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Abstract:



To prevent sintering, ozone treatment at mild temperature is used to remove the capping agent from supported Au nanoparticles. The Au nanoparticles are first synthesized as a colloidal solution and then supported on alumina. Fourier Transform Infra Red (FTIR) shows the capping agent is removed completely. Transmission Electron Microscopy (TEM) and catalytic test reactions show the Au does not sinter significantly upon low temperature ozone treatment.
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1. Introduction


Metallic nanoparticles have many applications including being used as catalysts, chemical and biological sensors, and quantum dots; they are also used for drug delivery [1,2,3,4]. Their controlled synthesis, which yields narrow particle size distributions, is still open for improvement.



Capping agents are commonly used in the preparation of metal nanoparticles [5,6,7,8,9,10,11]. The function of the capping agent is to avoid aggregation of the nanoparticles in the solution and to control both the size and shape of the nanoparticles [8,9,10,11]. This can lead to monodisperse metal nanoparticles with a pre-determined size. However, after nanoparticle preparation, the capping agent is still attached to the surface of the nanoparticles and may hamper the accessibility of the catalytic surface for reactants. When the metal nanoparticles are used in catalytic reactions, the presence of the capping agent decreases the catalytic activity and selectivity because it hinders the chemical and physical access to the metal particle surface and modifies the surface chemistry of the metal surface [12]. The capping agent needs to be removed prior to most applications, but as the capping agent stabilises the nanoparticles, its removal might induce undesired changes in nanoparticle size and/or shape and change the interaction with the support (in the case of supported particles).



The most straightforward method for removing the capping agent is calcination [13,14,15], but the high temperature involved (often around 400 or 500 °C) induces mobility of the metal atoms and, thus, changes in particle shape and size (notably sintering to larger particle size and broadening of the particle size distribution). Lange et al. [13] showed that calcination of Poly(vinyl-pyrrolidone) (PVP)-capped Pt nanoparticles leads to the removal of the protective PVP shell surrounding the colloids, resulting in an increase in both surface area and Pt particle size. The resulting catalysts showed lower selectivity for 2-hexyne hydrogenation. Imura et al. [14] state that “almost all of the capping agent” is removed from their Au nanoflowers by washing, whereas calcination, even at the very low temperature of 100 °C, already changes the morphology of the nanoflowers. Calcination at 400 °C or above leads to completely spherical nanoparticles that have lost all their specific nanoflower structure. The washing procedure leads to the best catalytic properties, even though some capping agent is still present. The starting material with all capping agent present is the worst catalyst, clearly showing that the capping agent needs to be removed before the catalytic reaction. Zhong et al. [15] used lysine as the capping agent and also report much improved catalytic performance after removal of the capping agent. Unfortunately, they do not include detailed particle size analysis so the effect of their calcination method at 300 °C remains unresolved. Chen et al. [16] use an electrochemical method to remove the capping agent, which also involved adding PbO2. Although the catalytic performance of these Au nanoparticles after the cleaning treatment has improved a lot, it is not quite clear what the role of the Pb is. Recourse has been sought in washing with chemicals (solvent for the capping agent, or acid, base, or salt solution) [17,18,19,20] and the combination of Ultraviolet and ozone (UVO) treatments [20]. The disadvantage of all these methods is that, often, either the nanoparticle size or shape changes. The disadvantage of UVO treatment is that two sources of energy are required in a small reaction volume, and the temperature of the reaction cannot be tuned easily as the UV source inevitably also releases heat into the system.



It would be highly beneficial to remove the capping agent in the gas phase at (close to) room temperature, as this would prevent the mobility of the metal atoms and thus the detrimental effect on particle size and shape. In an effort to reduce the temperature required, ozone treatment has been used to remove unwanted organic compounds from inorganic surfaces [21,22]. In this method, a sample is contacted with an oxygen/ozone mixture at a certain temperature where ozone decomposes into atomic oxygen and radical species, which are highly reactive [23,24]. Kuhn et al. used ozone treatment at 200 °C to remove the template from all-silica decadodecasil 3R (DD3R) zeolites in a 38 h detemplation process [21]. As a comparison to the ozone-treated samples, the synthesized samples were also calcined at 550–700 °C for 6–16 h. The porosity characteristics of the ozone-treated samples were equal to those of the calcined samples, which verifies that the ozone treatment at low temperature is a powerful detemplation method. Menard et al. [25] showed decreased sintering after ozone treatment as compared to classical calcination for titania-supported Au nanoparticles, but they did not investigate whether any residue of their S-containing capping agent was still present. Recently, another study on ozone treatment for capping agent removal from Au nanoparticles was published [26]. This study tackled a stronger binding S-containing capping agent, which was partially oxidised by mild ozone treatment and then washed off using water. Depending on the duration of the ozone treatment, only a part of the capping agent was removed. We have chosen to use an N-containing capping agent as that intrinsically binds less strongly to metal nanoparticles than S-containing capping agents do.



In the 1980s, Haruta showed that oxide-supported gold nanoparticles with particle size smaller than 5 nm have remarkable catalytic activity even at low temperatures (see [1] for a review). Ever since, gold nanoparticles have been recognized for many reactions, including oxidation of propene [27,28], CO oxidation [29], NOx reduction [30,31], selective hydrogenation of acetylene [32,33], and the water-gas shift reaction [34,35]. Gold nanoparticles have been successfully prepared using several capping agents. Fatty amines are among the most successfully used capping agents [36,37], and dodecylamine (DDA) was used for the current study. No literature reports have been found using ozone to obtain pure gold nanoparticles starting from DDA-mediated synthesis.



We report DDA capping agent removal from the surface of supported Au nanoparticles using ozone treatment. The experiments were conducted at mild conditions to prevent structural and morphological changes as well as agglomeration of the nanoparticles. The catalyst characterization was performed using Transmission Electron Microscopy (TEM), Fourier Transform Infrared Spectroscopy (FTIR), and X-ray Photoelectron Spectroscopy (XPS). CO oxidation and selective oxidation of benzyl alcohol to benzaldehyde were performed to study the catalytic performance before and after capping agent removal.




2. Results and Discussion


2.1. Catalyst Characterization


The use of capping agent yields a uniform particle size as shown in Figure 1. The Au-DDA colloid showed severe carbon contamination in the TEM, because the excess of DDA was still present in the colloid and was being cracked by the electron beam (Figure 1a). The average particle size of the Au-DDA colloid is 3.3 nm (St.Dev. = 0.5). Figure 1b shows a TEM image of the Au-DDA colloid (w). The average particle size is 3.8 nm (St.Dev. = 0.5). The inset in Figure 1b shows that the Au nanoparticles are monocrystalline as reported by Quintanilla et al [12]. As expected, the immobilisation of the Au nanoparticles on the γ-Al2O3 support does not drastically change the particle size (Figure 2a) because the gold particles had been produced before the deposition, and the deposition process should not alter the particle size and distribution [38]. The average particle size of as-prepared particles and that of particles after complete capping agent removal using ozone treatment at 30 °C was 4.0 nm (St.Dev. = 0.8) and 4.3 nm (St.Dev. = 1.0), respectively (Figure 2a,b). The broadening of the particle size distribution after ozone treatment shows that some sintering happened. Ozone treatment leads to slight sintering and slight broadening of the particle size distribution. However, since the ozone treatment is at a mild temperature, the sintering is less than that at high temperatures. For a sulphur-containing capping agent, Menard et al. showed a tripling of the nanoparticle size (from 0.8 to 2.7 nm) upon calcination at 400 °C, whereas the particle size increase was limited to 1.2 nm after ozone treatment [25]. Elliott et al. [26] found that slight sintering only occurred after all capping agent had been removed by the ozone treatment. The particle size stayed at 1.4 nm upon partial capping agent removal and increased to 1.6 nm when the S signal was no longer observed in the XP spectra. Figure 2b (inset) shows that the ozone treatment does not change the Au nanoparticle crystallinity.


Figure 1. Transmission Electron Microscopy (TEM) images (left) and particle size distributions (right) of (a) Au-dodecylamine (DDA) colloid; and (b) Au-DDA colloid (w). The inset in the TEM image (b) shows the crystallinity of an Au nanoparticle.
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Figure 2. TEM images (left) and particle size distributions (right) of (a) Au-DDA/γ-Al2O3; and (b) Au-DDA/γ-Al2O3 (O3 8 h). The inset in the TEM image (b) shows the crystallinity of an Au nanoparticle.
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The TEM images of the catalysts after CO oxidation (Figure 3a,b) show that the high temperature CO oxidation caused some sintering. However, the particle size does not change drastically. The post-CO oxidation average particle size is 5.5 nm and 4.7 nm for Au-DDA/γ-Al2O3 and Au-DDA/γ-Al2O3 (O3 8 h), respectively. The particle size analyses are summarised in Table 1. This indicates that removal of the stabilizing capping agent before submission to oxidising conditions decreases sintering of the Au nanoparticles. This stabilisation is due to the increased metal-support interaction after removal of the capping agent. When the capping agent is still present, it covers the whole Au nanoparticle, shielding its interaction with the support and leading to a decreased nanoparticle—support interaction, which in turn leads to increased mobility of the Au nanoparticles during the heating for the CO oxidation reaction; this in turn leads to an increased probability for sintering. Once the capping agent has been removed, the Au nanoparticle interacts directly with the support, leading to decreased mobility and thus decreased sintering. This was also observed by Elliott et al. [26], who showed an increase in Au nanoparticle size only when no more S signal from the residual capping agent was observed in XPS. The XPS data (discussed in more detail below) show that the as-prepared Au nanoparticles are metallic, whereas the ozone-treated Au nanoparticles are cationic. These cationic nanoparticles will have increased interaction with the oxidic support as compared to the metallic nanoparticles.


Figure 3. TEM images (right) and particle size distributions (left) of post-CO oxidation of (a) Au-DDA/γ-Al2O3; and (b) Au-DDA/γ-Al2O3 (O3 8 h).
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Table 1. Au particle size from TEM.







	
Sample

	
Average Au Particle Size (nm)

	
Standard Deviation (nm)






	
Au-DDA colloid

	
3.3

	
0.5




	
Au-DDA colloid (w)

	
3.8

	
0.5




	
Au-DDA/γ-Al2O3

	
4.0

	
0.8




	
Au-DDA/γ-Al2O3 (O3 8 h)

	
4.3

	
1.0




	
Post-CO ox Au-DDA/γ-Al2O3

	
5.5

	
1.9




	
Post-CO ox Au-DDA/γ-Al2O3 (O3 8 h)

	
4.7

	
1.3










Figure 4 shows infrared spectra of Au-DDA/γ-Al2O3 after different durations of ozone treatment. As shown in Figure 4, the peaks at 2858 cm−1 and 2930 cm−1 correspond to the vibration energy signals of –CH2– and –CH3 groups from the DDA [39,40]. The intensity of these peaks disappeared after 7 h of treatment, showing that the DDA had been removed. To make sure that all of the DDA had been removed, 8 h of treatment was chosen as the experimental time to remove the DDA before performing catalytic reactions. The changes in the peaks below 1600 cm−1 are due to water vapour interactions on the surface of the γ-Al2O3 support. Combining the information from TEM and FTIR, we conclude that DDA was removed from the surface of the Au nanoparticles after 8 h of ozone treatment at 30 °C without drastically changing the diameter of the particles.


Figure 4. FTIR spectra of (a) DDA/γ-Al2O3; (b) Au-DDA/γ-Al2O3; (c) Au-DDA/γ-Al2O3 (O3 6 h); (d) Au-DDA/γ-Al2O3 (O3 7 h); (e) Au-DDA/γ-Al2O3 (O3 8 h); and (f) Au-DDA/γ-Al2O3 (O3 10 h).
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XPS was used to study the oxidation state of the gold. Figure 5 shows the Au 4f photoelectron spectra of the Au-DDA/γ-Al2O3 and the ozone treated catalysts. For the ozone treated catalyst, the peaks shifted to higher binding energies. The full width at half maximum (FWHM) measurement of the deconvoluted peaks indicates that the Au in the as-prepared catalyst is metallic (Au0), while after ozone treatment the Au is cationic (Auδ+). These results are in line with previous studies, which concluded that surfactant-encapsulated gold and platinum nanoparticles have a metallic surface, while supported bare nanoparticles have a cationic surface [12,41,42,43]. Due to the small amount of capping agent present (only 1 wt % Au is present on the support material to start with), the XPS signal for N was too weak and noisy to be quantified.


Figure 5. X-ray Photoelectron Spectroscopy (XPS) spectra of the Au 4f binding energy region for (a) Au-DDA/γ-Al2O3; and (b) Au-DDA/γ-Al2O3 (O3 8 h).
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2.2. Catalytic Performance


Figure 6 shows the CO conversion against temperature for several samples. The blank samples (γ-Al2O3 and DDA/γ-Al2O3) show very low conversion because the active phases for this reaction are the Au nanoparticles and the gold particle-support interaction [38,44]. The Au-DDA/γ-Al2O3 (O3 8 h) ends up with a slightly higher catalytic activity than Au-DDA/γ-Al2O3, which matches with its slightly smaller Au particle size (4.7 versus 5.5 nm, see Figure 2). It is possible that the traces of chloride (from the Au precursor during catalyst preparation) that are present on the surface of the Au nanoparticles also lower the catalytic activity by stimulating the agglomeration of Au nanoparticles during the heat treatment and hinder the reduction of Au cations by poisoning [45,46,47]. The CO oxidation reaction has also been shown to be very sensitive to the Au particle size for a range of support materials [48]. The 1% AUROliteTM catalyst, which has the smallest particle size of all catalysts studied here (reference catalyst, average particle size is 2.5 nm [49]), exhibits the highest CO oxidation activity. Figure 7 shows the CO oxidation performance of Au-DDA/γ-Al2O3 and Au-DDA/γ-Al2O3 (O3 8 h) during heating and cooling. The CO conversion during cooling is slightly lower than during heating, which is attributed to the slight sintering observed by TEM. The small difference in activity is attributed to the fairly large (at least for this reaction) starting particle size. For CO oxidation, the largest effect of the particle size on the activity is observed for Au nanoparticles smaller than 4 nm [48].


Figure 6. CO conversion versus temperature forγ-Al2O3; DDA/γ-Al2O3; Au-DDA/γ-Al2O3; Au-DDA/γ-Al2O3 (O3 8 h); and AUROliteTM.
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Figure 7. CO oxidation versus temperature during heating and cooling treatment Au-DDA γ-Al2O3; and Au-DDA/γ-Al2O3 (O3 8 h).
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The benzyl alcohol oxidation reaction is presented in Figure 8. The main product is benzaldehyde, while benzoic acid and benzyl benzoate are side products. The Au-DDA colloid is not active for this reaction, while supported Au-DDA shows some activity as reported in a previous study [12]. This confirms the metal-support interaction contributes to the catalytic activity. After capping agent removal, the interaction is stronger, therefore, the activity is slightly higher than for the as-prepared sample. Similar to the CO oxidation results, Au-DDA/γ-Al2O3 (O3 8 h) is slightly more active than Au-DDA/γ-Al2O3: the turnover frequency (TOF) changes from 894 h−1 to 1106 h−1 upon removal of the capping agent. The benzyl alcohol conversions at 240 min are in the range of 65%−70% (Figure 9). For comparison, AUROliteTM benzyl alcohol conversion at 240 min is 78% and its TOF is 682 h−1 [49].


Figure 8. Benzyl alcohol oxidation pathways.
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Figure 9. Benzyl alcohol conversion as a function of reaction time for (a) Au-DDA/γ-Al2O3 and (b) Au-DDA/γ-Al2O3 (O3 8 h).
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3. Materials and Methods


3.1. Catalyst Preparation


The gold catalysts were prepared following the methodology described by Chen [7] and Quintanilla [12]. The subsequent reactions taking place in the mixture are shown in Figure 10.


Figure 10. Au-DDA formation mechanism. (a) formation of the reductive intermediate dodecylaminomethanol from DDA and formaldehyde, (b) Reduction of gold precursor HAuCl4 to metallic gold and oxidation of dodecylaminomethanol into dodecylcarbamic acid and (c) decomposition of dodecylcarbamic acid into DDA and interaction of the latter with metallic gold.
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For step (a) of Figure 10, 0.75 g of DDA (99.5%, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 25 mL of cyclohexane (anhydrous, 99.5%, Sigma Aldrich), then 6 mL of formaldehyde solution (37 wt % in water, 10%–15% methanol as stabilizer, Sigma-Aldrich) was added to the mixture. This biphasic mixture was vigorously stirred at room temperature for 30 min. The two phases were allowed to phase separate in a decantation funnel. The top phase (transparent) was the cyclohexane phase and contained the desired dodecylaminomethanol (DDAM). The bottom phase (white) was the water phase, and contained the excess formaldehyde. After recovering the cyclohexane phase, 10 mL of 4 g/L HAuCl4 (Sigma-Aldrich) in Milli-Q water was added under vigorous stirring at room temperature to induce steps (b) and (c) of Figure 10. Soon after addition, the suspension turned yellow. The DDAM was oxidized to the corresponding carbamic acid by Au3+, which thereby reduced to Au0 (step (b) of Figure 10). The carbamic acid was not stable and decomposed into the starting DDA and CO2 (also in step (b) of Figure 10). DDA was then released and adsorbed on the Au0 nanoparticle surface (step (c) of Figure 10). After stirring for at least 1 hour, the colour changed to ruby red, indicating the formation of small gold particles.



During stirring, two phases of suspensions were formed. The upper phase (ruby red) was the cyclohexane phase, which contained the Au-DDA, and the bottom phase was the water phase. The mixture was allowed to phase separate overnight in a decantation funnel. The result was a ruby red suspension of Au-DDA colloid in cyclohexane. This original colloid is referred to as ”Au-DDA colloid”. Subsequently, the Au-DDA colloid was washed using acetone. The acetone (about 3× the colloid volume) was added to the colloid suspension and after mixing the mixture was centrifuged for 5 min at 10,000 rpm to precipitate the nanoparticles. After disposal of the supernatant, the nanoparticles were re-dispersed in 25 mL of cyclohexane. This washed colloid is referred to as “Au-DDA colloid (w)”.



The Au-DDA colloid (w) was immobilized on γ-Al2O3 by adding 1.5 g of previously calcined (500 °C, 6 h) γ-Al2O3 (<71 micron, Akzo Chemicals, Amsterdam, The Netherlands) to the cyclohexane mixture and stirring vigorously overnight. The suspension was filtered, resulting in a pink catalyst powder, which is denoted “Au-DDA/γ-Al2O3”. The liquid phase was pale pink, so not all Au was absorbed on the powder. The powder was washed with 100 mL of cyclohexane and 100 mL of acetone, then left to dry in an evacuated desiccator at room temperature overnight.



Blank catalysts (γ-Al2O3 and DDA/γ-Al2O3) were also prepared, and commercial catalyst extrudates (AUROliteTM, 1 wt % Au/γ-Al2O3, Strem Chemicals, Newburyport, MA, USA) were crushed and sieved to <71 micron to be used for comparison catalytic experiments.




3.2. Capping Agent Removal


The ozone treatment for capping agent removal was performed by loading the 1% Au-DDA/γ-Al2O3 catalyst into a custom-made U-tube glass reactor, which was installed in the oven (Binder FP53, Tuttlingen, Germany) of the ozone setup (Figure 11). Oxygen from a gas cylinder was passed through a Corona discharge ozone generator (A2Z Ozone Systems, SOZ-16GLAB, Louisville, KY, USA). The check valves (CV1 and CV2) prevent back-flow of the ozone to the mass flow controllers (MFC1 and MFC2, Bronkhorst High-Tech B.V., Ruurlo, The Netherlands). The ozone concentration at the outlet was monitored using an ozone detector (Lenntech, BMT 964, Delft, The Netherlands), after which it was sent through a manganese dioxide/copper oxide catalytic ozone destructor. Capping agent removal was conducted at 30 °C with an ozone concentration of 7 g/Nm3 (0.35%). The reaction time was varied from 6 to 10 h. These catalysts are denoted as “Au-DDA/γ-Al2O3 (O3, x h)”, with x indicating the number of hours of ozone treatment.


Figure 11. Scheme of the ozone setup.
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3.3. Catalyst Characterization


The morphological characterization of the gold catalysts was performed using an FEI TECNAI F20 transmission electron microscope (Hillsboro, OR, USA) equipped with a Field Emission Gun (FEG) and a Gatan ultrascan camera, operated at 200 kV. The samples were prepared by depositing a drop of colloid or finely crushed catalyst suspension in ethanol onto a Quantifoil® carbon film (Jena, Germany) supported on a copper TEM microgrid and leaving it to dry at room temperature. The particle size distributions and average particle sizes were determined from the TEM images by measuring the size of 300 individual particles for each sample.



The infrared spectra of the catalysts were recorded using a Thermo Scientific Nicolet Fourier Transformed Infrared (FTIR) spectrophotometer (Waltham, MA, USA). Prior to the FTIR characterization, the background spectrum of pure KBr powder was recorded under He flow at room temperature. Then about 0.050 g of catalyst was evenly spread on top of the KBr powder. The KBr background spectrum was automatically subtracted from the spectrum obtained from the measurement, resulting in the sample spectrum only.



The catalyst oxidation states were studied using a Thermo Scientific K-Alpha X-ray photoelectron spectrometer (XPS, Waltham, MA, USA). The XPS spectra were recorded at ambient temperature at a chamber pressure of about 10−7 mbar, using a line scan of four points with each point having a spot size of 400 µm. The binding energy of the XP spectra was calibrated using the C 1 s peak (binding energy = 285.1 eV). The spectra were analysed and processed using Thermo Avantage v5.903 software (Thermo Scientific, Waltham, MA, USA). The peaks were fit using a Lorentzian-Gaussian product function. A Shirley-type background was then subtracted from the spectra and the Au 4f spectra were deconvoluted.




3.4. Catalytic Reactions


For the CO oxidation, approximately 25 mg of catalyst mixed with ~100 mg SiC was placed into a tubular glass reactor (inner diameter ~0.4 mm) and sandwiched between two layers of ~50 mg SiC and quartz wool. The experiments were performed at 2 bar total pressure with a gas flow of 0.5% O2, 1% CO, and 98.5% He at 35 mL/min. The reaction temperature was increased by 5 °C/min from room temperature to 300 °C, then by 1 °C/min from 300 °C to 500 °C. After 1 h at 500 °C, the reactor was cooled down to 330 °C by 1 °C/min. The outlet stream was analysed every 12 min using a Chrompack CP 9001 gas chromatograph equipped with a TCD (Agilent Technologies, Santa Clara, CA, USA). Helium was used as a carrier gas through a dual column system consisting of a Parabond Q column (Chrompack, 25 m in length, 0.53 mm in diameter and 10 μm of coating thickness) and a Molsieve 5A column (Chrompack, 10 m in length, 0.53 mm in diameter and 50 μm of coating thickness). The CO oxidation reaction using a reference catalyst (1% Aurolite from Strem Chemicals) and blank experiments (using γ-Al2O3 and DDA/γ-Al2O3) was also performed for comparison.



Another reaction to evaluate catalytic performance was benzyl alcohol oxidation. In a round-bottom flask (60 mm inner diameter, equipped with baffles and stirrer shaft), approximately 0.6 g of catalyst was mixed with 3.04 g of K2CO3 (>99.0%, Sigma-Aldrich). Eighty millilitres of toluene (anhydrous, 99.8%, Sigma Aldrich) was added to disperse the mixture. The flask was stirred at 1200 rpm and heated to 80 °C, and 200 mL/min of air was bubbled through the mixture. When the temperature was stable, 22 mmol (2.4 g) of benzyl alcohol was added (t = 0 min). Small samples of 300 μL were taken at recorded times and filtered from catalyst and K2CO3 powders with a syringe Teflon filter (diameter: 13 mm; pore size: 0.2 μm; PTFE membrane; VWR International, Radnor, PA, USA) and introduced in a GC sample vial together with 20 μL of tetradecane, the latter being used as an internal standard. They were analysed using a Varian CP-3380 gas chromatograph equipped with a FID (Agilent Technologies, Santa Clara, CA, USA). Helium was used as carrier gas through a CP-SIL 8 CB column (Chrompack) of 50 m in length, 0.25 mm in diameter, and with 0.25 μm coating thickness. No blank experiments were performed because previous work showed that no conversion of benzyl alcohol occurs over pure γ-Al2O3. The turnover frequency (TOF) was calculated as follows:


[image: there is no content]








where [image: there is no content] is the benzyl alcohol reaction rate (mol/h), [image: there is no content] is the molar mass of gold (g/mol), [image: there is no content] is the amount of catalyst in the reactor (g), and [image: there is no content] is the gold loading of the catalyst (wt %).





4. Conclusions


Ozone treatment at mild temperature was shown to remove the capping agent from the surface of supported gold nanoparticles. The average particle size, shape, and crystallinity of the gold nanoparticles hardly changed after capping agent removal. Due to the mild temperature of the ozone treatment, sintering was minimised and stable catalytic particles were obtained. The ozone treated catalysts did not sinter significantly even during the high temperature CO oxidation reaction, whereas the as-prepared capping agent containing catalyst was affected by sintering and, thus, showed lower activity. The activity for benzyl alcohol oxidation with molecular oxygen of the ozone-treated Au-DDA γ-Al2O3 was slightly increased compared to that of the as-prepared catalyst, probably due to the increased concentration of Au cationic species on the surface of the catalyst after the ozone treatment. Repeated catalytic tests are required to analyse the possibility of long-term deactivation processes due to sintering on both catalysts.
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