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Abstract (maximum 250 words) 

The feasibility of homogenous gas ozonation process was investigated in order to reduce the negative 

environmental impact caused by reduced sulfur compounds (RSCs). Emitted from a variety of 

industrial plants, this class of compounds are known by their odor properties. Selecting hydrogen 

sulfide (H2S), methyl ethyl sulfide (MES) and dimethyl disulfide (DMDS) as representative odorous 

RSCs, the influence of four gas ozonation process parameters (ozone concentration, humidity level, 

reactor temperature and residence time) on their removal efficiencies was evaluated using a Doehlert 

experimental design in an experimental domain compatible with industrial constraints. Ozone 

concentration was the only process parameter that has resulted in a positive – but limited – effect on 

the removal efficiency of the mix of RSCs. However, even if ozone was present in large excess (20 

times the RSCs concentration), MES and DMDS were slightly consumed (around 30%). Only H2S has 

shown interesting removal efficiencies (up to 80%). In addition to the measurement of reagent 

concentrations, Selected Ion Flow Tube coupled with Mass Spectrometry (SIFT/MS) was applied to 

identify and quantify the potential products of RSCs-ozone reaction. Methyl ethyl sulfone (MESO2) 

was found to be the primary product of MES, whereas methyl methanethiosulfinate (DMSOS) and 

sulfur dioxide (SO2) for DMDS, suggesting that the organic monosulfide and disulfides would not 

follow the same reaction mechanism with ozone in gas phase. In addition, SO2 and H2O may not be 

the only end products for H2S ozonation, since additional peaks were detected in SIFT/MS spectra.  
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1. Introduction 

Usually associated to odor nuisance and to potential health effect, reduced sulfur compounds (RSCs) 

are one of major concern in air pollution [1,2]. Defined by the presence of sulfur in a reduced state 

(oxidation number at -2 and -1), RSCs are composed by several classes of organosulfur compounds – 

such as mercaptans (thiols), sulfides and disulfides – which are usually characterized by their strong 

odor even at low concentrations (at ppbv level) [1]. In addition, they are air pollutants found in a 

variety of emission sources known as odor sensitive sites, such as pulp-and-paper and fertilizer 

industrial plants, wastewater treatment, agriculture, pig production and livestock facilities [1,3,4].  

In an industrial context, the reduction of the negative impact caused by odor compounds is mostly 

performed by wet scrubbers, regenerative thermal oxidation and biofiltration [4–8], by which RSCs 

are converted to oxides, sulfoxides or sulfones that are expected to present higher values of odor 

threshold limits (ODT) [4]. Even if high removal efficiencies can be achieved from these classical 

techniques, some drawbacks still remain, such as high operating temperatures, high chemicals demand 

and low flexibility regarding the operating conditions [4,5,9]. In addition, biofilter devices have shown 

low removal efficiency for some examples of RSCs, in particular dimethyl sulfide (DMS) and 

dimethyl disulfide (DMDS) [5,9]. Oxidative gas treatments based on photolysis, catalysis or 

photocatalysis and homogenous ozonation techniques have emerged as potential alternatives to this 

context [4,9–13]. In this study, we were especially interested in a catalyst-free homogenous ozonation 

technique, since it requires a simpler set-up configuration, operation at ambient or reduced 

temperature and it has been successfully applied at the industrial scale for controlling nitrogen oxides 

[14–17]. In the case of RSCs, only few studies were focused on ozone oxidation treatment, even 

though, interesting results have been reported for the ozonation of hydrogen sulfide (H2S), methyl 

mercaptan, DMS and DMDS [10,17,18]. 
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The investigation of RSCs-ozone gas phase reaction has been mainly conducted in order to understand 

phenomena in lower and upper atmospheres, involving operating conditions distinct from those 

applied in an industrial gas treatment [19–21]. In the case of H2S, contradictory values were found for 

the reaction rate constant with ozone in the gas phase, varying by 4 orders of magnitude (from 1 × 10-

 20 cm³ molecule-1 s-1 [20,22–24] to 6 × 10-16 cm³ molecule-1 s-1 [21,25]), which may be the 

consequence of the different experimental techniques and operating conditions applied in these studies 

(simulating tropospheric or stratospheric conditions, for example). The reaction mechanism proposed 

for H2S-O3 reaction has also been a subject of disagreement: Hales et al [26] have suggested that 

sulfur dioxide (SO2) and H2O were the main products whereas Glavas and Toby [25] have found that 

oxygen (O2) was the most abundant product in comparison with SO2, H2O and H2S (produced from the 

SH● + SH● reaction). More recent studies based on molecular modelling have concluded that SO2 + 

H2O generation was the most thermodynamically important pathway (with the most negative value of 

Gibbs free energy) at temperatures up to 730 °C, whereas at higher temperatures, O2, thioperoxol 

(HSOH) and radicals, such as HOSO●, SH●, HO3
● and OH● become also important [23,24]. In the case 

of sulfur-containing organic compounds, the rate constants of gas phase reaction with ozone are 

expected to be about 10-19 to 10-20 cm³ molecule-1 s-1, considered as a slow reaction in atmosphere 

[27,28]. Concerning the reactional mechanism between sulfur-containing organics and ozone, most of 

studies have been focused on reactions in the liquid phase, in which sulfides are firstly oxidized to 

sulfoxides and then to sulfones. In an analogous way, disulfides are oxidized to thiosulfinate, 

thiosulfonate or disulfoxide, and then to disulfone [27,29–31]. The generation of sulfonic anhydride 

was reported by Barnard [30] and by Douglass [31]. The only few studies that have investigated the 

reaction between sulfides and ozone in the gas phase were carried out at low pressure conditions (~1 

kPa) [32,33]. Martinez and Herron [32] suggested a different mechanism from the sequential oxidation 

reported in the liquid phase, in which O3 attack on DMS would follow a chain reaction that involves 

carbon-sulfur bond scission, generating SO2 as one of by-products. In their studies of gas reaction 

between ozone and several RSCs (H2S, methyl mercaptan, DMS and DMDS) in a beam-gas apparatus, 

Glinski and Dixon [33] have reported the generation of SO2 (evidenced by chemiluminescence from 

electronically excited SO2). In a more recent study, Kastner et al [4] have also reported SO2 as one 
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primary product for catalytic gas ozonation of H2S and methyl mercaptan at room conditions, whereas 

dimethyl sulfoxide (DMSO) and dimethyl sulfone (DMSO2) were identified as primary products of 

DMS oxidation.  

In this work, the feasibility of RSCs homogenous gas ozonation as an odor treatment process was 

investigated in an industrial emission context, characterized by a short residence time (up to a few 

seconds [9]) and a complex gas mixture [34–36]. The influence of four process parameters (ozone 

concentration, humidity level, reactor temperature and residence time) on the removal efficiency of a 

multipollutant gas stream by ozone oxidation was evaluated using a Doehlert experimental design. 

Selecting H2S, methyl ethyl sulfide (MES) and dimethyl disulfide (DMDS) as representative RSCs, 

their primary products were investigated, thanks to the use of selected ion flow tube mass 

spectrometry (SIFT/MS) as the online analytical device.  

2. Materials and methods 

2.1. Chemicals 

H2S, MES and DMDS have been selected as the representative RSCs due to their low ODT 

(0.1 ppbv for H2S, 7 ppbv for MES and 0.3 ppbv for DMDS [34]). In addition, each compound 

represents a class of RSCs: inorganic sulfide, organic (mono)sulfide and organic disulfide, 

respectively. Primary standards contained in a single gas cylinder were purchased from Air 

Liquide, France (Crystal® gas mixture designed on request, containing 80 ppmv of H2S; 

300 ppmv of MES and 800 ppmv of DMDS in 99.88% molar of N2 with uncertainty at 25%).  

2.2. Ozonation set-up 

The gas phase reaction was performed in a continuous flow, using a jacketed glass tubular reactor 

(250 mL) (Figure 1). The reactor was kept at atmospheric pressure during all experiments 

(101.3 kPa). The gas temperature at the reactor inlet and outlet were constantly monitored (PT100 

temperature sensors).  

Dry air (oil-free air ISO 8573-1 class 0, dew point equal to -40 °C at 101.3 kPa) generated by an 

air compressor (ZR55, Atlas Copco France) equipped with an air filter (Olympian Plus, Norgren, 

UK) was fed to a humidification system (Serv’Instrumentation, France), in which the moisture 
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level was controlled by a humidity and temperature transmitter (HMT333, Vaisala, Finland). The 

RSCs multipollutant mixture from the gas cylinder was injected into the dilution air stream before 

the reactor inlet, which gas flows were controlled by mass flowmeters (SLA 5850S-B Brooks 

Instruments, USA). Ozone was generated by a plasma discharge ozone generator (HTU500 AZCO 

Industries Limited, Canada) fed with oxygen (99.999%, Linde Gas, France). Depending on the 

power regulator of the ozone generator, ozone concentration could vary from 2300 ppmv to 

4800  ppmv (for a fixed inlet oxygen flow of 500 NmL min-1 in the ozone generator). Before 

feeding the reactor, the ozone-oxygen stream was controlled by a mass flowmeter (SLA 5850S-B 

Brooks Instruments, USA).  

In order to study the reaction at higher temperatures (up to 60 °C), the dilution air stream was sent 

to a heating stage, composed by a stainless steel smooth-coil immersed in a synthetic thermoliquid 

bath (Ultra 350, Lauda, Germany). In addition, the reactor was heated (from 20 °C to 60 °C) using 

the synthetic thermoliquid with a heated circulating oil bath (Model 1160S, VWR, USA). All gas 

lines (from the humidification system until the analytical device) were isolated and heated to 

prevent condensation inside the PTFE lines (orange hatched area in Figure 1).  

Ozone concentrations were measured by an UV analyzer (BMT 964, BMT MESSTECHNIK 

GMBH, Germany) directly after its production and also by SIFT/MS (Voice 200ultra, Syft 

Technologies Ltd, New Zealand) at the reactor outlet. The RSCs concentrations were measured by 

SIFT/MS installed directly at the reactor outlet in an online system. Therefore, the inlet RSCs 

concentrations ([RSCs]in) were measured without any presence of ozone whereas the outlet RSCs 

concentrations ([RSCs]out) were measured in the presence of ozone.  

2.3. SIFT/MS analysis 

In SIFT/MS, the quantification of an analyte (neutral compound) is based on the soft ionization 

reaction of the analyte with a precursor ion in a region with fixed conditions (called flow tube), 

generating product ions at a specific mass-to-charge ratio (m/z), which are quantified by a 

quadrupole mass spectrometer. A range of positive ions (H3O+, NO+, O2
+) is available for the 

quantification of most organic compounds and five negative ions (NO2
-, NO3

-, O2
-, HO-, O-) for the 

quantification of compounds that are not ionized by the positive ions, such as ozone, SO2 and SO3. 
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The principle of the SIFT/MS device has been deeper explained previously [37]. In a summarized 

form, the analyte concentration ([A]sample in ppmv) is calculated by Equation 1 involving the rate 

coefficient (kI in cm³ molecule-1 s-1) of the reaction between the neutral compound and the 

precursor ion and the ratio between product ion count rate (P in cps) and precursor ion count rate 

(I in cps) [38]. The factor γ depends on the operating conditions of the flow tube, reaction time 

and on the carrier gas and sample flows [38], which was around 1.4 × 10-7 s molecule cm-3 during 

the experiments. The required parameters for quantification of the four reagents (H2S, MES, 

DMDS and O3) by SIFT/MS are shown in Table 1. The limit of detection (LOD) obtained by 

SIFT/MS was 20 pptv for H2S, 60 pptv for MES, 200 pptv for DMDS and 45 ppbv for O3 (based 

on the expression reported in Francis et al, 2009 [39] and a measurement time of 100 s).  

                                                         [A]�����	 =  � ���                                                               (1) 

2.4. Doehlert experimental design  

Besides the common advantages of a multivariate experimental design (such as process 

optimization and evaluation of the most impacting parameters and their positive or negative 

interaction), a Doehlert design has been chosen for its high efficiency (experimental design with 

the fewest number of experiments needed). It can easily optimize the system and describe a non-

linear interaction because of its second-order fitting model; it is also an adaptable design, due to 

the possibility of moving through the experimental domain. 

Aiming a better understanding of the process, three different operating conditions have been 

studied as factors: (1) humidity level expressed in water concentration ([H2O]), (2) inlet ozone 

concentration ([O3]in) and (3) reactor temperature (Treactor). The effect of the residence time in the 

reactor (tRES) on removal efficiencies of RSCs was not included as a factor on the Doehlert 

experimental design, after running preliminary tests. The range for each parameter (Table 2) was 

chosen to approach the industrial conditions with a determined inlet RSCs concentration : 0.46 ± 

0.08 ppmv H2S; 1.8 ± 0.2 ppmv MES and 4.0 ± 0.4 ppmv DMDS.  In most of the experiments, 

ozone was in excess compared to the sum of [H2S]in, [MES]in and [DMDS]in (expressed as 

[RSCs]in), except when [O3]in was at 5 ppmv.  
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The fitting model proposed by Doehlert is a second order equation, using four coefficients: a0 

(constant term that corresponds to the response at the center of the domain); an (linear terms); anm 

(interaction terms) and ann (quadratic terms). The model is described by Equation 2. The higher the 

value of an, the stronger the influence in the response (Yi), where i refers to the specific RSCs 

(H2S, MES or DMDS). The anm express interaction between two variables, that could be positive 

(synergy) or negative. The ann reveal the geometry of the response surface [40]. The Xn represent 

the coded variables and are calculated by Equation 3, where Un is the real value of the variable; Un 

center is the value at the center point (it is the average between the maximum and the minimum of 

variable range), ∆Un is the variation between maximum value of the Un range and the Un0; βn is the 

maximum value of the coded variable in Doehlert table (Table SI-1, Support Information), equal 

to 1.0 for n = 1; 0.866 for n = 2; 0.816 for n = 3. Yi
exp is the efficiency removal of specific RSCs 

and calculated by Equation 4. The Doehlert coded values for three-factor design are in Table SI-1, 

Support Information. In order to verify the repeatability, the experiment at the center of the 

experimental domain (X1 = X2 = X3 =0) was run in quadruplicate.  

                          Y� = a� + ∑ a�X����� + ∑ a� �X������ + ∑ ∑ a� �X�X�����������                      (2) 

                                                              X� = � � !� "# $#%
� &'(!� "# $#%) β�                                                    (3) 

                                         Y�	+� =  [�], ![�]-.$[�], with i = H�S, MES and DMDS                                 (4) 

Analysis of variance (ANOVA) was employed to calculate and to test the statistical significance 

of each coefficient (a0, an, anm, ann) into Yi using Minitab® (version 18.1). In this study, the 

coefficient values were obtained considering a confidence interval equal to 95%. Fitting models 

and coefficients were considered statistically significant when their P-values were inferior to 

0.005. The statistical significance is related to null hypothesis (variations in Yi are not correlated to 

variations in Xn, i. e., Xn = 0). Thereby, the smaller P-value, the less likely the null hypothesis, 

which means the correlation between the factors and Yi is more probable. 
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3. Results and discussion 

3.1. Effect of residence time 

Preliminarily tests of catalyst-free ozonation of H2S, MES and DMDS were carried out in order to 

verify the effect of increasing tRES in the removal efficiency of RSCs (Figure 2). The respective 

uncertainties were calculated by the method of propagation of error, considering the uncertainty of 

the air polluted generation system (estimated < 5%) and the uncertainty from the SIFT/MS 

quantification (obtained from LabSyft® Data Analysis and equal to the standard deviation of the 

mean concentration for a measurement time of 500 s). 

With Treactor at room conditions (equal to 20 °C) and at the highest ozone inlet concentration 

([O3]in = 100 ppmv), H2S has presented the higher removal efficiency, above 80%, whereas the 

highest level for the removal efficiencies of MES and DMDS were about 40% and less than 20%, 

respectively, despite the large excess of ozone ([O3]in/[RSCs]in equal to ~20). The increase of tRES 

(from 2 to 20 s) has not resulted in a considerable improvement on the removal efficiency of H2S 

and DMDS. Only MES has shown a potential positive impact of tRES, since the removal efficiency 

has increased from 27 ± 5% to 45 ± 11%. However, the enhancement of the removal efficiency 

was hidden by the increase of the uncertainty of the system (due to the use of the gas flows in their 

lowest values). In comparison with the studies of Tuggle [18], none of RSCs investigated (H2S, 

DMS and DMDS) have presented a significant increase of the removal efficiency when the 

residence time was increased from 10 to 60 s. This is in agreement with Zhang and Pagilla [10] 

who have observed that the increase of tRES from 8 to 40 s have not considerably enhanced the 

removal efficiency of H2S. 

3.2. Effect of ozone concentration, reactor temperature and humidity level 

The experimental removal efficiency of H2S, MES and DMDS obtained by applying Doehlert 

design are presented in Figure 3 for a fixed 2 s residence time (as the tRES has shown a negligible 

effect). H2S has achieved similar removal efficiency value compared to the preliminary tests – 

above 80% – when [O3]in was at least 50 ppmv. The highest level for the removal efficiencies of 
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MES and DMDS were about 30%, obtained when ozone was in large excess compared to [RSCs]in 

(close to 20 times with [O3]in at 100 ppmv).  

The analysis of variance (Table 3) was performed for the removal efficiency of each RSCs 

separately, resulting in acceptable precision (R² > 0.95) and significant correlations between one 

or more factors with the removal efficiencies (P-value < 0.005) for all three models.  

The P-value of the linear, quadratic and interaction terms coefficients proposed by Doehlert are 

also shown in Table 3. None of those related to [H2O] (factor n = 1) for all three RSCs have shown 

P-value < 0.005, which indicates that the removal efficiency of all RSCs by ozone was not 

affected by the humidity level for the operating conditions tested. The lack of influence even in 

high humidity levels suggests that the expected hydroxyl radicals generation (HO•) from the 

decomposition of O3 with H2O in gas phase  [10,14] do not interfere on the ozonation of RSCs for 

the operating conditions applied in this study, which could imply that the oxidation reaction 

mainly happens via molecular attack of ozone on the RSCs.  

[O3]in (factor n = 2) was the only factor which the linear term has presented P-value = 0 for all 

RSCs. For the case of MES and H2S, the quadratic term was also significant, which means that the 

correlation between the [O3]in and removal efficiencies are not linear, showing a slowdown in case 

of MES (Figure 3B) and a parabola curve for the case of H2S (Figure 3A). As it is evidenced in 

Figure 4, the coefficient a2 (linear term of [O3]in) was positive and presented the highest values 

regarding the others terms (except a0) for all three RSCs.  

The effect of Treactor (factor n = 3) was negligible for the removal of MES (P-value > 0.005). This 

is shown in Figure 3B, in which experiments carried out with Treactor at 20 °C, 40 °C and 60 °C 

have given similar behavior as function of ozone concentration. In case of DMDS, Treactor has 

presented a positive effect (positive value of a3 on Figure 4) and non-linear correlation (P-value of 

a3 and a33 < 0.005). As we can see on Figure 3C, the effect of the temperature on removal 

efficiency of DMDS by ozone oxidation was visible from 20 °C (for [O3]in at 100 ppmv, DMDS 

was 9 ± 5% removed) to 40 °C (for [O3]in at 100 ppmv, DMDS was 30 ± 5% removed), but less 

notable from 40 °C to 60 °C (for [O3]in at 100 ppmv, DMDS was 30 ± 4% removed). This lack of 

proportionality on Treactor could be explained by the low values of removal efficiency of DMDS, 
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which in association with a considerable variability of the system have hidden the positive effect 

for the range at higher temperatures. Low removal values and high variability could also explained 

the poor fitting of the model for removal efficiency of DMDS at Treactor = 20 °C (shown in Figure 

3C). In case of H2S, a surprising negative effect of the Treactor on the removal efficiency was 

evidenced: P-value of a3 equal to 0 in Table 3 and the negative value of a3 in Figure 4. 

The negative effect of temperature on the H2S removal and the parabolic behavior of H2S removal 

as function of ozone concentration could suggest a kinetic equilibrium in place. However, we have 

concluded that these phenomena were a consequence of analytical artifacts in SIFT/MS due to 

water interference on H2S quantification [37]. Because of a decrease on  the count rate of the 

characteristic product of H2S as function of the water vapor in the sample, the relative uncertainty 

related to H2S quantification by SIFT/MS has varied, which resulted that the uncertainty of 

measuring 0.5 ppmv of H2S in presence of 40000 ppmv of H2O was higher than the uncertainty of 

measuring 0.5 ppmv of H2S in dry air [37].  

This variation on uncertainties concerning the H2S concentrations – and therefore the removal 

efficiencies – is clearly visible on Figure 3A. Plotting only the removal efficiencies of H2S 

obtained in dry condition (humidity level fixed at 100 ppmv of H2O) as shown in Figure SI-1, 

Support Information,  Treactor at 20 °C, 40 °C and 60 °C have shown similar behaviors as function 

of ozone concentration, indicating that removal of H2S was not significantly affected by this 

parameter for the operating conditions applied. In addition, the increase of H2S removal as 

function of ozone concentration has no longer presented a parabolic curve, showing only a 

slowdown with the ozone concentration. The falsely negative effect of Treactor according to 

ANOVA and the parabolic curve of fitting model may be the reflect of the model accuracy 

calculation since it is based on the repetition of the center of the domain and therefore, only one 

condition of humidity is evaluated.  

In studies of gas ozonation, Tuggle [18] has also reported a lower impact of temperature on the 

removal efficiency of H2S compared to DMDS: removal efficiency of H2S has varied from 30% 

(at 38 °C) to 40% (at 125 °C) considering a residence time of 10 s and [O3]/[H2S] molar ratio 

equal to 1. Otherwise for DMDS, for a [O3]/[DMDS] molar ratio equal to 3 and a residence time 
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of 10 s, removal efficiency of DMDS has increased from 25% at 38 °C to 60% at 125 °C. DMS 

(the representative monosulfide studied by Tuggle [18]) has not been considerably affected by 

Treactor (65% and 70% removed at 38 °C and 125 °C respectively for a residence time equal to 10 s 

and [O3]/[DMS] equal to 2), which is in agreement to MES results, if we consider that 

monosulfide would react in a similar way with ozone.  

3.3. Identification and quantification of oxidation products 

3.3.1.  Estimation of required parameters for SIFT/MS 

The expected oxidation products of H2S, MES and DMDS according to the literature are 

shown in Figure 5 [24,29,30]. In a first moment, we have considered the SO2 and 

consequently, SO3, were products of H2S-O3 reaction. Ozonation of MES would generate 

methyl ethyl sulfoxide (MESO) and sulfone (MESO2), whereas the reaction between ozone 

and DMDS would probably produces methyl methanethiosulfinate (DMSOS), the isomers 

methyl methanesufonate (DMSO2S) and dimethyl disulfoxide (DM(SO)2), methylsulfinyl 

methyl sulfone (DMSO2SO), dimethyl disulfone (DM(SO2)2) and methaneslfonic anhydride 

(DM(SO2)2O). 

The required parameters for SIFT/MS quantification of SO2 and SO3 have been reported by 

Hera et al [41], which values are presented in Table 1. However, particularly for the expected 

oxidation products of MES and DMDS with ozone, their quantifications by SIFT/MS have not 

been stated, as far as we know. The only example of sulfoxide and sulfone present on LabSyft 

Compound Library® (release 1.6.2) were DMSO and DMSO2, which characteristic product 

ions for H3O+ precursor ion were (CH3)2SO.H+ (79) and (CH3)2SO2.H+ (95) and for NO+ 

precursor ion, they were (CH3)2SO+ (78) and (CH3)2SO2.NO+ (124), respectively.  

Therefore, in order to obtain the potential product ions for the expected oxidation products, we 

assumed that MESO would react with H3O+ and NO+ precursor ions similarly to DMSO and 

MESO2 to DMSO2. As no information was found about the ionization of the oxidized 

disulfides compounds, we have considered that all potential oxidation products of DMDS 

would react with H3O+ by the standard H+ transfer. For NO+ precursor ion, a preliminary 
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analysis of the spectra was necessary since two ionization reactions may happen: by charge or 

NO+ transfer. From Figure 6, we have identified that DMSOS, DMSO2SO, DM(SO2)2 and 

DM(SO2)2O would react with NO+ by charge transfer, whereas the isomers DMSO2S and 

DM(SO)2 by NO+ transfer. The m/z = 126 (potentially related to DMSO2S and DM(SO)2) has 

been identified on Figure 6. However, this peak was also quantified in the reactor inlet, being 

therefore neglected for the quantification of the isomers DMSO2S and DM(SO)2. The assumed 

characteristic product ion for each expected product are in Table 1.  

As described in Equation 1, the rate coefficient is also required to quantify an analyte by 

SIFT/MS. According to several studies in the literature [38,39,42,43], the rate coefficient of 

ionization reaction (kI) could be estimated by the collision theory (kc) and calculated by 

method of Su [44,45] (Equation 5), which depends on the dipole moment (µD), polarizability 

(α) and molar mass of the neutral compound (MMneutral), molar mass of the precursor ion 

(MMion), flow tube temperature (Tft), elementary charge (e) and Boltzmann constant (kb). 

When µD and α were not available on NIST [46,47], they were estimated by Avogadro® 

(version 1.0.1) and ACD/ChemSketch® (version 2018.1.1), respectively. The calculated kc 

are available in Table 1, which resulted close to experimental values, suggesting that 

estimation of kI by kc should be valid.  

The quantification of MES, DMDS and their expected oxidation products were carried out by 

NO+ precursor ion, since it is less effected by the humidity level of the sample (compared to 

H3O+ that in presence of water vapor, generates water clusters H3O+.(H2O)n = 1,2,3) and 

therefore, the simple expression to calculate the compounds concentrations can be used 

(Equation 1) [48]. O2
+ precursor also reacts with MES, DMDS and with their expected 

ozonation products; however, O2
+ ionization reaction is less soft than H3O+ and NO+, usually 

generating more than one characteristic product ion [38]. Since the O2
+ spectra were much 

more complex than H3O+ and NO+ spectra, the kinetics parameters were not calculated in this 

study.     
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                kc =  K>?� 2πeC DEE,- EE #.$%'FEE,- GEE #.$%'F
, with K>?� =

HII
IJ
III
K (+��.N�O�)²��.N�R + 0.9754 ; x < 2 0.4767x + 0.6200 ; 2 < x < 30.5781x + 0.3165 ; 3 < x < 350.6201x − 1.15 ; 35 < x < 600.6347x − 2.029 ; x ≥ 60with x = �

Cabcdefghi

                    (5) 

 

3.3.2. Quantification of oxidation products 

Even with the low removal efficiencies of MES and DMDS during this ozonation process, 

some of the expected oxidation products indicated in Figure 5 could be identified. From the 

characteristic product ions proposed in Table 1, MESO2 and MESO, DMSOS and the isomers 

DMSO2S + DM(SO)2 were detected in the NO+ spectra of reactor outlet, as it is shown in 

Figure 6.  

The molar yields of the oxidation products (ϕi) were obtained according to Equation 6 (taking 

as example the molar yield of MESO calculation), whose concentration ([i], with i = MESO) 

was calculated from the estimated parameters shown in Table 1. By applying Equation 6, the 

molar yield of MESO and MESO2 (Figure 7A) and of DMSOS and the isomers 

DMSO2S + DM(SO)2 (Figure 7B) were investigated in function of the removal efficiency of 

MES and DMDS, respectively.  

                                                     φklmn = [klmn][klm], ![klm]-.$                                                 (6) 

In case of MES, MESO2 was identified as the primary product for the ozonation of MES, 

representing a molar yield equal to 70% in average, whereas MESO has resulted in a molar 

yield equal to 10%. In case of DMDS, DMSOS was present in a higher concentration than the 

isomers DMSO2S + DM(SO)2, with a molar yield around 30% and 10%, respectively, for a 

removal efficiency of DMDS between 15% and 25%. The visible reduction of molar yield of 

DMSOS and DMSO2S + DM(SO)2 with the increase of removal efficiency of DMDS in Figure 

7B could be explained by the generation of SO2 and SO3. In Figure 8, the correlation of the 

DMDS consumption with [SO2]out and [SO3]out was evidenced, suggesting that ozone attacks 
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the sulfur-sulfur bond, generating SO2, which may be the primary product of ozonation of 

DMDS. The additional peaks detected in Figure 6 at m/z ratio smaller than MES and DMDS 

could be related to potential by-products having a shorter carbon chain.  

In summary, from the analysis of the primary products of MES and DMDS, we suggest that 

the gas phase ozonation of organic monosulfide and disulfide (in the operating conditions 

applied in this study) may happen by two different mechanisms: (i) monosulfides might be 

oxidized by an electrophilic attack of molecular ozone, as it is usually proposed in liquid 

phase, with a sequential oxygen-addition on sulfur molecule and (ii) the reaction of ozone with 

organic disulfide would be mainly led by the sulfur-sulfur bond scission.  

Another important analysis could be extracted from Figure 8 regarding the ozonation of H2S. 

In conditions where the consumption of RSCs was mainly represented by H2S (experiments 

number 1 and 2 in Figure 8), the sum of the concentrations of SO2 and SO3 have not resulted 

in the quantity of H2S consumed, implying that SO2 may not be the only product of H2S 

ozonation in the operating conditions applied in this study. Preliminary ozonation experiments 

carried out in presence of only H2S (Figure SI-2, Support Information) have evidenced that the 

peak at m/z 81 in H3O+ spectra of the reactor outlet (Figure SI-3A, Support Information) and 

the peak at m/z 80 in O2
+ spectra of the reactor outlet (Figure SI-3B, Support Information) 

were related to the reaction between H2S and O3, likely representing an by-product in addition 

to SO2 and H2O previously expected. However, as this compound could not be identified, its 

quantification by SIFT/MS was not possible.  

Sulfuric acid, DMSO2SO, DM(SO2)2 and DM(SO2)2O proposed as potential products in 

Figure 5 were continuously followed during the experiments, however, their generation were 

negligible. Sulfuric acid represented less than 5% of all RSCs consumed, even in highest 

humidity levels and the sum of the molar yield of DMSO2SO, DM(SO2)2 and DM(SO2)2O 

represented less than 5% of DMDS variation.  

As in most of experiments ozone was present in large excess, its consumption was 

insignificant (Figure 8). Nevertheless, for the experiments number 1 and 2 (Figure 8), a slight 

difference between the ozone concentration at the reactor inlet and outlet could be considered. 
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However, as the uncertainty of SIFT/MS quantification of ozone was higher at low 

concentration level, the consumption of ozone could not be measured.  

4. Conclusion 

The application of homogenous gas ozonation was studied with operating parameters similar to 

industrial conditions: short residence time (2 to 20 s); mild temperature (20 to 60 °C), ozone-RSCs 

molar ratio (0.8 to 20) and total RSCs concentration of 6.5 ppmv. Quite low removal efficiencies were 

obtained for MES and DMDS: maximum removal efficiencies up to 30% even when ozone was used 

in large excess (20 times the RSCs concentration). At the same time, H2S has resulted in an interesting 

removal (up to 80%). In the studied experimental domain, ozone concentration has shown a slight 

positive impact for all three RSCs. In contrast, the other three operating parameters investigated 

(humidity level, reactor temperature and residence time) did not show significant influence on the 

removal efficiency of RSCs.  

Besides the low efficiency for organic sulfides, the necessity of ozone at high excess must be 

highlighted as drawback of gas ozonation, since ozone emission must be avoided (considered an air 

pollution in ground-level [49]). A step of decomposition/destruction of ozone should therefore be 

planned.  It would be relevant to couple the homogenous ozonation with another oxidative technique – 

such as reactive absorption, photocatalysis/photolysis or adsorption/catalysis – in order to enhance the 

overall removal efficiency of RSCs and overcome the drawbacks previously highlighted. 

Primary products of ozone-RSCs reaction in gas phase were identified, suggesting that organic 

monosulfide and disulfide probably follow different reaction mechanisms. In case of monosulfide, 

sulfone was the primary product detected, indicating a reaction based on electrophilic attack of ozone 

with a sequential oxygen-addition on sulfur molecule. In case of disulfide, the mechanism would be 

mainly due to sulfur-sulfur bond scission, since SO2 was the primary product detected. Nevertheless, 

complementary studies would be necessary in order to verify the hypothesis regarding the organic 

sulfides mechanism with ozone. Finally, SO2 and H2O may not be the only by-products for ozonation 

of H2S, since additional peaks were detected in H3O+ and O2
+ spectra of SIFT/MS analysis.  
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Figure and Tables 

Table 1. Required parameters for quantification by SIFT/MS of reagents (RSCs and ozone) and 

expected oxidation products.  

Compound CAS number µD (De) α (A³) 

H3O
+  NO+ O2

- NO2
-  

product ion (m/z) kI
a [kc]a product ion (m/z) kI

a [kc]a 
product 

ion (m/z) 
kI

a 
product 

ion (m/z) 
kI

a 

Reagents 

O3 10028-15-6 - - - - - - - - NO3
- (-62) 0.11g 

H2S 7783-06-4 0.97b 3.631c H3S
d (35) 1.6b [2] - - - - - - 

MES 624-89-5 1.56b 9.49c C2H5SCH3.H
+ (77) 2.4e [2.6] C2H5SCH3

+ (76) 2.1e [2.2] - - - - 

DMDS 624-92-0 1.985b 10.82c (CH3S)2.H
+ (95) 2.6e [2.7] (CH3S)2

+ (94) 2.4e [2.3] - - - - 

Expected products 

MESO 1669-98-3 3.779 9.83 C2H5SOCH3.H
+ (93) - [3.3] C2H5SOCH3

+ (92) - [2.7] - - - - 

MESO2 594-43-4 4.176 9.8 C2H5SO2CH3.H
+ (109) - [3.3] C2H5SO2CH3.NO+

 (138) - [2.8] - - - - 

DMSOS 13882-12-7 2.072 11.16 (CH3)2SOS.H+ (111) - [2.8] (CH3)2SOS+ (110) - [2.3] - - - - 

DMSO2S 2949-92-0 2.369 11.15 (CH3)2SO2S.H+ (127) - [2.8] (CH3)2SO2S.NO+ (156) - [2.3] - - - - 

DM(SO)2 98984-65-7 0.685 11.51 (CH3SO)2.H
+ (127) - [2.3] (CH3SO)2.NO+ (156) - [1.9] - - - - 

DMSO2SO 14128-56-4 1.576 11.49 (CH3)2SO2SO.H+ (143) - [2.6] (CH3)2SO2SO+ (142) - [2.1] - - - - 

DM(SO2)2 10383-49-0 0.041 11.47 (CH3SO2)2.H
+ (159) - [2.0] (CH3SO2)2

+ (158) - [1.6] - - - - 

DM(SO2)2O 7143-01-3 5.844 12.16 (CH3SO2)2O.H+ (175) - [3.7] (CH3SO2)2O
+  (174) - [3.1] - - - - 

H2SO4 7664-93-9 - - H3SO4
+ (99) 0.7e - - - - - - 

SO2 7446-09-5 - - - - - - SO2
- (-64) 1.9d - - 

SO3 7446-11-9 - - - - - - SO3
- (-80) 1.5f - - 

a. 10-9 cm3 molecule-1 s-1. 

b. Experimental values obtained from NIST [46]. 

c. Experimental values obtained from NIST [47]. 

d. Value of rate coefficient at dry condition. Rate coefficient of H2S with H3O+ requires correction 

according to the humidity level [37].  

e. Kinetics parameters obtained from LabSyft Compound Library® (release 1.6.2).  

f. Kinetics parameters obtained from Hera et al [41]. 

g. Kinetics parameters obtained from Vitola Pasetto et al [50]. 

 

Table 2. Range of humidity level, inlet ozone concentration and reactor temperature applied in the 

experimental design with [H2S]in = 0.46 ± 0.08 ppmv; [MES]in = 1.8 ± 0.2 ppmv; [DMDS]in = 

4.0 ± 0.4 ppmv and tRES = 2s. 

Factors 
U1 U2 U3 

[H2O] (ppmv) [O3]in (ppmv) Treactor (°C) 

Minimum 100 5 20 

Maximum 40000 100 60 
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Table 3. Analysis of variance (ANOVA) for removal efficiencies of H2S, MES and DMDS (P-

 value < 0.005 are in bold).   

 

Model 

YH2S YMES YDMDS 

 

R² 0.9528 0.9912 0.9771 

P-value 0.001 0 0 

Coefficient  P-value 

Constant a0 0 0 0 

[H2O] a1 0.366 0.549 0.105 

[O3]in a2 0 0 0 

Treactor a3 0 0.996 0 

[H2O] × [H2O] a11 0.012 0.706 0.203 

[O3]in × [O3]in a22 0.004 0.004 0.629 

Treactor
 × Treactor a33 0.535 0.006 0.002 

[H2O] × [O3]in a12 0.981 0.714 0.591 

[H2O] × Treactor a13 0.892 0.073 0.294 

[O3]in × Treactor a23 0.648 0.659 0.17 

 

 

Figure 1. Experimental set-up. 
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Figure 2. Removal efficiency of H2S, MES and DMDS as function of tRES for [H2S]in = 0.46 ± 0.08 

ppmv; [MES]in = 1.8 ± 0.2 ppmv; [DMDS]in = 4.0 ± 0.4 ppmv, [O3]in = 100 ppmv and Treactor = 

20 °C. 
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Figure 3. Removal efficiency of H2S (A), MES (B) and DMDS (C) as function of the inlet ozone 

concentration under different Treactor, for [H2S]in = 0.46 ± 0.08 ppmv; [MES]in = 1.8 ± 0.2 ppmv; 

[DMDS]in = 4.0 ± 0.4 ppmv and tRES = 2 s.     
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Figure 4. Coefficient values of Doehlert models for removal efficiencies of H2S, MES and DMDS 

obtained considering a confidential interval of 95%. 

 

 

Figure 5. RSCs and their expected oxidation products according to the reactional mechanism 

proposed in the literature [24,29,30]. 
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Figure 6. Comparison of NO+ spectra at the reactor inlet with the reactor outlet for [H2S]in = 0.46 ± 

0.08 ppmv; [MES]in = 1.8 ± 0.2 ppmv; [DMDS]in = 4.0 ± 0.4 ppmv, [O3]in = 100 ppmv, tRES = 2 s and 

Treactor = 60 °C.  

 

 

Figure 7. A) Molar yield of the MESO and MESO2 as function of removal efficiency of MES. B) Molar 

yield of DMSOS and the sum of the isomers DMSO2S and DM(SO)2 as function of removal efficiency 

of DMDS. Only the experiments with removal efficiency superior to 15 % were considered due to the 

extremely high uncertainty at the low range (< 15%).  
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Figure 8. Comparison of RSCs consumed with the concentration of SO2 and SO3 measured at the 

reactor outlet and with the ozone concentration at the reactor inlet and outlet. Experiments carried 

out with tRES of 2 s and Treactor at 40 °C. 

 






