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Abstract. Recent studies reveal that  organosulfates at the particle surface can be oxidized by

gas-phase OH radicals with significant rates. Inorganic sulfur species, such as the bisulfate ion

(HSO4
−) and sulfate ion (SO4

2−), can be formed upon these heterogeneous oxidation processes

through the formation and subsequent reactions of sulfate radical anion (SO4
•−) in the particle

phase.  However,  the  amount  of  inorganic  sulfur  species  produced  in  these  heterogeneous

oxidation reactions is not known. We investigate the heterogeneous OH oxidation of sodium

methyl sulfate (CH3SO4Na), the smallest organosulfate detected in atmospheric particles, using

an oxidation flow reactor at a relative humidity of 75 %. We quantify the kinetics by measuring

the decay of CH3SO4Na and the amount of HSO4
− and SO4

2− formed upon oxidation using ion

chromatography.  Kinetic  measurements  determine  the  heterogeneous  OH reaction  rate  to  be

(5.72 ± 0.14) × 10−13 cm3 molecule−1 s−1, with an effective OH uptake coefficient,  γeff, of 0.31 ±

0.06. The molar yield of inorganic sulfur species, defined as the total number of moles of HSO4
−

and SO4
2− formed per mole of CH3SO4Na consumed upon oxidation, is found to be significant

and has an average value of 0.62 ± 0.18 upon oxidation. A kinetic model is developed to describe

the kinetics and inorganic sulfur species formation upon oxidation. Model simulations suggest

that CH3SO4Na tends to decompose rapidly into formaldehyde and SO4
•−, and the reaction of

SO4
•− with CH3SO4Na plays a significant role in both governing the kinetics and the formation of

inorganic sulfur species. 

Keywords: Heterogeneous  oxidation,  organosulfates,  inorganic  sulfates,  particle  sulfur

chemistry, sulfate radical reactions
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INTRODUCTION

Increasing evidence has revealed that sulfur in atmospheric particles can exist in its organic

form, namely, organosulfur compounds. By determining the difference between total sulfur and

inorganic  sulfur  measured  by  X-ray  fluorescence  (XRF)  and  ion  chromatography  (IC)

respectively, organosulfur compounds can contribute up to 30 % of total organic particle mass at

a forest site in K-puszta, Hungary.1 Using the same approach with the National Park Service

IMPROVE  PM2.5  database,  Tolocka  and  Turpin  reported  that  organosulfur  compounds  can

account for 5−10 % of total organic particle mass across different regions in the United States.2

Generally,  the  amount  of  organosulfur  compounds  depends  on  the  season  and  location  and

appears to be higher with elevated photochemical activity.

Organosulfates are characterized by the sulfate ester functional group (R−O−SO3
−) and are one

of the most important classes of organosulfur compounds detected in atmospheric particles.3 The

formation  mechanisms  of  organosulfates  have  been  investigated  in  many  studies  and

summarized elsewhere.1, 3-21 Once formed, organosulfates are expected to continuously transform

in the atmosphere. Some organosulfates (e.g. tertiary organosulfates) can undergo hydrolysis at

efficient rates to form polyols and sulfuric acid with a time scale of a few to tens of hours under

typical atmospheric conditions. For instance, the lifetime for hydrolysis of 2-methyl-2-sulfato-1-

propanol is only about 2.5 hours.22 More recently, we found that the sodium salt of methyl sulfate

(CH3SO4Na),  the  smallest  organosulfate  found  in  atmospheric  particles,  can  be  oxidized

efficiently  by  gas-phase  OH  radicals  at  or  near  the  particle  surface.23 Such  heterogeneous

oxidative process can proceed with an effective OH uptake coefficient, γeff, of 0.17 ± 0.03 and an

atmospheric lifetime of  ~ 20 days at relative humidity (RH) of 85 %. A single major product

peak of bisulfate ion (HSO4
−) has been detected in the particle mass spectra using a soft ambient
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pressure ionization source (Direct Analysis in Real Time, DART) coupled with a high-resolution

mass spectrometer.23 These results suggest that a portion of particle sulfur was being converted

from its organic form to its inorganic form upon oxidation. However, the amount of inorganic

sulfur species formed upon oxidation cannot be quantified by the DART technique and remains

unknown. Given the sulfur in its inorganic and organic form exhibit different physiochemical

properties  (e.g.  surface  activity,  water  uptake  and  cloud  condensation  nuclei  activity),24-26 it

would  be  desirable  to  understand  the  chemical  interconversion  between  the  inorganic  and

organic sulfur species. 

In this work, we extend our previous work on the heterogenous OH oxidation of CH3SO4Na23

and focus on investigating the amount of inorganic sulfur species formed upon heterogeneous

OH oxidation using an oxidation flow reactor (OFR) at 298 K and 75 % RH (Table 1). Particles

leaving the reactor were collected on Teflon filters before and after OH oxidation for subsequent

chemical  analysis.  The  amount  of  methyl  sulfate  (CH3SO4
−)  and  sulfate  (SO4

2−)  ions  were

quantified using  ion  chromatography (IC).  We would like  to  acknowledge that  as  shown in

reaction mechanisms (Scheme 1), both HSO4
− and SO4

2− can be formed upon heterogeneous OH

oxidation of CH3SO4Na. HSO4
− is known to be converted into SO4

2− upon injection into IC and

mixing with an alkaline mobile phase solution. Hence, the amount of SO4
2− quantified by the IC

method would represent the total amount of HSO4
− and SO4

2− produced upon oxidation. In the

following,  we first  quantify  the  oxidative  kinetics  by  measuring  the  decay  of  CH3SO4Na at

different extents of OH oxidation. Second, the molar yield of inorganic sulfur species, defined as

the  total  number  of  moles  of  HSO4
− and  SO4

2− formed  per  mole  of  CH3SO4Na reacted,  is

determined at different extents of oxidation. Lastly,  a kinetic model is developed to predict the

kinetics and the formation of inorganic sulfur species formed upon oxidation. Model simulations
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were also performed to examine how the change in RH would alter the heterogenous reactivity.

Overall,  the  results  of  this  work  would  provide  new  insights  into  the  conversion  of  sulfur

between  its  organic  and  inorganic  forms  during  heterogenous  OH  oxidation  of  CH3SO4Na

particles. 

Scheme 1. Simplified reaction pathways proposed for the heterogeneous OH oxidation of 

sodium methyl sulfate.23

Table  1. Experimental  conditions  and reaction  kinetics,  and molar  yield  of  inorganic  sulfur
species (HSO4

− and SO4
2−) during heterogeneous OH oxidation. 

Compounds Sodium Methyl Sulfate

Chemical Structure

Molecular Formula CH3SO4Na

Molecular Weight (g mol−1) 134.0867

Experiments

Relative Humidity (RH %) 75 85 a

Analytical Method IC DART

OH Exposure
(× 1011 molecules cm−3 s)

2.0 ± 0.4–19.0 ± 3.8 1.2 ± 0.3–12.7 ± 2.5

Initial particle diameter (nm) 204 218

Mass Fraction of CH3SO4Na 0.46 0.34

Effective Heterogeneous OH
Oxidation Rate Constant, k

5.72 ± 0.14 3.79 ± 0.19

5

5



(×10–13 cm3 molecule–1 s–1)

Effective OH Uptake Coefficient, γeff 0.31 ± 0.06 0.17 ± 0.03

Molar yield of inorganic sulfur species b 0.62 ± 0.18 Not measured

a Data have been reported in our previous study.23

b Averaged molar yield of inorganic sulfur species (HSO4
− and SO4

2−) quantified by IC.   

METHODS

Heterogenous OH Oxidation of Sodium Methyl Sulfate Particles

The heterogeneous OH oxidation of CH3SO4Na particles was investigated using an OFR with a

volume of approximately 13 L (18-inch length, 8-inch inner diameter) at 75 % RH and 298K

(Figure 1). The experimental setup and procedures had been described elsewhere.27−30 In brief,

aqueous  CH3SO4Na particles  were first  generated  by passing its  solution  through a constant

output atomizer (TSI Model 3076). Before entering the reactor, the particles were mixed with

nitrogen (N2), oxygen (O2) and ozone (O3) to make up a total flow of ~ 5 L min−1, corresponding

to a residence time of ~ 156 s. The humidity inside the reactor was maintained by varying the

mixing ratio of dry and humidified N2. The RH and temperature of the flow exiting the reactor

were measured by a RH-temperature sensor (Vaisala, HM40). 

Inside the reactor, OH was generated via photolysis of O3 in the presence of water vapor. The

O3 was  generated  by  passing  O2 through  an  O3 generator  (ENALY  1000BT-12).  The  O3

concentration in the reactor, monitored by an O3 analyzer (2B technologies, Model 202), ranged

from 0 to 12.4 ppm, corresponding to a maximum OH exposure of 19.0 × 1011 molecules cm−3 s.

The  OH  exposure,  which  is  equivalent  to  the  product  of  gas-phase  OH  concentration  and

residence time, was determined by measuring the decay of sulfur dioxide (SO2) in independent

experiments  (Teledyne  SO2 analyzer,  Model  T100),  following  the  procedures  as  described

previously.28, 29 Furthermore, SO2 calibration experiments in the presence of CH3SO4Na particles
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were conducted to investigate the effects of the particles on the generation and concentration of

gas-phase OH radicals  inside the reactor.  A variation of ~10 % in the determination of OH

exposure was observed over the experimental conditions. The particle stream exiting the reactor

then passed through an annular Carulite® catalyst denuder and an activated charcoal denuder for

the removal of O3 and gas-phase species remaining in the stream, respectively. Therefore, only

particle-phase reaction products were analyzed. Size distribution of the particles was measured

with a scanning mobility particle sizer (SMPS, TSI). Particles leaving the reactor were collected

by Teflon filters (2.0 μm pore size, Pall Corporation) at a sampling flow rate of 3 L min−1 for 30

minutes. A total volume of 90 L was sampled at a given extent of oxidation. It acknowledges that

our previous study has shown that CH3SO4Na does not react with O3 and undergoes photolysis.23

Furthermore,  the  OFR  was  specifically  designed  with  a  small  surface-to-volume  ratio  to

minimize  the  particle  wall  loss.27-29 The particle  transmission  efficiency for  particle  diameter

larger than 150 nm was greater than 80 %.27-29 The wall loss of particles was expected to be

small, as the particle diameter was 204 nm and the particles with diameter larger than 150 nm

accounted for a significant fraction of total particle mass.30

Figure 1. Experimental setup for the heterogeneous OH oxidation of sodium methyl sulfate 

particles.

Chemical Analysis
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The  amount  of  methyl  sulfate  (CH3SO4
−)  and  sulfate  (SO4

2−)  ions  at  different  extent  of

oxidation  were  quantified  using  IC.  The  experimental  details  have  been  given  elsewhere.31

Briefly, each filter was extracted using 4 mL of double de-ionized water (18.2 MΩ cm) from the

ultrapure water system (Nanopure Diamond UV/UF). All samples were sonicated for 60 minutes

and then mechanically shaken for 60 minutes. The extract was subsequently analyzed by an ion

chromatograph  (Dionex  ICS-1100).  The  separation  of  anions  (CH3SO4
−  and  SO4

2−)  was

accomplished using an AS11-HC analytical column (IonPac, 4 × 250 mm) and an AG11-HC

guard column (IonPac, 4 × 50 mm) with 20 mmol L−1 NaOH as the eluent.  Sodium  bisulfate

(NaHSO4) and sodium sulfate (Na2SO4) standards were used for quantifying inorganic sulfur

species.  As  shown  in  Figure  S1  (Supporting  information  (SI)),  CH3SO4
− and  SO4

2− can  be

reasonably separated. The retention times of CH3SO4
− and SO4

2− peak are 4.87 and 5.28 minutes,

respectively. HSO4
− is converted into SO4

2− upon mixing with the alkaline eluent. Thus, the peak

from injection of the NaHSO4 standard has the same retention time as that from injection of the

Na2SO4 standard. We note that a small peak exists in the chromatogram of CH3SO4Na standard

which  has  a  retention  time  resembling  that  of  SO4
2−.  This  suggests  that  a  small  amount  of

CH3SO4Na (~ 3–4 %) has been converted into SO4
2− during the analysis. This has been corrected

when quantifying the amount of SO4
2− formed upon oxidation. As shown in Figure S2 (SI), the

responses of the NaHSO4 and Na2SO4 standards are approximately the same, suggesting that the

choice between NaHSO4 and Na2SO4 standards would not have an effect on the quantification of

HSO4
− and SO4

2−. In this work, NaHSO4 was chosen for quantification purpose and the amount of

SO4
2−  quantified  by  the  IC  method  would  represent  the  total  amount  of  HSO4

− and  SO4
2−

produced upon oxidation. The experimental uncertainty for the measurement of CH3SO4
− and

SO4
2− is discussed in SI.
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Kinetic Model

A kinetic model was developed using the Kinetiscope (http://hinsberg.net/kinetiscope/  )  , which

applies stochastic algorithms for kinetic simulation. The particle is modelled as a rectangular

compartment  32 with 1×1×R/3 nm3 volume where R is the initial particle diameter.33-34 At high

RH (75 % RH), CH3SO4Na particles are aqueous droplets based on hygroscopic data reported in

the literature.24 It is likely that the species diffuse rapidly within the particles. All species are thus

assumed to be well mixed within the particle. For the simulation of heterogeneous reaction, gas-

phase OH radicals first adsorb onto the particle surface. The pseudo-first order adsorption rate

constant for gas-phase OH radicals on the particle surface is determined below:35

kads=[OH ]×S × Z (1)
where  S  is  the  sticking coefficient,  and Z is  the  collision  frequency between gas-phase  OH

radical and particle surface, given by σ×ν, with σ as collision cross-section (1×1 nm2), and ν is

the mean speed of gas-phase OH radical. As proposed previously,36 the adsorption of gas-phase

OH radicals  generally occurs in the top compartment. One nm is chosen to be the thickness of

the accessible region on the particle surface for oxidation. 

Scheme  1  shows  the  OH radical  reacts  with  CH3SO4Na by  abstracting  a  hydrogen  atom,

forming an alkyl radical, which quickly reacts with an oxygen molecule to form a peroxy radical.

Alkoxy  radicals  resulted  from  the  self-reactions  of  two  peroxy  radicals  decompose  to

formaldehyde and sulfate radical anions (SO4
•−). Formaldehyde tends to partition back to the gas

phase  due  to  its  high  volatility.  The  evaporation  rate  constant,  kevap,  was  calculated  by  the

following equation:37
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kevap=
V ¿ 6 psat √ N A

A¿[CH3 SO 4 Na ]0 2 πM kB T (2)

where V ¿ is the simulated particle volume (nm3), defined by 1 nm x 1 nm x R/3 nm rectangular

volume.  A¿ is  the  simulated  area (1  nm  ×  1  nm),  [CH3SO4Na]0  is  the  initial  CH3SO4Na

concentration (molecules cm–3),  NA  is  the Avogadro constant (mol–1),  M  is the molar mass of

CH3SO4Na (g·mol–1), kB  is the Boltzmann constant (m2·kg·s–2·K–1), T is the temperature (K), and

psat is  the  saturation  vapor  pressure  (kg·m–1·s–2).  Unlike  formaldehyde,  SO4
•− remains  in  the

particle phase and undergoes further reactions which can possibly form various inorganic sulfur

species, such as HSO4
−, SO4

2− and peroxydisulfate (S2O8
2−) ions.

Reaction  schemes and rate  constants  used in the  model  are obtained from literatures  with

justifications and are given in Table 2. We note that the knowledge  of  rate constants for the

reactions involving organosulfates and their radicals is very limited.  It is not yet possible, or at

least difficult, to describe the rate of the reactions (e.g. rate coefficients and sticking coefficient)

very accurately. Although the modelled results show a good agreement with the experimental

observations, rate constants used in the model (Table 2) should be used with caution and are

required to be further tested with experimental data. Since the model which includes an explicit

description  of  the  reactions  can  be  used  to  study  the  influence  of  individual  reaction  or

combinations of reactions on the kinetics and the formation of inorganic sulfur species upon

oxidation, this work includes sensitivity tests on rate constants to evaluate the performance of the

model towards the reactions. 

Table 2. Reaction schemes and rate constants for the kinetic model at 298 K.

No. Reaction Rate constant Remark

site kads
→

 •OHads kads= [ OH ]× S × Z Houle and co-workers36,a

R1 RH + •OHads → R• + H2O k1 = 5.81 × 10−13 Monod and Doussin38,b
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cm3 molecule−1 s−1

(= 3.50 × 108 L mol−1 s−1)

R2 R• + O2 → ROO• k2 = 1.13 × 106 s−1 Marchaj and co-workers 39,c

R3
2ROO• → 2RO• k3 = 6.64 × 10−13

cm3 molecule−1 s−1 

(= 4.00 × 108 L mol−1 s−1)

Nikolaev and co-
workers40,d

R4 RO• → HCHO(aq)
 + SO4

•− k4 = 1.50 × 104 s−1 Vereecken and Peeters41,e

R5 HCHO(aq) → HCHO(g) k5 = 1.88 × 1015 s−1 Heine and co-workers35

R6 SO4
•− + RH → HSO4

− + R•
k6 = 1.10 × 10−17 

cm3 molecule−1 s−1

(= 6.62 × 103 L mol−1 s−1)
Huie and Clifton42,f

R7 SO4
•− + SO4

•− → S2O8
2−

k7 = 1.26 × 10−12 

cm3 molecule−1 s−1

(= 7.60 × 108 L mol−1 s−1)
Jiang and co-workers43

R8 SO4
•− + H2O → HSO4

− + •OH k8 = 300 s−1 Hayon and co-workers44,g

R9 HSO4
− ↔ SO4

2− + H+ Ka = 1.20 × 10−2 Smith and Martell45,h

a kads refers to a pseudo-first order OH adsorption rate constant and has a unit of s−1 at a given gas-
phase OH radical concentration. Site is an adsorption site on the surface (the top 1 nm thick
compartment), which was determined by multiplying the number of initial CH3SO4Na density
with the number of sites per molecule (assuming 1 site per molecule). The sticking coefficient, S
has been reported to be in the order of  10–2 to 10–3 for different unreactive substrates.46 A value
of 9.5 × 10–3 is used in the model.
b This value refers to hydrogen abstraction rate from -CH3 group by OH radical in aqueous phase
estimated using an aqueous-phase structure–activity relationship model.38

c  This value is treated as a pseudo first-order rate constant which has considered the reaction
between methyl radical (CH3•) and O2 (k = 6.81 × 10−12 cm3 molecule−1 s−1 (= 4.10 × 109 L mol−1

s−1))39, the gas-phase O2 concentration of 21 % and the dimensionless Henry’s law constant for
O2 (3.18 × 10−2).
d  This value refers to the self-reaction rate of methylperoxy radicals  in aqueous phase.40 The
ROO• self-reaction which can potentially form a carbonyl-alcohol pair is not considered since no
functionalization products have been detected upon heterogeneous OH oxidation of CH3SO4Na.23

e This value refers to a first-order rate constant for CH3CH(O•)(ONO2) = CH3CHO + •ONO2,
determined  by  the  structure–activity  relationship  model  developed  for  the  decomposition  of
alkoxy radicals.41

f This value should be considered as a low value for the rate coefficient of sulfate radical anion
(SO4

•−) and organic molecules in aqueous phase.
g  This value is treated as a low value for the pseudo-first order rate constant for the reaction
between sulfate radical anion (SO4

•−) and water in the particle phase.
h The value refers to the equilibrium constant for bisulfate ion and sulfate ion at a given acidity.
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RESULTS AND DISCUSSION

Chromatograms of Sodium Methyl Sulfate 

Figure 2 shows the chromatograms of CH3SO4Na before and after heterogenous OH oxidation.

Before  oxidation  (Figure  2a),  the  major  peak  corresponds  to  CH3SO4
−.  The  small  peak

representing SO4
2− is likely originated from CH3SO4Na (~ 3 %) in accord with that observed in

CH3SO4Na standard (SI  Figure S1). After oxidation, the intensity of CH3SO4
− decreases, while

the  intensity  of  SO4
2− increases  (Figure  2b).  The  detection  of  SO4

2− supports  the  proposed

reaction  mechanisms (Scheme 1)  that  HSO4
− and SO4

2− are  formed upon heterogeneous  OH

oxidation.23 At  a  given OH exposure,  the amount  of  methyl  sulfate  ions  and sulfate  ions  is

proportional to their peak areas in the chromatogram. The concentration of the species is then

determined using the standard calibration curves (SI, Figure S2). Based on the concentrations of

CH3SO4
− and SO4

2− measured at different OH exposures, we quantify the oxidation kinetics by

measuring the decay of CH3SO4Na and determine the significance of inorganic sulfur formation.
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Figure 2. The chromatograms of sodium methyl sulfate (CH3SO4Na): (a) before oxidation; (b) 

after oxidation (OH exposure = 19.0 × 1011 molecules cm−3 s).

Oxidation Kinetics

The oxidation  kinetics  can  be  determined  by the  change  in  the  concentration  of  CH3SO4
−

measured at different OH exposures. An effective heterogeneous OH oxidation rate constant, k,

can be fitted using the exponential equation:47

ln
I
I 0

=−k [OH ] ⋅ t (3)

where  I is  the concentration  of  CH3SO4
− after  oxidation,  I0 is  the concentration  of  CH3SO4

−

before oxidation, and [OH]‧t refers to the OH exposure. Figure 3 shows the normalized decay of

CH3SO4
− as a function of OH exposure. The  k value is fitted to be (5.72 ± 0.14) × 10−13 cm3

molecule−1 s−1.  An effective OH uptake coefficient,  γeff, defined as the fraction of OH collision

that leads to a reaction, can be also computed with the k value:48

γ eff=
2 k D0 ρp mfs N A

3 M w ´cOH
(4)

where D0 is the surface-weighted particle diameter obtained from the SMPS before oxidation (D0

= 204 nm,  Table 1),  ρp is the particle density,  mfs is the mass fraction of solute (i.e. methyl

sulfate),  NA is Avogadro’s constant,  Mw is the molecular weight of  CH3SO4Na, and  ´cOH is the
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average speed of gas-phase OH radical. The mfs can be estimated using the growth factor, Gf, of

CH3SO4Na particles measured at a given RH, i:24

G f , i=(
mfsref

mfsi

ρp,ref

ρp,i )
1
3 (5)

where mfsref and ρp,ref are the mass fraction of solute and particle density at a reference RH (RH <

10 %). By assuming that CH3SO4Na particles are anhydrous at the reference RH23 and using the

volume additivity rule for estimating the particle density,49 the mfs can be calculated as follows:

mfsi=(1+
ρw

ρs
(G f , i

3−1))
−1

(6)

where ρs and ρw are the density of CH3SO4Na (1.60 g cm−3) and water, respectively. At 75 % RH,

the mfs of CH3SO4Na is estimated to be 0.458. Using the particle composition and size data, the

γeff is calculated to be 0.31 ± 0.06. It is noted that the γeff measured at a lower RH (75 % RH) in

this work is larger than that reported in our previous study carried out at a higher RH (γeff = 0.17

± 0.03 at 85 % RH).23 These results suggest that the  RH might play a role in determining the

heterogeneous  reactivity. One  likely  explanation  is  that  when  the  RH increases,  CH3SO4Na

particles absorb more water and become more diluted. For instance, from the hygroscopic data,

the mfs decreases from 0.458 to 0.359 (~ 22 %) when the RH increases from 75 % to 85 %.24 The

surface concentration of CH3SO4Na is lower at higher RH. This decreases the reactive collision

probability between  CH3SO4Na and gas-phase OH radical at the particle surface, reducing the

overall reaction rate (i.e. a smaller γeff).48, 50  

Recently, molecular dynamic simulations show that the heterogeneous reaction is likely not

initiated by the direct collision between a gas-phase OH radical and an organic molecule (e.g.

erythritol) present at the particle surface.51 Gas-phase OH radical is first absorbed by the particle,

and an absorbed OH radical would need to collide with an organic molecule many times by
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diffusion before the reaction could happen. At a higher RH, the particle contains more water,

lowering the concentrations of organic molecules and adsorbed OH radical. This would make the

average distance between the OH radical and its nearest organic molecules longer, slowing down

the  overall  rate  of  the  reaction.51 This  is  consistent  with  a  slower  heterogeneous  reactivity

observed at  a higher  RH. The effect  of RH and aerosol water  content  on the heterogeneous

kinetics will be examined using a kinetic model.

Figure 3. Normalized decay of sodium methyl sulfate (CH3SO4Na) as a function of OH exposure

at 75 % RH. 

Using the kinetic data obtained in this work and reported in the literature, we also estimate the

e-folding lifetime (τ) of CH3SO4Na against heterogeneous OH oxidation (τ = 1/ (k · [OH]ambient)).

The τ is calculated to be 13.5 ± 0.34 days at 75 % RH and 20.4 ± 1.07 days at 85 % RH,

assuming an  average ambient  gas-phase  OH concentration,  [OH]ambient,  of  1.5×106 molecules

cm−3.52 Considering atmospheric fine particles with a similar size (~200 nm) having a typical

lifetime of 10 – 14 days,53  the heterogeneous OH oxidation could be a competitive sink for

CH3SO4Na under  humid  conditions.  These  results  might  also suggest  that  the  abundance  of
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CH3SO4Na reported in the literature could be underestimated if removal processes have not been

properly accounted for in field and modelling studies. It would be imperative to obtain better

understanding  of  the  transformation  of  CH3SO4Na and other  organosulfates  as  well  through

heterogeneous oxidation and other atmospheric processes such as hydrolysis.

Formation of Inorganic Sulfur Species during Oxidation

To investigate the significance of inorganic sulfur formation upon oxidation, we determine the

molar yield,  which is defined as the total  number of moles of HSO4
− and SO4

2− (i.e.  [SO4
2−]

quantified by the IC) formed per mole of CH3SO4Na reacted as a function of OH exposure, and

computed as follows:

Molar Yield=∆ ¿¿ (7)
As shown in Figure 4, a significant amount of HSO4

− and SO4
2− is produced upon oxidation.

The molar yield ranges from 0.54 ± 0.48 to 0.74 ± 0.15 when OH exposure increases from 2.0 ×

1011 to 19.0 × 1011 molecules cm−3 s. The large uncertainty observed at the lowest OH exposure is

attributed  to  relatively  large  experimental  error  when  the  change  in  CH3SO4
− and  SO4

2−

concentrations are small during oxidation (See the SI for the details on determining uncertainties

of molar yield). An average yield of 0.62 ± 0.18 suggests that there is a significant conversion of

organic sulfur to inorganic  sulfur  upon oxidation.  The yields  smaller  than one indicates  that

HSO4
− and SO4

2− are likely not the only inorganic sulfur species produced upon OH oxidation of

CH3SO4Na. For instance, at the maximum OH exposure, about 20 % of the total particle sulfur

cannot be accounted by the unreacted CH3SO4Na, HSO4
− and SO4

2− (Figure 5a). As proposed in

Scheme 1, CH3SO4Na tends to fragment into a formaldehyde and a SO4
•−  upon oxidation. SO4

•−

can abstract  a  hydrogen atom from a neighboring molecule  (i.e.  CH3SO4Na) to  form HSO4
−
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(Table 2, R6), which exists in an equilibrium with SO4
2− (Table 2, R9). In addition to HSO4

− and

SO4
2−, S2O8

2− can be formed through the self-reaction of two SO4
•− (Table 2, R7). In our previous

study,23 a small SO4
− peak has been observed in the particle-DART mass spectra and is likely

attributed  to  the  formation  of  S2O8
2− based on its  charge-to-mass  ratio.  Since  the  ionization

efficiency of S2O8
2− is not known in the particle-DART analysis, S2O8

2− concentration cannot be

determined. In this work, we have run the sodium peroxydisulfate (Na2S2O8) standard using the

IC method described in previous section in an attempt to quantify S2O8
2− formed upon oxidation.

However, a peak corresponding to S2O8
2− was not observed in the chromatogram. This can be

explained by that S2O8
2− is a strongly retained ion due to its large size and its high negative

charge,54 thus eluding detection by IC. Although we were unable to confirm the presence of

S2O8
2− by our IC method, we postulate that S2O8

2− is likely produced upon oxidation based on

proposed reaction pathways (Scheme 1) and SO4
•− chemistry reported in the literature. Future

investigation  on  the  quantification  of  S2O8
2− upon  OH  oxidation  of  CH3SO4Na  and  other

organosulfates is desirable. 
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Figure  4.  Molar  yield  of  inorganic  sulfur  species  (HSO4
− and  SO4

2−)  as  a  function  of  OH

exposure during heterogeneous OH oxidation of sodium methyl sulfate (CH3SO4Na) particles at

75 % RH.

Figure 5. (a) The molar contribution of methyl sulfate (CH3SO4
−), bisulfate (HSO4

−) and sulfate 

(SO4
2−) , and unquantified inorganic sulfur species to total particle sulfur as a function of OH 

exposure during heterogeneous OH oxidation of sodium methyl sulfate (CH3SO4Na) at 75 % RH.

(b) The molar contribution of methyl sulfate, bisulfate, sulfate and peroxydisulfate (S2O8
2−) to 

total particle sulfur predicted by the kinetic model at different OH exposures.

Kinetic Model

  Figures  3 and 4 show the oxidation kinetics  and concentration  of  inorganic  sulfur  species

(HSO4
− and SO4

2−) predicted by the model compare well with the measurements. For example,

the  effective  heterogenous  OH  rate  constant,  k is  predicted  to  be  5.69  ±  0.15  ×  10–13 cm3

molecule−1 s−1 (Table S2), which agrees well with the experimental one (5.72 ± 0.14 × 10−13 cm3

molecule−1 s−1). The average molar yield (0.69) predicted by the model is in a good agreement
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with  the  measured  one  (~  0.62).  Although  the  model  can  reasonably  reproduce  the

measurements, there are uncertainties in the rate constants. Sensitivity of the model performance

towards the reactions is examined by varying the rate constants (SI, Figure S4). Upon oxidation,

gas-phase OH radical is first adsorbed onto the surface of the particles. In the sensitivity test,

assuming ± 100 % variation in the suggested kads value, the kinetics (i.e. k) was found to change

significantly. For instance, the k was increased by about a factor of 2 when the kads was increased

by  100  %.  These  results  may  not  be  surprising  because  when  the  kads was  increased,  the

concentration of adsorbed OH radicals also increased, leading to a higher oxidation rate. On the

other hand, the simulated composition of the inorganic sulfur species (e.g. molar yield) did not

largely depend on the  kads.  This could be explained by that the formation of inorganic sulfur

species is primarily governed by the competitions between various SO4
•− reactions (Table 2, R6

to R8).

  As shown Scheme 1, OH radical can initiate the oxidation by abstracting a hydrogen atom from

CH3SO4Na to form a water molecule, creating an alkyl radical, which will react with an oxygen

molecule to form a peroxyl radical at rate that is known to be fast. The alkoxy radicals resulted

from the self-reactions of two peroxyl radicals are expected to dissociate. In the sensitivity test,

assuming ± 100 % variation in the rate constants of the reactions among these radicals (Table 2,

R1 to R4), we have found deviations in the simulated concentration of CH3SO4Na are less 0.5 %,

except R4. These results show the model is not particularly sensitive to how the values for R1 to

R3 are  set  and the  suggested  rate  constants  might  be  good  enough  to  use  without  causing

significant errors. On the other hand, the simulated kinetics and the composition of the particles

were found to depend on the dissociation rate of alkoxy radicals (R4). For instance, when the
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rate constant of R4 was increased by 100 % of its suggested value, both the kinetics (i.e. k) and

the molar  yield were found to decrease  by 39.2 % and 16.5 %, respectively.  This  could be

explained by that when the dissociation rate of alkoxy radicals (R4) was increased, the formation

rate of SO4
•− was also increased, enhancing the self-reactions of SO4

•− (R7) and slowing down the

reactions of SO4
•− with  CH3SO4Na (R6) and water (R8). This would reduce the formation of

HSO4
− (i.e. molar yield) and secondary chain reactions (i.e. the overall reaction rate) via R6. 

  The SO4
•−, resulted from the decomposition of CH3SO4Na, can react with various species (e.g.

CH3SO4Na, H2O and SO4
•−) within the particle, governing the heterogeneous kinetics and the

formation of reaction products (Table 2,  R6 to  R8). The rate constants for these reactions are

examined in sensitivity tests. When the rate constants are varied by ± 100 % of their suggested

values according to Table 2, there is no significant effect on the calculated concentrations except

for the reaction of SO4
•− with CH3SO4Na (Table 2, R6). For instance, for the SO4

•− reactions with

SO4
•− (Table 2, R7) or H2O (Table 2, R8), when their rate constants were increased or decreased

to 2 times of their suggested values, there was only minor effect on the calculated concentrations

(SI, Figure S4). The variation was observed with a maximum difference of 3.5 % in CH3SO4Na

concentration  when rate constant for  R7 was increased. On the other hand, for the reaction of

SO4
•− with  CH3SO4Na  (R6),  when  the  rate  was  increased  by  100  %,  the  concentration  of

CH3SO4Na was decreased significantly by 66.7 % at the maximum OH exposure. As can be seen

in the Figure S4 (SI), the model predicts a much faster consumption of CH3SO4Na (k = 1.06 ×

10−12 cm3 molecule−1 s−1). These results also suggest that the decay of CH3SO4Na upon oxidation

is due to OH as well as SO4
•− reactions. Furthermore, the rate of conversion of SO4

•− into HSO4
−

is increased through this reaction. A higher sulfur molar yield (0.77) is also predicted (SI, Figure
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S4). We would also like to note that the variation of evaporation rate of the formaldehyde (R5)

did not influence the simulated results (SI, Figure S4). 

   As  shown  in  reaction  mechanisms  (Scheme  1), HSO4
− and  SO4

2− can  be  formed  upon

heterogeneous OH oxidation. The IC method used in this work does not allow to individually

determine the relative abundance of HSO4
−, SO4

2− and S2O8
2−. Model simulations show that the

amount  of  inorganic  sulfur  species  formed  upon  oxidation  is  mostly  dominated  by  HSO4
−,

followed by S2O8
2− and SO4

2−. We acknowledge that S2O8
2− formed through the self-reactions of

two SO4
•− would account for the remaining inorganic sulfur species in the model. Overall, the

results of sensitivity tests have identified a few reaction setups (the OH adsorption rate  (kads),

dissociation rate of alkoxy radicals (R4) and reaction rate of SO4
•− with CH3SO4Na (R6))  could

have  the  significant  influence  on  the  calculated  kinetics  and  inorganic  sulfur  species

concentrations. Thus, priority on these reactions are suggested for future studies.  

We  also  used  the  model  to  examine  the  effect  of  RH  and  aerosol  water  content  on  the

heterogeneous kinetics.  In model simulations, when the RH increases from 75 % to 85 %, the

initial concentration of CH3SO4Na decreases based on the hygroscopic data.24 As shown in Figure

S5 (SI), the model can well predict the kinetic data reported in the literature,23 supporting the

hypothesis that a decrease in the surface concentration of CH3SO4Na at a higher RH could lower

the overall rate of reactions between CH3SO4Na and OH radical at the particle surface through

dilution.48, 50 Additionally, the model predicts an average molar yield of ~ 0.64 which is not very

sensitive to the variation in RH (SI, Figure S6). 

CONCLUSIONS
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In this work, we show that a significant amount of inorganic sulfur species can be produced

during heterogenous OH oxidation of CH3SO4Na at an efficient rate. The molar yield of HSO4
−

and SO4
2− is significant.  Inorganic sulfur species (e.g.  S2O8

2−) other than HSO4
− and SO4

2− is

likely formed through the particle-phase reactions initiated by SO4
•−, which cannot be quantified

by the IC method used in our study. Further studies on sulfur balance (i.e. both inorganic and

organic sulfur species) upon heterogeneous OH oxidation of CH3SO4Na and other organosulfates

are highly desirable to better understand how the form of sulfur would change during oxidation.

A  kinetic  model  has  been  developed  that  describes  the  reaction  kinetics  and  products  of

CH3SO4Na particles upon oxidation. The results of sensitivity tests have identified a few reaction

steps such as the OH adsorption, dissociation of alkoxy radicals (R4) and reaction of SO4
•− with

CH3SO4Na (R6)  could have the significant influence on the calculated kinetics and inorganic

sulfur species concentrations. The modeled results also support the hypothesis that the decrease

in heterogeneous kinetics (i.e. γeff) observed at higher RH could be explained by the dilution

effect. To date, rate constants for the reactions of organosulfates and their radical intermediates

with OH radical and other oxidants are virtually non-existent in the literature. The knowledge of

the rates of these reactions is essential for the future model development. 

More  recently,  the  heterogenous  OH oxidation  of  isoprene-derived  organosulfates  (e.g.  2-

methyltetrol  sulfate  esters  and  3-methyltetrol  sulfate  esters),  one  of  the  most  abundant

organosulfates detected in atmospheric particles, can lead to the formation of HSO4
−.55-56 Further

studies are needed to study the significance of the formation of inorganic sulfur species upon

heterogeneous  OH oxidation  of  organosulfates.  In  this  work,  we have demonstrated  that  IC

method can be used to quantify the amount of inorganic sulfates (a total  sum of HSO 4
− and
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SO4
2−) formed upon oxidation. Since inorganic sulfur species other than HSO4

− and SO4
2− can be

formed upon oxidation of organosulfates,  the detection and quantification of inorganic sulfur

species, including S2O8
2− is desirable, especially in laboratory studies for particle sulfur balance.

Overall, a better knowledge of the kinetics and chemistry of SO4
•− chemistry would allow us to

better understand and predict the  transformation of organosulfates to inorganic sulfur species

through heterogeneous OH oxidation and other atmospheric processes such as hydrolysis and

aqueous-phase oxidation, and the associated impacts of such reactions on atmospheric particle

sulfur cycle.
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