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Abstract:



Beyond tailored and synthetic catalysts sought out for ozone decomposition, mineral dusts provide naturally mixed metal oxide materials. The steady-state uptake of O3 evidenced across a wide concentration range signifies the catalytic decomposition of O3. The geocatalytic properties of such natural mineral dust open up new perspectives in atmospheric chemistry and catalytic processes.






Keywords:


mineral dust; metal oxide; ozone; catalytic uptake; geocatalysis












1. Introduction


Ozone is a key reactive species for both fundamental and applied research fields, such as atmospheric environments, ecosystems [1,2], medicine [3,4], plasma catalysis [5,6], and industry. Due to environmental concerns and the widespread applications of ozone-based remediation techniques, over the last two decades, the interactions of ozone with metal oxides, such as Al2O3 [7,8,9,10,11], MnO2 [12,13], Fe2O3 [7,14], SiO2 [15,16], CaO [17], TiO2 [18], and MgO [19], have been extensively studied. Most of the investigated synthetic oxides exhibit decomposition properties towards ozone. With the aim of optimizing ozone catalytic decomposition, novel catalysts based on tailored metal oxide combinations with controlled morphologies have been synthesized using complex methods and processes [20,21]. Noticeably, the production expenses (e.g., materials and solvent costs, energy use, waste management, and disposal) and sales of catalysts is estimated to be US$11 billion per year, and about 80% of the chemical processes in industry involve catalysts [22].



Recent studies related to heterogeneous atmospheric chemistry focused on the ozone interaction with suspended and transported crustal dust in the atmosphere have highlighted these natural mineral materials. Natural mineral dusts constitute 50% of the annual aerosol emissions on Earth, corresponding to two billion tons of suspended inorganic particulate materials [23]. These massive emissions are mostly related to sandstorms in desert areas and volcanic eruptions. Interestingly, natural mineral dust participates directly in atmospheric activities and significantly interacts with ozone [11,24,25,26]. In spite of the fact that geochemists introduced the concept of geocatalysis in the 1990s, referring to possible catalytic properties of Earth crustal materials, such catalytic potential has not been experimentally evidenced so far [27]. Since mineral dust chiefly consists of a mixture of metal oxides, including an abundance of SiO2, CaCO3, Al2O3, Fe2O3, and TiO2 among others [28,29], natural dust is a material of interest regarding the catalytic decomposition of ozone. In the field of heterogeneous atmospheric chemistry, ozone uptake onto natural mineral dust is generally reported and described as a transient phenomenon, and is partially characterized by atmospheric chemists but not limited to, atmospheric conditions (thus evidencing catalytic properties of the geomaterial regarding ozone decomposition). The utilization of natural mineral dust can not only achieve great economic benefits, but also provide new insights about environmental issues.



The objectives of the current study are: (i) to investigate whether natural mineral dust exhibits catalytic properties towards ozone, and if so, (ii) to evaluate whether the catalytic performance of natural dust could be comparable with conventional materials used as catalysts. Within that framework, carefully designed kinetic experiments were carried out to investigate the uptake efficiency of natural mineral dust collected from the Gobi Desert towards ozone at room temperature and under atmospheric pressure using a fixed bed reactor. The Gobi dust was used as a natural material probe, aiming to evaluate its decomposition efficiency towards ozone (without excluding that other natural dusts could have similar or even higher decomposition efficiencies).




2. Results and Discussion


A typical profile of ozone uptake onto the selected Gobi mineral dust is reported in Figure 1a. Prior to the experiment, the sample was thermally pretreated at 150 °C under zero air for 30 min to remove pre-absorbed species from the sample surface, but not to induce any phase or morphology change. The sample was then cooled down to room temperature under zero air flow. When the pretreatment was over, the reactor with the dust sample inside was isolated and the ozone flow was driven through the bypass line to be measured directly by the ozone analyzer. After equilibration, a constant ozone concentration (i.e., initial ozone concentration: [O3]0) was reached at the bypass outlet. The ozone flow is then directed into the U-shape reactor, i.e., in contact with the investigated sample. An immediate decrease of O3 concentration monitored at the reactor outlet was observed, denoting its initial uptake onto the Gobi dust surface. Preliminary blank experiments showed that ozone reaction with the quartz substrate was negligible and does not impact measurements. Beyond the abrupt O3 concentration drop at the initial stage of interaction with dust, a progressive increase of O3 concentration was observed as the interaction with Gobi dust proceeded. As reported in Figure 1a, a steady-state concentration of ozone was reached at the reactor outlet within 2 h. Interestingly, if ozone flow remains in contact with the dust bed, O3 concentration remained noticeably lower than [O3]0, corresponding to a constant consumption of ozone onto the natural mineral dust sample. Beyond the results reported in Figure 1a, the constant consumption of ozone (i.e., the steady-state uptake of ozone) has been evidenced for more than 15 h, without any noticeable deviation. Thereafter, the ozone flow was re-directed to the bypass line to validate the stability of generated [O3]0.


Figure 1. (a) Typical profile of the uptake of 4 × 1013 molecule cm−3 O3 (i.e., 1.6 ppm) displayed by ozone concentration variation as a function of time, on 100 mg Gobi dust sample at room temperature and atmospheric pressure using the fixed bed reactor; [O3]0 is the initial inlet ozone concentration measured as ozone was directed through the bypass line without interacting with the dust samples. (b) Corresponding absolute ozone molecule flow taken up by the 100 mg Gobi dust sample, expressed in molecule s−1; the datasets used to calculate γ0 and γss are indicated.
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According to the concentration profile reported in Figure 1a, Gobi dust clearly exhibits two distinct uptake modes overall: (i) the transient initial uptake and (ii) the continuous steady-state uptake of ozone that evidences the catalytic properties of the selected dust and supports the initial concept of geocatalysis. Based on the measurements reported in Figure 1a, the calculation of the absolute ozone uptake |d{O3}/dt| expressed in molecule s−1 is reported in Figure 1b, where {O3} denotes the number of ozone molecules. |d{O3}/dt|= −Γ([O3] − [O3]0), where Γ represents the gas flow in cm3 s−1 and [O3] and [O3]0 are the ozone concentration at time t and the initial ozone concentration, expressed in molecules cm−3.



According to the atmospheric heterogeneous interaction studies, the absolute number of ozone molecules lost per second from gas phase due to the interaction of the ozone molecules with the mineral surface depends on the effective surface of the dust, the average molecular speed of ozone molecules, and the uptake coefficient [30,31,32,33]; this can be determined from Equation (1):
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(1)




where ABET is the total and effective surface area (cm2), referring to the BET surface, provided by the dust sample inserted in the U-shape reactor; γ is the uptake coefficient which expresses gas-to-surface transfer probability; c is the mean molecular speed of O3 molecules, [image: ] (cm s−1) with k the Boltzmann constant (J K−1), T the operating temperature (K) and M the molecular mass of O3 (kg). Under our experimental conditions, c = 3.6 × 105 cm s−1. The approximation used in Equation (1) assumes the uptake probability γ ≪ 1, which is the case in the present paper. The uptake probability (γ) can be derived from Figure 1b and Equation (2) [30,31]:
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(2)







The estimation of the uptake coefficient is a macroscopic probability, which does not require any assumption regarding the surface reaction order or reaction mechanisms. For the two different uptake states, initial uptake coefficients (γ0) are determined using the data collected during the very first seconds of dust sample exposure to O3, while the steady-state uptake coefficients (γss) are determined along the steady-state uptake regime. The data sets used for the calculations of γ0 and γss are indicated in Figure 1b. It has been validated previously that γ0 and γss are independent of the mass of the dust in our experiments.



The determined γ0 and γss of ozone on Gobi dust have been plotted as a function of initial ozone concentration [O3]0, and varied from 20 ppb to 10 ppm in Figure 2. Both γ0 and γss decrease with [O3]0, meaning that the fraction of the ozone molecular flow taken up by the surface of the natural sample decreases as ozone concentration increases.


Figure 2. γ0 and γss of ozone on Gobi dust as a function of [O3]0. The solid lines are power function fittings of γ and [O3]0. The embedded figure corresponds to the logarithmic display mode. Experiments were carried out at room temperature and atmospheric pressure using a fixed bed reactor. Error bars were determined from the overall experimental dispersion.
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The dependence of uptake coefficients on ozone initial concentration can be described by an analytical fit of power functions reported by solid lines in Figure 2 and is given by Equation (3) and Equation (4). where [O3]0 is in molecules cm−3:
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(3)
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(4)







Similar dependence patterns for γ0 and γss on [image: ] have been reported for other materials, such as Al2O3 [11,34]. Since uptake coefficients depict the probability for a molecule to be taken up by a surface when striking it, the decreasing trends in Figure 2 suggest a finite ability of the sample surface to decompose ozone in terms of molecules processed per time and surface unit. To that regard, the catalytic character of ozone uptake by Gobi dust during the steady-state uptake regime can be further characterized by the uptake rate rss (molecules cm−2 s−1) as defined by Equation (5).
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(5)







Compared to γss, rss reflects the kinetic of ozone decomposition onto the natural mineral sample. The specific dependence of rss on ozone initial concentration [O3]0 is reported in Figure 3. The profile can be modeled using a power function, as reported in Equation (6), revealing a fractional reaction order of 0.5 regarding the catalytic decomposition process of ozone onto Gobi dust.
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(6)






Figure 3. Evolution of rss as a function of ozone initial concentration [O3]0. The solid line displays the power function fitting of rss and [O3]0. The embedded figure corresponds to the logarithmic display mode. Experiments were carried out at room temperature and atmospheric pressure using a fixed bed reactor. Error bars were determined from the overall experimental dispersion.
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Figure 3 evidences that ozone steady-state uptake onto a Gobi dust sample is characterized by mixed orders depending on the considered ozone concentration range. Considering the whole investigated concentration range, Equation (6) provides the global order with a value of 0.5. However, a first order kinetic can be observed for ozone concentrations lower than 1013 molecule cm−3. At higher concentrations, a lower reaction order characterizes the surface process. A maximum reaction rate is not fully reached within the investigated concentration range, and reaction rate uncertainties would not allow a reliable extrapolation to obtain the zero-order reaction rate value on the highest investigated concentrations.



The uptake of ozone onto mineral dust, as well as other metal oxides, has been previously investigated by other authors. Most of the investigations were conducted with a Knudsen cell under a total pressure generally lower than 10−6 bar, and dry conditions with an ozone concentration of a few ppb. These conditions are relevant to neither the real atmosphere, nor common air treatment processes. In the latest evaluation of the International Union of Pure and Applied Chemistry (IUPAC) [31], it has been clearly mentioned that uptake coefficients strongly depend on the following experimental conditions: (i) the gas phase concentration of the molecule (uptake decreases as the concentration of the gas increases), (ii) the total pressure used to carry out the experiment, (iii) the exposure time used to determine the uptake coefficient (i.e., at the initial stage or after achieving equilibrium conditions), (iv) the temporal resolution of the instrument used to monitor the gas concentration of the reactor outlet, and (v) the residence time of the molecule in the reactor. Therefore, comparisons of uptake coefficients should be made between studies under the same or close conditions.



Alebić-Juretić et al. have investigated the decomposition of 100 ppb ozone on powders of pure metal oxides, as well as another mineral dust from the Sahara Desert using a fluidized bed reactor under atmospheric pressure and at room temperature [15]. Interestingly, the investigated single oxide materials are also present in the Gobi dust composition. Based on the data reported by the authors, γss and rss of O3 can be calculated. Processed results were compared with Gobi dust for the same ozone concentration and reported in Table 1.


Table 1. Comparison of γss and rss determined in the presence of 100 ppb of ozone on natural Gobi dust, SiO2, Al2O3 and CaCO3 under atmospheric pressure and at room temperature.





	Materials
	γss
	rss (Molecules cm−2 s−1)
	Ref.





	SiO2
	3.74 × 10−10
	7.82 × 106
	[15]



	Al2O3
	3.79 × 10−9
	8.53 × 107
	[15]



	CaCO3
	<<10−10
	<<2.40 × 106
	[15]



	Saharan dust
	0
	0
	[15]



	Gobi dust
	2.28 × 10−8
	5.60 × 108
	This work









As listed in Table 1, both γss and rss evidence that Gobi dust, as a geocatalyst, exhibits higher catalytic properties towards ozone decomposition than the individual metal oxides contained in Gobi dust (SiO2, Al2O3 and CaCO3). The geocatalytic decomposition rate of ozone onto natural mineral dust exceeds the decomposition rates determined for Al2O3 and SiO2 by one and two orders of magnitude, respectively. As for Saharan dust, the authors have found the ozone concentration returning to the initial value after 50 min of exposure with the fluidized bed reactor, which is contrary to our result where Gobi dust shows continued steady uptake of ozone.



Furthermore, in Table 2, Gobi dust is compared with MnO2 (which is known as one of the most effective metal oxide for ozone decomposition). The data for MnO2 are based on the experiments conducted by Jia et al. [13] on 14 ppm of ozone onto MnO2 under atmospheric pressure and at room temperature with a flow-through tube reactor. Interestingly, the most widespread ozone decomposition catalyst (MnO2) showed a higher but comparable γss value.


Table 2. Comparison of γss and rss determined in the presence of 10 ppm of ozone on natural Gobi dust and 14 ppm of ozone on MnO2 under atmospheric pressure and at room temperature.





	Materials
	γss
	rss (Molecules cm−2 s−1)
	Ref.





	α-MnO2
	>2.5 × 10−8
	>7.9 × 1010
	[13]



	β-MnO2
	8.1 × 10−8
	2.6 × 1011
	[13]



	γ-MnO2
	2.6 × 10−8
	8.2 × 1010
	[13]



	Gobi dust
	2.6 × 10−9
	5.8 × 109
	This work










3. Experimental Section


The dust sample was collected from the Gobi Desert, Ningxia Province, in China. The Gobi Desert is the second most important source of atmospheric mineral dust on Earth, after the Sahara Desert [35]. The collected sample corresponds to a natural aeolian deposit; it has only been sieved in order to select the fraction below 100 µm. Such a granulometric fraction provides a specific surface area comparable with the typical specific surface areas observed with commercially available and synthetic metal oxides usually used in catalytic and sorptive processes. The BET surface of the sample, measured by a sorption analyzer using nitrogen as adsorbate gas, is 10.5 ± 2.0 m2 g−1. The relative abundances of mineral oxide phases in Gobi dust determined by XRD spectroscopy combined with ICP mass spectrometry are 55.0% SiO2, 17.8% CaCO3, 10.5% NaAlSi3O8, 6.9% Al2O3, 2.6% Fe3O4, 1% TiO2 and 6.2% of uncounted fraction [36].



To determine the uptake efficiency of the selected dust regarding ozone, the experimental setup used consisted of three main parts: (i) an ozone flow generation system combining a dielectric barrier discharge (DBD) reactor to provide ppm levels of ozone and a UV light ozone generator for ppb-level ozone production, (ii) a U-shape fixed bed reactor, and (iii) an ozone analyzer (Figure 4). This experimental set up has been used extensively in the past to investigate the heterogeneous interaction/reaction of volatile organic compounds (VOCs) and inorganic species with natural mineral dusts and proxies [36,37,38,39,40], and thus only a brief description is provided.


Figure 4. General scheme of the experimental setup.
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Zero dry air from cylinders provided and certified by Air Liquide were used as the main carrier gas. Ozone was generated by flowing air through the DBD reactor or the UV-light ozone generator. A pressure regulator was used to provide enough upstream pressure while keeping the pressure inside the gas flow generation system stable, which is necessary for stable ozone production. The four-way valve allowed fast switching between ozone flow and zero air flow. The dust sample was placed on a 0.82 cm2 quartz sample holder inside the U-shape fixed bed reactor, which has a volume of 12 mL. The U-shape reactor can be moved to a furnace to perform thermal treatments of the reactor and/or investigated sample. A bypass line of the same volume was connected to the U-shape reactor in parallel. The reactor downstream was coupled with the ozone analyzer (Environnement S.A O342e) to measure the gas phase ozone concentration at the outlet of the reactor or bypass line. The instrument is characterized by an accuracy of 0.1 ppb and a detection limit of 0.2 ppb. Experiments were conducted at room temperature and atmospheric pressure using a continuous gas flow rate of 250 sccm through the U-shape reactor. An extra nitrogen flow of 750 sccm was merged upstream of the ozone analyzer to meet its optimal work flow rate, which is around 1000 sccm.




4. Conclusions


In conclusion, this study reveals that natural mineral dust from the Gobi Desert, without any reprocessing, exhibits significant and stable catalytic properties regarding ozone decomposition for a large range of ozone concentrations (20 ppb–10 ppm) under atmospheric pressure. Determined catalytic decomposition rates exceed values observed on commonly used synthetic single metal oxides by one to two orders of magnitude, making natural mineral dust from the Gobi Desert a material of interest. In addition to Gobi dust, natural dusts originating from other arid regions of the planet could also be efficient catalysts for ozone decomposition. Therefore, results experimentally evidence and bring to the foreground the concept of geocatalysis.
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