable to generate water-resistant catalysts for industrial applications. Figure 11A shows the effect of water vapor (3.0 or 5.0 vol%) on performance of the 0.91Au0.51Pd/3DOM TiO2 sample. In the presence of 3.0 vol% water vapor, TCE conversion decreased by ca. 5% after 5 h of on-stream reaction; a further rise in water vapor concentration to 5.0 vol% led to a drop in TCE conversion by ca. 13%. When water vapor was cut off, TCE conversions were basically recovered to the initial values in the absence of water vapor. This result manifests that partial deactivation induced by H2O was reversible. The inhibition of water was due to the competitive adsorption of water and reactant molecules on the active sites in the 0.91Au0.51Pd/3DOM TiO2 sample, in which water adsorption is more likely to occur than TCE or oxygen. Figure 11B shows the effect of CO2 addition on catalytic activity of 0.91Au0.51Pd/3DOM TiO2 at 410 °C and 20,000 mL/(g h). Introduction of 5.0 and 10.0 vol% CO2 to the reaction system led to ca. 4 and 7% loss in TCE conversion, respectively. The negative effect of CO2 addition was due to the fact that partial active sites in 0.91Au0.51Pd/3DOM TiO2 were covered by the adsorbed carbonate species formed during the on-stream reaction [19]. After the used sample was activated in an O2 flow of 20 mL/min at 500 °C for 1 h, TCE conversion slightly increased. This result suggests that the formed carbonate species were not totally decomposed and part of the active sites occupied by the carbonate species were not recovered. Therefore, partial deactivation due to CO2 addition was irreversible. Similar phenomena were also observed in our previous investigation [44]. When 100 ppm HCl was introduced to the reaction system, there was only a small loss in TCE conversion over the 0.91Au0.51Pd/3DOM TiO2 sample below 410 °C (Figure 11C). The result reveals that this catalyst showed good resistance to HCl poisoning. Such a good hydrochloric acid resistance of 0.91Au0.51Pd/3DOM TiO2 might be due to the fact that the highly dispersed AuPd NPs could effectively inhibited the chemisorption of HCl on the sample surface at higher temperatures.




2.7. Possible Reaction Pathway


In order to probe the mechanism of TCE oxidation, we recorded the in-situ DRIFT spectra of the 0.91Au0.51Pd/3DOM TiO2 and 3DOM TiO2 samples during the oxidation of TCE, as shown in Figure 12A,B. The in-situ DRIFT experiments were conducted over the 0.91Au0.51Pd/3DOM TiO2 or 3DOM TiO2 sample in a flow of the (O2 + TCE) mixture gas (O2/TCE molar ratio = 4) at different temperatures (100–450 °C). The negative absorption bands at 3740 and 3685 cm−1 were ascribed to the stretching vibration of hydroxyls groups [45,46,47,48]. A broad band at 3400 cm−1 due to the surface hydrogen-bonded hydroxyl groups appeared [49]. In the C-H stretching vibration region, several IR bands were obtained at 2974, 2941, and 2895 cm−1, which belonged to the asymmetric stretching vibration (νasCH3), symmetric stretching vibration (νsCH3), and symmetric stretching vibration (νsC-H) [47,48], respectively. The IR band at 2880 cm−1 was assigned to HCl [50], the one at 1690 cm−1 was ascribed to 2ν(C-Cl2), whereas the one at 1620 cm−1 was due to δ(H2O) of the adsorbed water [48]. The fundamental vibration bands of the C-H bonds were at 1380 cm−1 (δ(CH2) or δs(CH3)) and 1356 cm−1 (δs(CH3)). A series of bands at 1581 and 1556 cm−1 (ν(C=C)), 1260 cm−1 (δ(CH-Cl)), 960 and 840 cm−1 (ν(C-Cl)), 790 cm−1 (ν(C=Cl)), and 735 cm−1 (ν(C-Cl2)) [45,46,47,48,50] were due to the adsorption of TCE. In the low wavenumber region, there were also other weak IR bands between 1000 and 1400 cm−1, assignable to the weak absorption due to the C-H and C-C vibrations [47,48]. The band at 1050 cm−1 was attributed to the oxygen–oxygen stretching vibration of the chemisorbed oxygen species [51]. It can be seen from Figure 12A that the IR spectrum changed distinctly with the rise in reaction temperature. The most noticeable alteration was the enhancement of HCl formation, as evidenced by recording of the characteristic band of HCl at 2880 cm−1 [50]. When the reaction temperature rose, intensity of the bands assignable to the molecular TCE absorption decreased, a result possibly due to the exothermic nature of adsorption and the enhanced kinetics of TCE at higher temperatures. The rise in temperature influenced the H-bonding affinity and caused the characteristic broad band between 3300–3500 cm−1 to first increase and then decrease in intensity (Figure 12A), but the characteristic band in Figure 12B increased continuously [49]. As the temperature went up, the molecular TCE bands became weaker and disappeared. The maximum difference in the DRIFT spectra of the two catalysts was the recorded band range of 750–1800 cm−1. As reflected from the band at 1050 cm−1, amount of the adsorption oxygen species of the supported AuPd catalysts was higher than that of the 3DOM TiO2. These results suggest that TCE could be oxidized easier and a more amount of the adsorbed oxygen species was generated on the surface of 0.91Au0.51Pd/3DOM TiO2. The results were the same as those of activity evaluation and O2-TPD investigations. The recording of the band at 1480 cm−1 was indicative of presence of carboxylate species [45,51] on the surface of the two samples, and the intensity of this band was higher on the 0.91Au0.51Pd/3DOM TiO2 sample (Figure 12A) than that on the 3DOM TiO2 sample (Figure 12B), confirming again that AuPd was the active site of TCE adsorption, and TCE oxidation was more likely to occur at the interface between AuPd NPs and 3DOM TiO2.



Based on the results reported by other researchers [45,46,47,48,49,50,51,52] and the results obtained in the present work, we propose the following TCE oxidation mechanisms over 0.91Au0.51Pd/3DOM TiO2 and 3DOM TiO2 (Equations (1)–(3)). The mechanism over 0.91Au0.51Pd/3DOM TiO2 involved in an electron transfer from AuPd to 3DOM TiO2. The gas-phase oxygen molecules were adsorbed on AuPd or 3DOM TiO2 to form the surface active oxygen species, which attacked the intermediates of TCE to generate the oxygenate species, finally giving rise to the reaction products (CO2, H2O, HCl, and Cl2 (Equation (1)). The bimetallic AuPd NPs in 0.91Au0.51Pd/3DOM TiO2 could accelerate the reaction rate and enhance the deep oxidation of TCE, thus reducing formation of the byproducts. Moreover, the strength of the bond between the reactant or intermediate molecules and surface atoms could be modified by the electronic interaction between the surface atom and its neighbor. The gas-phase O2 molecules were activated by picking up the electrons from 3DOM TiO2 to form the adsorbed oxygen species, which could activate the C-Cl and C=C bonds and hence promoted the oxidation of TCE. The presence of AuPd alloy NPs was beneficial for generation of the adsorbed oxygen species, and the enhanced oxidation ability of the sample could block the Cl addition of the C=C bond due to the fast C=C bond oxidation to CO2. Therefore, the content of the chloric byproducts formed over 0.91Au0.51Pd/3DOM TiO2 was much lower than that formed over 3DOM TiO2. TiO2 was not a good oxygen-donating agent due to its strong Ti–O bonds, which explained the low activity of TiO2 for the oxidation of TCE. The C=C bond was too stable to be broken. On the contrary, the strong electronegativity of Cl weakened the C-Cl bond energy (396 kJ/mol), which was much lower than the C-H bond energy (485 kJ/mol). Hence, the first step in TCE oxidation was the dechlorination reaction. The chlorine in the reactant could be adsorbed on the surface as the Cl− species or release from the sample surface as the HCl and/or Cl2 products. In general, the stronger the redox ability, the higher the Deacon reaction rate. The Deacon reaction (Equation (2)) could promote the release of the Cl species on the catalyst surface, which depended on the redox property of a catalyst. Specifically, the C=C bond in TCE (as a Lewis base) was first activated and dissociated on the Lewis acid sites, followed by chlorination to form CCl3CHCl2 via the addition reaction; and then the HCl elimination reaction occurred with the H abstraction by a basic O2− and the dissociation of the C-Cl bond. It should be noted that a small amount of perchloroethylene (PCE) as a byproduct was detected in the oxidation of TCE over 0.91Au0.51Pd/3DOM TiO2 and 3DOM TiO2 (Figure S4). Aranzabal et al. [52] pointed out that small amounts of PCE were generated during the destruction of TCE over the Pd/alumina catalysts. Feijen-Jeurissen et al. investigated the destruction mechanism of TCE over γ-Al2O3 and γ-Al2O3-supported chromium and palladium catalysts, and also observed formation of PCE [42]. These authors thought that the PCE byproduct was formed after the chlorination–dehydrochlorination processes (Equation (3)).


8CCl2=CHCl + 17O2 → 16CO2 + 2H2O + 10Cl2 + 4HCl



(1)






4HCl + O2 ↔ 2Cl2 + 2H2O



(2)






CCl2=CHCl→M-ClCl2 or CCl3-CHCl2→-HClCCl2=CCl2



(3)







Since TCE contains an amount of chlorine atoms more than that of hydrogen atoms, Cl2 can be formed in the absence of water. If the Deacon equilibrium is reached under the reaction conditions, the addition of water to the feed would reduce the amount of Cl2 via the reverse Deacon reaction (Equation (2)). Therefore, very few molecular chlorine and chlorine on the catalyst surface could result in a reduced generation of PCE.





3. Materials and Methods


All of the reagents (A.R. in purity) in the present work were purchased from Beijing Chemical Reagent Company and used without any further purification. He, O2, N2 and Air used were 99.99% in purity.



3.1. Preparation of the Catalysts


Well-arrayed colloidal crystal PMMA microspheres with an average diameter of ca. 300 nm (Figure S1) were synthesized adopting the procedures described by Li et al. [53]. The 3DOM TiO2 support was fabricated via the PMMA-templating route. The 3DOM TiO2-supported AuPd alloy NPs (xAuyPd/3DOM TiO2 (x is the total loading (wt%) of Au and Pd; y is the Pd/Au molar ratio)) samples were prepared using the gas bubble-aided polyvinyl alcohol (PVA)-protected reduction strategy with NaBH4 as the reducing agent. The typical synthesis process is illustrated in Scheme S1. A certain amount of PVA was added to a HAuCl4 and PdCl2 mixed aqueous solution (0.01 mol/L) with the noble metal/PVA mass ratio of 1:1.2 in an ice bath under vigorous stirring. After the suspension was bubbled with a N2 flow of 200 mL/min for 20 min, a NaBH4 aqueous solution (0.1 mol/L) was rapidly injected to form a dark brown AuPd nanoparticle suspension with the noble metal/NaBH4 molar ratio of 1:5. A desired amount of 3DOM TiO2 was then added to the AuPd nanoparticle suspension with the theoretical AuyPd (y = 2, 1, 0.5) loading being ca. 1 wt%. The obtained suspension was treated ultrasonically (60 kHz) for 10 min. The gas bubble-aided stirring operation with a N2 flow of 200 mL/min for 5 h was aimed to make the reaction homogenous. The wet precipitate was in turn filtered, washed with deionized water (2.0 L) and ethanol (1.0 L) to remove the adsorbed Cl−, Na+, and PVA, dried at 80 °C for 12 h, and calcined in an air flow of 100 mL/min at 500 °C for 2 h, thus generating the xAuyPd/3DOM TiO2 samples. We made the inductively coupled plasma–atomic emission spectroscopic (ICP–AES) characterization of the samples, and found that the actual AuPd loadings (x) in xAuyPd/3DOM TiO2 were 0.89, 0.87, and 0.91 wt%, the actual Au/Pd molar ratio (y) in the samples was 1.86, 0.95, and 0.51, and the actual Au and Pd loadings in xAu/3DOM TiO2 and xPd/3DOM TiO2 were 0.93 and 0.89 wt% (Table 1), respectively.




3.2. Catalytic Activity Evaluation


The catalytic activity of the samples was evaluated in a continuous-flow fixed-bed quartz microreactor with i.d. = 6 mm (Scheme S2). 50 mg of the sample (40–60 mesh) was mixed with 0.25 g of quartz sands (40–60 mesh) for minimization of the hot spots effect. Before measurement, the sample was treated in O2 (20 mL/min) at 300 °C for 1 h. After being cooled to room temperature, the reactant gas mixture (750 ppm TCE + 20 vol% O2 + N2 (balance)) with a total flow rate of 16.7 mL/min was passed through the catalyst bed, giving a SV of ca. 20,000 mL/(g h). The pipe was heated to 100 °C using the heating band to minimize the possible adsorption of the TCE on the inner pipe surface. After the reaction was stabilized at a certain temperature for 30 min, the reactants and products were online analyzed by a gas chromatograph (GC-7890B, Agilent, Santa Clara, CA, USA) equipped with a flame ionization detector (FID) and a TCD, using the Agilent 19091J-413 HP-5 (30 m in length) and G3591-81141 and G3591-81142 (silica gel) and G3591-81022 (molsieve 5A) (2.44 m in length of each packing column). The TCD was used to analyze the CO2 and CO concentrations, whereas the FID was used to analyze the concentrations of the organic compounds. TCE conversion is defined as (cinlet − coutlet)/cinlet × 100%, where the cinlet and coutlet are the inlet and outlet TCE concentrations in the feed stream. The possible reaction intermediates or products were detected online by the Agilent GC(5977A MSD)–MS(7890B) equipment. 3.0 and 5.0 vol% H2O were introduced by passing the feed stream through a water saturator at 23 and 34 °C, respectively. In the case of CO2 addition, 5.0 or 10 vol% CO2 was introduced from a CO2 gas cylinder. In the case of HCl introduction, 100 ppm HCl was fed from a gas cylinder (N2 (balance)) to the reaction stream. The balance of carbon throughout the catalytic system was estimated to be 98.5 ± 1.5%.



Selectivities to HCl and Cl2 were measured by bubbling the outlet gas mixture in a NaOH aqueous solution (12.5 mmol/L) for 0.5 h each time. The Cl2 concentration in the bubbled solution was determined by chemical titration using ferrous ammonium sulfate with N,N-diethyl-p-phenylenediamine as indicator, and the Cl− concentration was measured using an ion selective electrode [54]. The selectivities to HCl and Cl2 were calculated according to the following formular: SHCl = [HCl]/([HCl] + 2[Cl2]) × 100% and SCl2 = 2[Cl2]/([HCl] + 2[Cl2]) × 100%, where [Cl2] and [HCl] are the outlet concentrations of Cl2 and HCl, respectively.




3.3. Catalyst Characterization


Physicochemical properties of the samples were characterized by means of techniques, such as ICP–AES, X-ray diffraction (XRD), scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM), high angle annular dark field and scanning transmission electron microscopy (HAADF–STEM), N2 adsorption–desorption (BET), X-ray photoelectron spectroscopy (XPS) and curve-fitting method, hydrogen temperature-programmed reduction (H2-TPR), oxygen temperature-programmed desorption (O2-TPD), ammonia temperature-programmed desorption (NH3-TPD), and in-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). The detailed characterization procedures can be seen in the Supplementary material.





4. Conclusions


The 3DOM TiO2 and xAuyPd/3DOM TiO2 samples with a surface area of 49–53 m2/g were prepared using the PMMA-templating and PVA-protected reduction methods, respectively. The supported bimetallic and 3DOM TiO2 catalysts possessed a good-quality 3DOM architecture and an anatase crystal phase. The Au–Pd alloy NPs were 2.9–3.4 nm in average particle size and well dispersed on the skeleton surface of 3DOM TiO2. An appropriate Au–Pd loading could increase the Oads species concentration and enhance the low-temperature reducibility of xAuyPd/3DOM TiO2. Among all of the samples, 0.91Au0.51Pd/3DOM TiO2 showed the highest catalytic activity (T10% = 255 °C, T50% = 354 °C, and T90% = 400 °C at SV = 20,000 mL/(g h)) and good catalytic stability in TCE oxidation. The Ea values (51.7–66.2 kJ/mol) over xAuyPd/3DOM TiO2 were lower than those (71.4–97.6 kJ/mol) over 3DOM TiO2 and 0.93Au/3DOM TiO2, with the 0.91Au0.51Pd/3DOM TiO2 sample possessing the lowest Ea (51.7 kJ/mol). The distinctive 3DOM structure, well dispersed noble metal NPs, and electron interaction within the bimetallic alloys were responsible for the good thermal stability of the xAuyPd/3DOM TiO2 samples. Partial deactivation induced by water vapor was reversible, whereas CO2 introduction resulted in irreversible deactivation of 0.91Au0.51Pd/3DOM TiO2; and addition of 100 ppm HCl to the reaction system exerted little impact on activity of 0.91Au0.51Pd/3DOM TiO2. In-situ DRIFTS investigations reveal that inclusion of Au in the Au–Pd bimetallic alloys altered the reaction pathway and reduced formation of PCE. It is concluded that the good catalytic performance of 0.91Au0.51Pd/3DOM TiO2 was associated with the high Oads species concentration, good low-temperature reducibility, strong AuPd NPs–3DOM TiO2 interaction, and more amount of strong acid sites.
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Figure 1. XRD patterns of (a) three-dimensionally ordered macroporous (3DOM) TiO2, (b) 0.89Au1.86Pd/3DOM TiO2, (c) 0.87Au0.95Pd/3DOM TiO2, (d) 0.91Au0.51Pd/3DOM TiO2, (e) 0.93Au/3DOM TiO2, and (f) 0.89Pd/3DOM TiO2. 
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Figure 2. SEM images of (a,b) 3DOM TiO2, (c,d) 0.89Au1.86Pd/3DOM TiO2, (e) 0.87Au0.95Pd/3DOM TiO2, (f) 0.91Au0.51Pd/3DOM TiO2, (g) 0.93Au/3DOM TiO2, and (h) 0.89Pd/3DOM TiO2. 
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Figure 3. TEM images of (a,b) 3DOM TiO2, (c,d) 0.89Au1.86Pd/3DOM TiO2, (e,f) 0.87Au0.95Pd/3DOM TiO2, (g,h) 0.91Au0.51Pd/3DOM TiO2, (i,j) 0.93Au/3DOM TiO2, and (k,l) 0.89Pd/3DOM TiO2. 
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Figure 4. (a–d) High-angle annular dark field (HAADF) and elemental scanning images of the 0.91Au0.51Pd/3DOM TiO2. 
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Figure 5. (A) O 1s, (B) Ti 2p, (C) Au 4f, and (D) Pd 3d XPS spectra of (a) 3DOM TiO2, (b) 0.89Au1.86Pd/3DOM TiO2, (c) 0.87Au0.95Pd/3DOM TiO2, (d) 0.91Au0.51Pd/3DOM TiO2, (e) 0.93Au/3DOM TiO2, and (f) 0.89Pd/3DOM TiO2. 
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Figure 6. (A) H2-TPR profiles and (B) initial H2 consumption rate versus inverse temperature of (a) 3DOM TiO2, (b) 0.89Au1.86Pd/3DOM TiO2, (c) 0.87Au0.95Pd/3DOM TiO2, (d) 0.91Au0.51Pd/3DOM TiO2, (e) 0.89Pd/3DOM TiO2, and (f) 0.93Au/3DOM TiO2. 
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Figure 7. O2-TPD profiles of (a) 3DOM TiO2, (b) 0.89Au1.86Pd/3DOM TiO2, (c) 0.87Au0.95Pd/3DOM TiO2, (d) 0.91Au0.51Pd/3DOM TiO2, (e) 0.93Au/3DOM TiO2, and (f) 0.89Pd/3DOM TiO2. 
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Figure 8. NH3-TPD profiles of 3DOM TiO2 and 0.91Au0.51Pd/3DOM TiO2. 
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Figure 9. (A) Trichloroethylene (TCE) conversion as a function of temperature and (B) ln k versus inverse temperature over (a) 3DOM TiO2, (b) 0.89Au1.86Pd/3DOM TiO2, (c) 0.87Au0.95Pd/3DOM TiO2, (d) 0.91Au0.51Pd/3DOM TiO2, (e) 0.89Pd/3DOM TiO2, and (f) 0.93Au/3DOM TiO2. 
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Figure 10. TCE conversion as a function of on-stream reaction time over 0.91Au0.51Pd/3DOM TiO2 at 430 °C, and SV = 20,000 mL/(g h). 
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Figure 11. Effects of (A) water vapor, (B) carbon dioxide, and (C) hydrochloric acid on catalytic activity of 0.91Au0.51Pd/3DOM TiO2 at 410 °C and SV = 20,000 mL/(g h). 
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Figure 12. In-situ DRIFT spectra of (A) 0.91Au0.51Pd/3DOM TiO2 and (B) 3DOM TiO2 during TCE oxidation at different temperatures. 
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Table 1. Actual noble metal contents, TiO2 crystallite sizes (D), noble metal particle sizes, macro- and mesopore diameters, BET surface areas, and pore volumes of the as-prepared samples.
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	Sample
	Actual Au Content a

(wt%)
	Actual Pd Content a

(wt%)
	Actual Au/Pd Molar Ratio a

(mol/mol)
	Db (nm)
	Noble Metal Particle Size c

(nm)
	Mesopores Diameter d

(nm)
	Macropores Diameter e

(nm)
	BET Surface Area e

(m2/g)
	Pore Volume e (cm3/g)





	3DOM TiO2
	–
	–
	–
	20.1
	-
	180–200
	3.1–4.2
	53.3
	0.209



	0.89Au1.86Pd/3DOM TiO2
	0.69
	0.20
	1.86
	19.6
	3.4
	175–194
	2.6–4.1
	50.2
	0.205



	0.87Au0.95Pd/3DOM TiO2
	0.56
	0.31
	0.95
	20.4
	3.2
	186–205
	2.9–4.4
	49.5
	0.208



	0.91Au0.51Pd/3DOM TiO2
	0.44
	0.47
	0.51
	19.8
	2.9
	180–201
	2.8–4.3
	51.2
	0.210



	0.93Au/3DOM TiO2
	0.93
	–
	–
	20.3
	3.2
	176–195
	2.7–4.2
	52.1
	0