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Abstract. The heterogeneous reactions of carbonyl sulfide (OCS) on the typical 10 

mineral oxides in the mineral dust particles were investigated using a Knudsen cell 11 

flow reactor and an in situ diffuse reflectance UV-vis spectroscopy. The reaction 12 

pathway for OCS on mineral dust was identified based on the gaseous products and 13 

surface species. The hydrolysis of OCS, and succeeding oxidation of intermediate 14 

products, readily take place on α-Al2O3, MgO, and CaO. The reversible and 15 

irreversible adsorption of OCS on α-Fe2O3 and ZnO were observed, respectively. No 16 

apparent uptake of OCS by SiO2 and TiO2 was observed. The reactivity of OCS on 17 

these oxides is determined by basicity of oxides and the decomposition ability of 18 

oxides for H2S. The uptake coefficient (γBET) of mineral dust was estimated to be from 19 

3.84×10-7 to 2.86×10-8 based on the individual uptake coefficients and chemical 20 

composition of authentic mineral dust. The global flux of OCS due to heterogeneous 21 

reactions and adsorption on mineral dust was estimated at 0.13-0.29 Tg⋅yr-1, which is 22 

comparable to the annual flux of OCS for its reaction with ·OH. 23 
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 1. Introduction 24 

Carbonyl sulfide (OCS) is the predominant sulfur containing compound in the 25 

atmosphere, with a rather uniform mixing ratio of about 500 pptv in the troposphere 26 

(Chin and Davis, 1995). About 0.64 Tg·yr-1 of OCS in the troposphere is transported 27 

to the stratosphere, where it can be photodissociated as well as oxidized via reactions 28 

with O(3P) atoms and OH radicals to form sulfate aerosols. Therefore, it has been 29 

considered to be a major source of the stratospheric sulfate aerosol (SSA) during 30 

volcanic quiescent periods (Andreae and Crutzen, 1997; Crutzen, 1976; Notholt, 2003; 31 

Turco et al., 1980). Because the SSA plays an important role in the Earth’s radiation 32 

balance, global climate (Anderson, et al., 2003; Graf, 2004; Jones et al., 1994), and 33 

stratospheric ozone depletion (Andreae and Crutzen, 1997; Solomon et al., 1993), the 34 

investigation about the sources and sinks of OCS in the troposphere is very significant 35 

in atmospheric chemistry. 36 

In the past decades, the heterogeneous reactions of trace gases in the atmosphere 37 

on atmospheric particles has become increasingly important (Ravishankara, 1997), 38 

because they not only account for the alteration of the particulate composition and its 39 

surface properties (Aubin and Abbatt, 2006; Jang et al., 2002) but also affect the 40 

sources and sinks of trace gases (Jacob, 2000). Several atmospheric modeling studies 41 

have shown that atmospheric particles often acting as a sink for certain species 42 

(Dentener et al., 1996; Usher et al., 2003b). A major contributor to the loading of 43 

atmospheric particles is mineral dust, which mainly originates from arid and semi-arid 44 

regions with global source strength of about 1000-3000 Tg⋅yr-1 (Dentener et al., 1996). 45 
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The surface oxygen, hydroxyl group, absorbed water and defect sites on mineral 46 

oxides may provide reactive sites for the heterogeneous uptake of trace gases. 47 

Recently, using infrared spectroscopy, a few researchers have reported the 48 

heterogeneous reactions mechanism of OCS on atmospheric particles, and mineral 49 

oxides including Al2O3, SiO2, Fe2O3, CaO, MgO, MnO2 and the mixture of Fe2O3 and 50 

NaCl (Chen et al., 2007; He et al., 2005; Liu et al., 2006, 2007a, 2007b, 2009a; Wu et 51 

al., 2004, 2005). In these studies, hydrogen thiocarbonate (HSCO2
-) was found as a 52 

key intermediate (He et al., 2005; Liu et al., 2006, 2007a, 2007b, 2009a). Gaseous 53 

carbon dioxide (CO2) and surface sulfate (SO4
2-) were found to be the gaseous and 54 

surface products (Chen et al., 2007; He et al., 2005; Liu et al., 2006, 2007a, 2007b, 55 

2009a), respectively. Surface sulfite and element sulfur (Wu et al., 2004, 2005) were 56 

also observed as surface sulfur species. Additionally, gaseous hydrogen sulfide (H2S) 57 

was detected as one of the hydrolysis products for the heterogeneous reaction of COS 58 

on MgO and Al2O3 (Liu et al., 2007a, 2008a, 2008b, 2009b). The previous works 59 

demonstrate that heterogeneous reactions on mineral dust may be a potential sink for 60 

OCS in the troposphere. However, besides on Al2O3 and MgO, the reactions on all of 61 

the other oxides were mainly investigated using infrared spectroscopy with a high 62 

OCS concentration. Thus, the reaction pathway on these mineral oxides still needs to 63 

be further identified by other experimental methods. In particular, the difference in 64 

reaction pathway on these oxides is unclear. On the other hand, the significance of 65 

these reactions on the global chemical cycle of OCS depends on its reaction rates or 66 

uptake coefficients. However, at present day, the uptake coefficients of OCS on the 67 
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typical mineral oxides are very limited. Therefore, the kinetic study for the 68 

heterogeneous reactions of OCS on mineral dust is necessary. 69 

In this study, besides α-Al2O3 and MgO as reported previously (Liu et al., 2008a, 70 

2008b, 2009b), we further investigated the heterogeneous reactions of OCS on the 71 

typical mineral oxide components in atmospheric particles, including SiO2, CaO, 72 

α-Fe2O3, ZnO, and TiO2, using a Knudsen cell reactor and a diffuse reflectance 73 

UV-vis spectroscopy. To facilitate comparison, the results of α-Al2O3 and MgO were 74 

also included. It revealed that the reactions could readily take place on some mineral 75 

oxides and some differences in reaction pathway exist on these oxides. On the basis of 76 

the uptake coefficients measured by Knudsen cell reactor, the environmental 77 

implications were discussed. 78 

2. Experimental Section 79 

2.1. Materials. All of the chemicals were used with received. These included: 80 

Carbonyl sulfide (OCS, 1.98%, OCS/N2, Scott Specialty Gases Inc.), N2 and O2 81 

(99.99% purity, Beijing AP Beifen Gases Inc.), and C2H5OH (99.7%, Beijing 82 

Chemicals Factory).  83 

According to the main composition of authentic mineral dust (He et al., 2005) 84 

and the upper continental crust (Usher et al., 2003a), SiO2, α-Al2O3, CaO, MgO, 85 

α-Fe2O3, ZnO, and TiO2 were chose as model dust samples. α-Al2O3 was prepared 86 

through calcining AlOOH (Shandong Alumina Corpartion) at 1473 K for 3 h. All of 87 

the other oxides are of analytic purity grade, including SiO2 and TiO2 (Beijing Yili 88 

Fine Chemicals Co. Ltd), α-Fe2O3 (Beijing Nanshang Chemicals Factory), CaO and 89 
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ZnO (Shantou Nongxi Chemicals Factory Guangdong), and MgO (Tianjin Hangu 90 

Haizhong Chemicals Factory).  91 

2.2. Characterization of Sample. X-ray powder diffraction pattern was collected 92 

from 10 to 90∘ 2θ on a D/max-RB automatic powder X-ray diffractometer using Cu 93 

Kα irradiation. Nitrogen Brunauer-Emmett-Teller (BET) physisorption measurement 94 

was performed with a Micromeritics ASAP 2000 analyzer.  95 

2.3. Experimental Methods. KCMS experiment. A Knudsen cell reactor coupled to a 96 

quadrupole mass spectrometer (KCMS, Hiden, HAL 3F PIC) was used to study the 97 

reaction pathway and to measure the uptake coefficients of OCS on the mineral oxides. 98 

The apparatus was described detailedly elsewhere (Liu et al, 2008a, 2008b). Briefly, 99 

the mass spectrometer was housed in a vacuum chamber equipped with a 300 L⋅s-1 100 

turbomolecular pump (Pfeiffer) and an ion gauge (BOC Edward). The vacuum 101 

chamber between the quadrupole mass spectrometer (QMS) and the Knudsen cell 102 

reactor was pumped by a 60 L⋅s-1 turbomolecular pump for differential pumping of 103 

the mass spectrometer and an ion gauge (both from BOC Edward).The Knudsen cell 104 

reactor consists of a stainless steel chamber with a gas inlet controlled by a leak valve, 105 

an escape aperture whose area could be adjusted with an adjustable iris and a sample 106 

holder attached to the top ceiling of a circulating fluid bath. The sample in the sample 107 

holder can be exposed or isolated to the reactants by a lid connected to a linear 108 

translator. 109 

The oxide samples were dispersed evenly on the sample holder with alcohol and 110 

then dried at 393 K for 2 h. The pretreated samples and the reactor chamber were 111 
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evacuated at 323 K for 6 h to reach a base pressure of approximately 5.0×10-7 Torr. 112 

After the system was cooled to 300 K, the sample cover was closed. 1.51 % of OCS 113 

gas balanced with simulated air (21% O2 and 79% N2) was introduced into the reactor 114 

chamber through a leak valve. The relative humidity in the reactant gases was 115 

measured to be 7% using a hygrometer (Center 314) with a relative error of ±1.5%. 116 

The pressure in reactor was measured using an absolute pressure transducer. Prior to 117 

the experiments, the reactor chamber was passivated with OCS in air for 150 min to a 118 

steady state of QMS signal established as the oxide samples were isolated from the 119 

gas by the sample cover. Uptake measurements on all samples were obtained with an 120 

average OCS partial pressure of 5.3±0.3×10-6 Torr, which was equivalent to 121 

1.7±0.2×1011 molecules⋅cm-3 or 7.0±0.3 ppbv. The uptake coefficients were calculated 122 

based on the KCMS signal. According to the pressure in the vacuum chamber and the 123 

pumping speeds of turbomolecular pumps, the mass signal intensity of OCS could be 124 

converted to flow rate of molecules into the reactor. Then adsorption capacity of OCS 125 

on mineral oxides could be calculated from the integrated area of a flow rate of 126 

molecules into the reactor versus time. 127 

UV-vis experiment. The surface sulfur species on oxides after heterogeneous 128 

reaction with OCS were identified using a diffuse reflectance UV-vis 129 

Spectrophotometer (U-3310, Hitachi). 100 mg of mineral oxides in quartz tube were 130 

exposed to 1000 ppmv of OCS/air in the flow of 100 mL·min-1 for 9 h at 300 K, and 131 

then the UV-vis spectra were collected promptly using the corresponding pure oxides 132 

as reference samples. 133 
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3. Results and Discussion 134 

3.1. Characterizations. XRD results indicate that these oxides used in experiment are 135 

quartz (SiO2), corundum (α-Al2O3), lime (CaO), hematite (MgO), periclase (α-Fe2O3), 136 

spartalite (ZnO), and anatase (TiO2), respectively. The detailed information was 137 

described elsewhere (Liu et al., 2008b). Because of the strong basicity and 138 

hygroscopicity, CaO sample contains a small amount of Ca(OH)2.  139 

The surface areas of these oxides are almost in the same order and close to the 140 

value of the authentic atmospheric particles (He et al., 2005) as shown in Table 1.  141 

3.2. Uptake of OCS and desorption behavior of surface species on mineral oxides. 142 

α-Al2O3 and MgO. In our previous works (Liu et al., 2005, 2006, and 2008a), we have 143 

reported the hydrolysis reaction and oxidation pathways of OCS on Al2O3. To 144 

facilitate comparison, the Knudsen cell results on α-Al2O3 and MgO were also 145 

described here briefly and shown in Figs. 1S and 2S. As shown in Fig. 1S, the 146 

consumption of OCS and desorption of CO2 and H2S after reaction could be seen 147 

clearly when 50.2 mg α-Al2O3 was exposed to 5.3±0.3×10-6 Torr at 300 K. Fig. 2s 148 

shows the heterogeneous reaction of OCS on 100.0 mg of MgO at 300 K. As shown in 149 

Fig. 2S, the uptake of OCS (m/e=60) was companied by the production of CO2 150 

(m/e=44) and H2S (m/e=34) on MgO. Based on the discussion in previous work (Liu 151 

et al., 2006, 2007a, 2008a, 2009a; He et al., 2005; Wu et al., 2004, 2005), we can 152 

conclude that hydrolysis and oxidation reactions of OCS occurred on α-Al2O3 and 153 

MgO.  154 

CaO. Figure 1 shows the heterogeneous reactions of OCS on 100.4 mg of CaO at 155 
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300 K, respectively. Although CaO is also a type of FCC crystalline of alkaline earth 156 

oxide as same as MgO, the uptake profiles of OCS on CaO were quite different from 157 

that on MgO as shown in Fig. 2S. They are also different from that on α-Al2O3 (Fig. 158 

1S). The uptake of OCS on CaO was accompanied by the production of CO2, while no 159 

formation of H2S was detected. In our previous work (Liu et al., 2007b), surface CO3
2-, 160 

HCO3
-, SO4

2-, and SO3
2- were observed while no surface HS was observed for the 161 

heterogeneous reaction of OCS on CaO using in situ DRIFTS. In addition, except for 162 

CO2, no desorptions of OCS and H2S were observed in the in situ desorption 163 

experiment as shown in Fig. 1(D-F). These results suggest that the reaction pathway 164 

of OCS on CaO might be different from that on MgO and α-Al2O3. However, it 165 

should be pointed out that if H2S produced by heterogeneous reaction on the surface 166 

of oxides can be easily and quickly transformed into other species, it is hard to detect 167 

the surface HS or gaseous H2S in DRIFTS and KCMS experiments. 168 

α-Fe2O3 and ZnO. Figures 2 and 3 show the heterogeneous uptake of OCS and 169 

desorption of surface species on 141.3 mg of α-Fe2O3 and 200.9 mg of ZnO at 300 K, 170 

respectively. As the sample cover was opened, the mass signal intensity of OCS 171 

(m/e=60) decreased dramatically on both of these two samples (Figs. 2A and 3A). 172 

Although the total surface areas of α-Fe2O3 and ZnO used in this experiment were 173 

lower than that of α-Al2O3, MgO, and CaO, the dropping amplitude for the relative 174 

intensity of OCS in Figs. 2A and 3A were much larger than that in Figs. 1S, 2S and 1. 175 

However, the signal intensity of OCS quickly recovered to its baseline within 10 min. 176 

It suggests that the active sites for effectively uptaking OCS onto α-Fe2O3 and ZnO 177 



 9 

are very abundant, while they have lower catalytic reactivity for OCS hydrolysis or 178 

oxidation. In Figs. 2 and 3, the increasing of signal intensity for CO2 was very weak 179 

and the change of signal intensity for H2S was also negligible. In the end of uptake 180 

experiment, as for α-Fe2O3, desorption of OCS was very distinct (Fig. 2D), while 181 

desorption of CO2 was very weak (Fig. 2E) and no desorption of H2S (Fig. 2F) was 182 

observed. For ZnO, no desorptions of OCS, CO2, and H2S were observed as shown in 183 

Fig. 3(D-F) even when the escape hole was increased to its upper limit. Therefore, 184 

these results suggest that OCS might be reversibly adsorbed on α-Fe2O3 and 185 

irreversibly adsorbed on ZnO. In order to confirm these processes, the repeated uptake 186 

experiments were further carried out on ZnO and α-Fe2O3. After the uptake 187 

experiment finished, the samples were outgassed at 3.0±1.0×10-7 Torr and at 300 K 188 

for 18 h. Then repeated uptake experiments were performed at 300 K. As can be seen 189 

from the Fig.3S, adsorption of OCS on ZnO was very clear in the 1st run, while it 190 

became very weak in the 2nd and the 3rd runs. For the comparison experiment, OCS 191 

could reversibly adsorb on α-Fe2O3. These results confirmed the reversible adsorption 192 

of OCS on α-Fe2O3 and irreversible adsorption on ZnO. 193 

In our previous work, we found that when α-Fe2O3 and ZnO were exposed to 194 

OCS at 303 K for a long time (120 min), the consumption of surface hydroxyl was 195 

prominent and accompanied by the very weak absorbance of HSCO2
-, HCO3

-, and 196 

SO4
2- etc. (Liu et al., 2007b). Recently, Chen et al. (2007) also observed the 197 

consumption of OCS on α-Fe2O3 for 24 h, while the reaction rate constant was 198 

measured to be very low. It should be noted that in these previous works (Chen et al., 199 
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2007; Liu et al., 2007b), the uptake experiments were investigated using DRIFTS 200 

reactors with a long exposure time. Thus, they obtained the integrated signals for the 201 

reaction on α-Fe2O3, while the differential signals was gained within a 0.6 s time-scale 202 

in this work. Therefore, the uptake experiments performed in Knudsen cell reactor 203 

represent more initial and fresh state for oxides. Because the reactions of OCS on 204 

α-Fe2O3 and ZnO were also found to be very slow even though in the DRIFTS 205 

reactors, according to uptake experiments performed in this work, we think that OCS 206 

should be mainly reversibly adsorbed on α-Fe2O3 and irreversibly adsorbed on ZnO, 207 

and the hydrolysis and oxidation reactions on them are negligible. 208 

SiO2 and TiO2. The uptake profiles of OCS on SiO2 and TiO2 are shown in Fig. 4. 209 

When 350.5 mg of SiO2 and 400.0 mg of TiO2 were exposed to the feed gas, 210 

respectively, no uptakes of OCS were observed in Figs. 4A and 4D. The changes of 211 

CO2 and H2S were also negligible when the sample cover was opened. In our previous 212 

work, we had observed the consumption of OCS over SiO2 and TiO2 in closed system 213 

were faintly faster than that over the background of in situ DRIFTS reactor chamber 214 

(Liu et al., 2007b). As discussed above, the difference between KCMS experiments 215 

and in situ DRIFTS experiments is derived from the different experimental methods. 216 

KCMS is a differential reactor, when the change of the flow rate of OCS in the reactor 217 

is lower than 2×1014 molecules·s-1 (3σ), the QMS can not detect any change of its 218 

signal intensity, while the in situ DRIFTS reactor chamber in the closed system 219 

belongs to an integrated reactor, and the consumption of OCS is the accumulation of 220 

infrared signal at several minutes or several hours level. Therefore, we can conclude 221 
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that even though the heterogeneous reactions of OCS can take place on SiO2 and TiO2, 222 

they are very slow and have little contribution to the sink of OCS in the troposphere.  223 

3.3 Identification of other surface species and reaction pathway. Using DRIFTS, 224 

we have identified the surface species including HSCO2
-, HS, CO3

2-, HCO3
-, SO3

2-, 225 

and SO4
2- etc. for the hydrolysis and oxidation of OCS on most of these oxides (He et 226 

al., 2005; Liu et al., 2006, 2007a, 2007b, 2009a). Wu et al. (2004, 2005) also observed 227 

the formation of element sulfur by XPS. In order to identify other surface species 228 

during heterogeneous reactions and to further clarify the difference between the 229 

reaction pathway of OCS on CaO and that on MgO (as shown in Figs. 1 and 2S), the 230 

surface sulfur containing species were investigated by diffuse reflectance UV-vis 231 

spectroscopy. After the CaO and MgO samples were exposed to 1000 ppmv of 232 

OCS/air in 100 mL/min at 300 K for 9h, the diffuse reflectance UV-vis spectra were 233 

collected immediately using the corresponding pure oxides as reference samples. The 234 

UV-vis spectra are shown in Fig. 5. The peak at 217 nm is assigned to surface HSO3
-, 235 

and the peak at 226 nm is ascribed to surface S2- (Davydov, 2003). The abroad bands 236 

around 260-280 nm, and 340 nm were also observed and are assigned to the 237 

absorbance bands of element sulfur (Davydov, 2003).  238 

As can be seen in Fig. 5, surface HSO3
- and S2- are the common surface sulfur 239 

containing species for the heterogeneous reaction of OCS on both CaO and MgO. The 240 

formation of HSO3
- is well supported by the DRISFTS results (He et al., 2005; Liu et 241 

al., 2006, 2007a, 2007b, 2009a). In Fig. 5A, very strong broad bands attributing to 242 

element sulfur were observed on CaO, which means element sulfur should also be one 243 
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of the surface products for the heterogeneous reaction of OCS on CaO. It should be 244 

noted that S2- were also observed for the OCS treated CaO sample. Therefore, we 245 

postulate that element S might be the further oxidization product of S2-, while S2- is 246 

result from the decomposition of H2S or surface HS. This assumption is accordance 247 

with no desorption of H2S after heterogeneous reaction of OCS on CaO (Fig. 3F). 248 

Additionally, after heterogeneous reaction, the sample was purged further with pure 249 

O2 for 9 h and the absorbance of elemental sulfur decreased greatly (not shown). It 250 

means the newly formed sulfur can be further oxidized to high state species. As for 251 

MgO, although element S can be also observed (Fig. 5B), its relative content was 252 

much lower that that on CaO. It implies a low decomposition rate of surface HS to S 253 

on MgO, thus the formation and desorption of H2S was very prominent (Fig. 2S), and 254 

the surface HS was also observable in the in situ infrared spectra (Liu et al., 2007a). 255 

As for OCS treated α-Fe2O3 and ZnO, the UV-vis signal (not shown) was very weak 256 

due to their low reactivity. 257 

According to perturbation theory and orbital mixing, the decomposition reactivity 258 

of H2S on mineral oxides was found to be related to the band gap of oxides. The lower 259 

the band gap of the oxide, the higher the adsorption activity and decomposition 260 

reactivity of H2S (Rodriguez et al., 1998). The band gap of CaO is 6.8 eV, while it is 261 

7.7 eV for MgO (Baltache et al., 2004). It suggests that the decomposition reaction of 262 

H2S on CaO should be more facile than that on MgO. Therefore, we can deduce that 263 

the absence of H2S in the products for the heterogeneous reaction of OCS on CaO 264 

should be ascribed to the formation of CaS and element sulfur on the surface.  265 
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It should be noted that Fe and Zn are typical sulphophile elements. It has been 266 

found that H2S undergoes complete decomposition on ZnO to form sulfide at 300 K 267 

(Lin et al., 1992; Rodriguez et al., 1998). On the other hand, the small band gap of 268 

ZnO (3.4 eV) (Rodriguez et al., 1998) also implied its strong decomposition ability 269 

for H2S to surface sulfide or sulfur species. As for α-Fe2O3, the band gap is 2.2 eV, 270 

which means the stronger decomposition ability for H2S to surface sulfide or sulfur 271 

species. However, in our previous work, we have found that reactivity of OCS on 272 

mineral oxides depends on the basicity of oxides, i. e., the stronger the basicity of 273 

oxide, the higher the reactivity of OCS on it (Liu et al., 2007b and 2009b). α-Fe2O3 274 

and ZnO are typical acidic oxides, which suggests very low heterogeneous reactivity. 275 

On the other hand, in Figs. 2 and 3, desorption of CO2 on α-Fe2O3 and ZnO was 276 

negligible, which suggests the amount of H2S produced in heterogeneous reaction 277 

should be negligible. In particular, the reversible adsorption of OCS on α-Fe2O3 was 278 

observed in Fig. 2. Therefore, even if hydrolysis of OCS could occur on α-Fe2O3 and 279 

ZnO, the surface sulfide or element sulfur species, which is easily formed on these 280 

oxides, should lead to the quick deactivation by blocking the active site for the 281 

heterogeneous reaction of OCS on α-Fe2O3 and ZnO. Thus, the oxides with stronger 282 

basicity and lower decomposition ability for H2S to surface sulfide or element sulfur 283 

species should show higher catalytic activities for decomposition of adsorbed OCS 284 

than these oxides with the anti-properties. Thus the main heterogeneous process of 285 

OCS on α-Fe2O3 and ZnO may be the adsorption process and the catalytic reaction of 286 

OCS is less important.  287 
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Based on above results and the previous works (Chen et al., 2007; He et al., 2005; 288 

Liu et al., 2006, 2007a, 2007b, 2009), the reaction pathway for OCS on mineral 289 

oxides was summarized in Scheme 1. Catalytic reactions are very obvious on MgO, 290 

CaO and α-Al2O3. The key intermediate of HSCO2
- can be directly oxidized to HSO3

-, 291 

HCO3
-, and SO4

2-. It can also hydrolyze to form H2S and CO2. Gaseous H2S can 292 

further decompose to sulfide compound (MS) and element sulfur on MgO and CaO. 293 

The surface sulfur species including sulfur, sulfide and sulfite can be finally oxidized 294 

to sulfate. Irreversible adsorption of OCS on ZnO and reversible adsorption of OCS 295 

on α-Fe2O3 can take place at 300 K. As for TiO2 and SiO2, no uptake of OCS was 296 

observed.  297 

 298 

Scheme 1. Reaction pathway for OCS on different mineral oxides. 299 

3.4. Reaction kinetics for the heterogeneous reaction of OCS on mineral oxides.  300 

Uptake coefficient, which demonstrates the activity of adsorption or reaction for 301 

heterogeneous process, was the most commonly used kinetic parameter in 302 

atmospheric chemistry and also in the model studies. It was defined by Eq. 1 303 

(Underwood et al., 2000). 304 

ω
γ dt

dn
−

=      (1) 305 
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where 
dt
dn

−  is the number of molecules lost from the gas phase per second due to 306 

the collision between gas molecules and solid surface (molecules∙s-1); ω is the total 307 

number of gas-surface collisions per second. Based on the Knudsen cell experimental 308 

results, the observed uptake coefficients, γobs, of OCS on mineral oxides characterized 309 

by the loss of gaseous OCS can be calculated from Knudsen cell equation (Barone et 310 

al., 1997; Beichert and Finlayson-Pitts, 1996; Liu et al., 2008a, 2008b; Underwood et 311 

al., 2000). 312 

I
II

A
A

s

h
obs

)( 0 −
=γ  (2) 313 

where, Ah is the effective area of the escape aperture (cm2); As is the geometric area of 314 

the sample holder (cm2); and I0 and I are the mass spectral intensities of OCS with the 315 

sample holder closed and open, respectively. If the reactant gas can diffuse into the 316 

underlying layers for the multilayer powder sample, the effective collision area should 317 

be considered. Usually, the effective surface area was used. And then the true uptake 318 

coefficients, γt (BET), can be calculated from 319 









⋅=

BET

s
t S

A
slopeγ  (3) 320 

where slope is the slope of plot of γobs and sample mass in linear region (mg-1); SBET is 321 

the specific surface area of particle sample (cm2⋅mg-1) (Carlos-Cuellar et al., 2003).  322 

The observed uptake coefficients calculated according to the geometric area of 323 

the sample holder at initial time (referred as γobs(Initial)) and at steady state 324 

(γobs(Steady state)) were plotted along with sample mass through the origin and are 325 

shown in Fig. 6(A-C). As for α-Fe2O3 and ZnO, γobs(Initial) and adsorption capacities 326 
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were given in Figs. 6D and 6E. The error bar was 15 % obtained from the repeated 327 

experiments. It can be seen from Fig. 8 that there was a strong linear dependence of 328 

γobs or adsorption capacity versus sample mass for all tested mineral oxides. It means 329 

the underlying layers of these oxide samples also contribute to the heterogeneous 330 

uptake and catalytic reaction under this experimental conditions. Therefore, γt(BET) 331 

can be calculated from the slope and specific area of oxides sample via Eq. 3. The 332 

γt(BET) of OCS on different oxides were presented in Table 1 and in the range of 333 

10-7-10-8. The γt(Initial) were in the order: α-Fe2O3 > ZnO > CaO > α-Al2O3 > MgO > 334 

SiO2, TiO2, while the order of γt(Steady state) is MgO > α-Al2O3, CaO > ZnO, 335 

α-Fe2O3, SiO2, TiO2.  336 

When the intensity of mass spectrometer for OCS was corrected with flow rate of 337 

molecules and the consumption of OCS by catalytic reaction was subtracted, the 338 

adsorption capacity of OCS on different oxides was calculated and shown in Table 1. 339 

As can be seen in Table 1, the values of initial uptake coefficients of OCS on α-Al2O3, 340 

MgO, CaO, α-Fe2O3, and ZnO were much greater than that of steady state uptake 341 

coefficients. In despite of large initial uptake coefficients for α-Fe2O3 and ZnO, their 342 

steady state uptake coefficients decreased to zero. As discussed above, the initial 343 

uptake was mainly due to the adsorption process, while the steady state uptake was 344 

related to the catalytic reaction. It means that only a part of adsorbed OCS can be 345 

transformed to HSCO2
-, and then it decomposes into CO2 and H2S. The 346 

decomposition of HSCO2
- is the rate determine step (Liu et al., 2008b). On the other 347 

hand, the surface species such as HCO3
-, CO3

2-, S2-, S, SO3
2-, and SO4

2- also induced 348 
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the decline of catalytic reactivity. Therefore, the initial uptake coefficients on all of 349 

these oxides are much higher than their steady state uptake coefficients. Among these 350 

surface species, sulfide species have a very prominent effect, especially on ZnO, and 351 

CaO. Although the initial uptake coefficients were very large on these oxides, the 352 

steady state uptake coefficients (shown in Table 1) were very small because the 353 

sulfide or sulfur species could hardly desorb from the surface. In addition, as 354 

mentioned above, the heterogeneous reactivity of OCS on mineral dust is in relation 355 

to the surface basicity of oxides (Liu et al., 2007b and 2009b). The order of steady 356 

state uptake coefficients also supports the forenamed assumption. Except for CaO, 357 

which is related to the deactivation of surface sulfur species, the order of steady state 358 

uptake coefficients is almost the same as the basicity sequence of mineral oxides. 359 

Therefore, we can deduce that the alkali elements and alkaline-earth metals in the 360 

authentic atmospheric particles should promote the heterogeneous reaction of OCS in 361 

the troposphere. 362 

According to the true uptake coefficients of single oxide and the mineral 363 

composition of authentic atmospheric particulate matter (He et al., 2005; Usher et al., 364 

2003a), the true uptake coefficient of authentic atmospheric mineral dust can be 365 

estimated from 366 

∑= iidust f γγ  (4) 367 

where dustγ  is the true uptake coefficient for mineral dust; if  is the fraction of oxide 368 

in atmospheric mineral dust (He et al., 2005); iγ  is the true uptake coefficient of 369 

corresponding oxide (Usher, et al., 2002). The γdust was calculated to be from 370 
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3.84×10-7 (initial) to 2.86×10-8 (steady state). This value is comparable to the uptake 371 

coefficient of NO2 on mineral dust (10-7-10-8) (Ullerstmal et al., 2003; Underwood, et 372 

al., 1999, 2000). 373 

In our previous work (Liu et al., 2007b), we have found that the heterogeneous 374 

reaction of OCS on mineral oxides is a first-order reaction. Therefore, the reaction 375 

rate constant can be calculated from Eq. 5 (Ravishankara, 1997).  376 

4
SAvk dust

dust
⋅⋅

=
γ

    (5) 377 

Here, kdust is the rate constant for the first-order reaction (s-1); v  is the average 378 

velocity of OCS molecules (m·s-1); dustγ is the true uptake coefficient of mineral dust 379 

(m2·m-3); SA is the globally-averaged dust surface area (150 µm2∙cm-3) (de Reus et al., 380 

2000; Frinak et al., 2004). The rate constants of OCS on mineral dust in the 381 

troposphere were estimated to be 4.69×10-9 s-1 (initial) and 3.49×10-10 s-1 (steady 382 

state). 383 

4. Conclusions and atmospheric implications  384 

In this work, the heterogeneous reactions of OCS on the typical mineral oxides 385 

were investigated by using Knudsen cell reactor and diffuse reflectance UV-vis 386 

spectroscopy. Catalytic hydrolysis and oxidation were observed on MgO, CaO and 387 

α-Al2O3. Reversible adsorption of OCS on α-Fe2O3 and irreversible adsorption on 388 

ZnO were observed. As for TiO2 and SiO2, no uptake of OCS was observed. For CaO, 389 

the decomposition reactivity of hydrolysis product (H2S) is stronger than that on MgO 390 

and α-Al2O3, which leads to the obvious deactivation of hydrolysis of OCS on CaO at 391 

steady state. The uptake coefficients (BET) of OCS on these oxides were measured to 392 
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be in the range of 10-7-10-8, and are comparable with the uptake of NO2 on mineral 393 

dust. 394 

Because the initial uptake is mainly due to adsorption, the heterogeneous process 395 

of OCS on mineral dust could be divided into adsorption and catalytic reaction. In the 396 

real atmosphere, the uptake coefficients at steady state should be more representative 397 

than the initial uptake coefficients because once emitted into the atmosphere the fresh 398 

dust samples were often quickly aged by reactant gases. With the assumption of the 399 

total OCS mass of 4.63 Tg in the troposphere (Chin and Davis, 1995), and the 400 

first-order reaction rate constants of OCS on mineral dust (steady state), the global 401 

flux of OCS on mineral dust due to heterogeneous reactions was calculated to be 0.05 402 

Tg⋅yr-1. Thus, this value, which is relating to the catalytic activity of dust, is very 403 

important to access the sinks of OCS due heterogeneous reaction.  404 

Based on the adsorption capacity of each oxide and the mass fraction of oxide in 405 

atmospheric mineral dust, the equivalent adsorption capacity of mineral dust was 406 

calculated to be 8.00×1017 molecules·g-1 based on Eq. 6.  407 

i
i

idust AcfAc ∑=     (6) 408 

Where Ac is the adsorption capacity. The adsorption process might contribute the 409 

global sink of 0.08-0.24 Tg OCS·year-1 with the deposit of mineral dust (1000-3000 410 

Tg·year-1). Therefore, considering both the adsorption and the catalytic reactions, the 411 

total sink of OCS due to mineral dust should be 0.13-0.29 Tg·year-1 via the adsorption 412 

and catalytic reaction of mineral dust. Compared with other sinks, this value might be 413 

equivalent to the annual flux for reaction of OCS with ·OH of 0.10 Tg⋅yr-1 (Watts, 414 
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2000). Even though only the consumption by catalytic reaction was considered, the 415 

contribution of mineral dust to the sink of OCS should also be not ignored.  416 

Of course, the uptake coefficient of OCS on mineral dust estimated by using the 417 

uptake coefficients of OCS on the individual components and their mass fraction in 418 

the mineral dust (Eq.4) contains a considerable uncertainty. Therefore, in the future 419 

work, the uptake of OCS on realistic dust samples such as Sahara dust, Arizona Test 420 

dust or other authentic dust samples should be considered. On the other hand, the 421 

value of 150 μm2·cm-3 was taken from one flight airplane study (de Reus et al. 2000) 422 

and it is more representative of a regional dust layer rather than global average. 423 

Unfortunately, the global mean dust loading is unobtainable in published literatures. 424 

The estimating method for the sink of OCS due to heterogeneous reaction on mineral 425 

dust, therefore, is also a middle course of action. Additionally, the real atmosphere is 426 

very complicated. For example, the relative humidity and coexisting gases such as 427 

CO2, NOx, SO2, organic compounds, and alkali metal etc. may have a complex effect 428 

on the heterogeneous reaction of OCS on mineral dust. Our recent work (Liu et al., 429 

2009b) demonstrates that adsorbed water on mineral oxides should restrict the 430 

heterogeneous reaction of OCS, while the basic membrane and the uncovered part by 431 

water still have catalytic activity. In addition, in this study, we did not consider the 432 

alkali metal (Na and K) in the oxides. However, our previous work found that strong 433 

basicity of oxide is in favor of the heterogeneous reaction of OCS. It means that the 434 

alkali metal should also promote this reaction. Therefore, our results in this study only 435 

present the case under clean and dry conditions. Whereas this study at least revealed 436 
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that heterogeneous reactions of OCS on mineral dust in the troposphere should be 437 

considered for evaluating the atmospheric behavior of OCS. 438 
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 569 

TABLE 1. Uptake coefficients and adsorption capacities of OCS on mineral oxides 570 

Oxide 
SBET 

(m2·g-1) 
Slope (mg-1) 

Uptake coefficient 
(BET) 

Adsorption capacity 
(molecules·g-1) 

1.13±0.13E-5 Ini 4.95E-07 
α-Al2O3 12.00 

1.62±0.27E-6 SS 7.10E-08 
2.93E18 

1.34±0.17E-5 Ini 4.83E-07 
MgO 14.59 

4.67±1.14E-6 SS 1.68E-07 
4.62E18 

7.32±0.19E-6 Ini 6.33E-07 
CaO 6.08 

8.89±2.02E-7 SS 7.69E-08 
1.48E17 

1.72±0.54E-5 Ini 3.30E-06 
α-Fe2O3 2.74 

0 SS 0 
8.27E17 

4.08±0.98E-6 Ini 7.80E-07 
ZnO 2.75 

0 SS 0 
3.49E17 

4.80 Ini 0 0 SiO2 
TiO2 12.74 

0 
SS 0 0 
Ini 3.84E-07 Mineral 

dust* 
- - 

SS 2.86E-08 
8.00E17 

Note: Ini - the initial uptake coefficient; SS – the steady state uptake coefficient at 
30 min.  
*The value for mineral dust was calculated based on the uptake coefficients of 
individual oxide and its fraction in authentic mineral dust. 
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 581 

Figure Legends 582 

Fig. 1. The heterogeneous reaction of OCS on 100.4 mg of CaO at 300 K (left side) 583 

and the in situ desorption of surface species in the end of uptake (right side). 584 

Fig. 2. The heterogeneous reaction of OCS on 141.3 mg of α-Fe2O3 at 300 K (left side) 585 

and the in situ desorption of surface species in the end of uptake (right side).  586 

Fig. 3. The heterogeneous reaction of OCS on 200.9 mg of ZnO at 300 K (left side) 587 

and the in situ desorption of surface species in the end of uptake (right side). 588 

Fig. 4. The heterogeneous reactions of OCS on 350.5 mg SiO2 and 400.0 mg TiO2, 589 

respectively. The left side is the uptake curve of OCS by SiO2, and the right side is the 590 

uptake curve of OCS by TiO2. 591 

Fig. 5. Diffuse reflectance UV-vis spectra of (A) CaO, and (B) MgO after exposed to 592 

1000 ppmv of OCS in air for 9 h. 593 

Fig. 6. The linear mass dependence between uptake coefficients or saturated 594 

adsorption capacity and sample mass for OCS on mineral oxides at 300 K. 595 

(A)α-Al2O3, (B) MgO, (C) CaO, (D) α-Fe2O3, (E) ZnO. 596 
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Fig. 1. The heterogeneous reaction of OCS on 100.4 mg of CaO at 300 K (left side) 605 

and the in situ desorption of surface species in the end of uptake (right side). 606 
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Fig. 2. The heterogeneous reaction of OCS on 141.3 mg of α-Fe2O3 at 300 K (left side) 622 

and the in situ desorption of surface species in the end of uptake (right side).  623 
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Fig. 3. The heterogeneous reaction of OCS on 200.9 mg of ZnO at 300 K (left side) 639 

and the in situ desorption of surface species in the end of uptake (right side). 640 
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Fig. 4. The heterogeneous reactions of OCS on 350.5 mg SiO2 and 400.0 mg TiO2, 656 

respectively. The left side is the uptake curve of OCS by SiO2, and the right side is the 657 

uptake curve of OCS by TiO2. 658 
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Fig. 5. Diffuse reflectance UV-vis spectra of (A) CaO, and (B) MgO after exposed to 673 

1000 ppmv of OCS in air for 9 h. 674 
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Fig. 6. The linear mass dependence between uptake coefficients or saturated 685 

adsorption capacity and sample mass for OCS on mineral oxides at 300 K. 686 

(A)α-Al2O3, (B) MgO, (C) CaO, (D) α-Fe2O3, (E) ZnO. 687 

 688 

 689 

 690 



 35 

 691 

Supporting information: 692 
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 694 

Fig. 1S. The heterogeneous reaction of OCS on 50.2 mg of α-Al2O3 at 300 K (left side) 695 

and the in situ desorption of surface species in the end of uptake (right side).  696 
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Fig. 2S. The heterogeneous reaction of OCS on 100.0 mg of MgO at 300 K (left side) 710 

and the in situ desorption of surface species in the end of uptake (right side).  711 
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Fig. 3S. Repeated uptake experiments of OCS on ZnO and α-Fe2O3. Uptake 727 

experiments were performed at 300 K. After the uptake experiment finished, the 728 

sample were out-gassed at 3.0±1.0×10-7 Torr and at 300 K for 18 h. 729 
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