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Abstract. The oxidation of S@ to sulfate is a key reac- light isotopes. The results presented in this study will be par-
tion in determining the role of sulfate in the environment ticularly useful to determine the importance of the transition
through its effect on aerosol size distribution and composi-metal-catalysed oxidation pathway compared to other oxida-
tion. Sulfur isotope analysis has been used to investigatéion pathways, but other main oxidation pathways can not be
sources and chemical processes of sulfur dioxide and suldistinguished based on stable sulfur isotope measurements
fate in the atmosphere, however interpretation of measuredlone.

sulfur isotope ratios is challenging due to a lack of reliable
information on the isotopic fractionation involved in ma-
jor transformation pathways. This paper presents laboratoryf |ntroduction

measurements of the fractionation factors for the major at-

mospheric oxidation reactions for $OGas-phase oxida- Sulfate and sulfur dioxide play an important role in en-
tion by OH radicals, and aqueous oxidation byQd, O3 vironmental chemistry and climate through their effect on
and a radical chain reaction initiated by iron. The mea-aerosols. The majority of anthropogenic sulfur is released di-
sured fractionation factor fot*SP2S during the gas-phase rectly as SQ@, and a significant fraction of biogenic and nat-
reaction isxon = (1.008%0.0007) — ((445)x10~°) T (°C). ural sulfur (e.g. OCS, DMS) is also either directly released
The measured fractionation factor f#tS£2S during aque- as SQ or oxidised to S@ in the atmosphereBerresheim

ous oxidation by HO or Oz is aaq= (1.01670.0019 — et al, 2002 Seinfeld and Pandis1998. Around 50 % of
((8.7£3.5)x107°) T(°C). The observed fractionation during global atmospheric sulfur dioxide is then oxidised to sulfate,
oxidation by BO, and G appeared to be controlled primar- while the rest is lost through dry and wet depositi@hin

ily by protonation and acid-base equilibria of S(IV) in solu- et al, 1996. The oxidation pathway — heterogeneous or ho-
tion, which is the reason that there is no significant differ- mogeneous — is an important factor because it determines the
ence between the fractionation produced by the two oxidanteffect that sulfate will have on the environment.

within the experimental error. The isotopic fractionation fac- Homogeneous oxidation in the gas phase by OH radicals
tor from a radical chain reaction in solution catalysed by iron follows several stepsT@naka et a}.1994):

is aFe = (0.9894+£0.0043 at 19°C for 34Sf?S. Fractiona-

tion was mass-dependent with regard$3s/2S for all the SQ+OH+M —~ HOSG+M (1)
reactions investigated. The radical chain reaction mechanisrlOSQ, + 0, — SO3+HO» )
was the only measured reaction that had a faster rate for the

SO;+H20 — H2SOy (3)
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408 E. Harris et al.: Sulfur isotope fractionation during oxidation of sulfur dioxide

The product is sulfuric acid, which can stick to the surface ofin the aqueous phase by8, or O3 will only be possible
existing particles or nucleate to form new particles in the at-if stable sulphur isotope analysis is combined with studying
mosphereBenson et a).2008 Kulmala et al, 2004. These the mass independent oxygen isotopic fractionation.

new particles have a direct radiative effect and may also grow

to act as cloud condensation nuclei (CCN).

Heterogeneous oxidation acts upon S(IV) in solution or
on particle surfaces. The major oxidants arOpl O3 and
O,, the latter being catalysed by Heand other transition
metal ions in a radical chain reaction pathwajefrmann
etal, 2000. The dissolution of S@before oxidation follows
several stepHriksen 19723:

2 Sulfur isotopes in the environment

The isotopic composition of sulfur in the environment re-
flects its sources, transport and chemistry, so measurements
of stable sulfur isotopes can be effectively used to constrain
the sulfur cycle. Sulfur has four naturally-occurring stable
isotopes32S, 335, 345 and6S. The isotopic composition of

SO(g) <> SOx(aq) (4)  asulfur sample is represented by its delta value, which is the
SOx(aq) +H20 < HSQ; +H (5) permil de\{iation of thg ratio of a heavy isotope to the most
abundant isotope{S) in the sample compared to a standard
HSO; +H < H2S0s (6) ratio:
HSQ; <« 5@7 +HT (7) (%)sample
o §'S (%) = | — g —— —1| x 1000 9)
2HSGQ; < H0+S08 (8) (:((325)) )V—cDT

Equation ) has a pk of 1.77 and Eq. %) has a pk of . . :
o . . wheren is the number of atoms$S is one of the heavy iso-
7.19 Moore et al, 2009. Oxidation by HO; is not sig topes, 23S, 34S or36s, and V-CDT is the international sulfur

nificantly dependent on pH within normal atmospheric pH . . . _
ranges (pH = 2—7), while oxidation by transition metal catal- !sotope standard, Vienna Canyon Diablo Troilite, which has

ysis and @ becomes faster as pH increas&giffeld and Isotopic ratios 0P*SF2S5 =0.044163 and'Sf25 = 0.007877
Pandis 1998. Heterogeneous oxidation produces sulfate on(DIng et gl, 200])'. o

the surface of particles or in droplets, changing their CCN Chemical reachons, fqr exa”_‘p'e the ox_|dat|0n 0f230
activity and lifetime through growth and increased hygro- sulfate, cause fractionation of |sotope_ ratios between reac-
scopicity Bower and Choulartqri993 Mertes et al, 2005 tants and products as long as the reaction does not go to com-

Thus, a comprehensive knowledge of the oxidation and re_pletion. The fractionation may be due to equilibrium or ki-

moval of SG and sulfate is key to understanding and mod- netic discrimination, and is represented by the fractionation

elling aerosol and cloud formation and processes and theiFaCtora' For an irreversible reaction, fractionation is kinetic
effects on past and future climate andu is the ratio of the rate constants=k, / k32. When the

Aerosol direct and indirect effects continue to contribute reactant Is present as an infinite reservoir and not affected by

the largest uncertainty to estimates of anthropogenic globaﬁr.".e reactiongas can be calculateq from the isotopic compo-
mean radiative forcinglPCC, 2007. Global emissions of sitions of products and reactants:
anthropogenic sulfur in Europe and North America have de- Rproducts
creased significantly in the past few decades, however a834=
Asian sulfur emissions are increasing due to energy demand o
and coal use, and are not expected to decrease until at leashereR = 3>. Thus,a>1 indicates that the heavy isotopes
2020 (PCC, 2007, anthropogenic emissions are likely to re- react faster than the lightisotopes. The permil differences be-
main the major global source of non-sea salt sulf&bir tween reactants and products with regards tnd reaction
et al, 1996 Seinfeld and Pandid998. Understanding the extentin a closed system are described by the Rayleigh laws
sulfur cycle is therefore necessary to reduce the uncertaintyMariotti et al, 1981, Krouse and Grinenkd 991), which are
in aerosol forcing estimates. discussed in Sect8.2.3and4.1.1 Thus, isotopic fractiona-
This study presents measurements of stable sulfur isotopgon can not only distinguish between reactions: For known
fractionation during gas-phase oxidation by the OH radicalirreversible reactions in a closed system, the isotopic frac-
and oxidation in the aqueous phase witfd, Oz and iron  tionation can provide quantitative information about how far
catalysis as terminating reactions. These reactions are corhe reaction has gone to completion.
sidered to be the most important sulfur dioxide oxidation The isotopic composition of many major sources of atmo-
pathways on a global scale. We demonstrate that stable suspheric sulfur have been measured (eRees et a).1978
fur isotope ratios can be used to investigate partitioning beKrouse et al.1991; Nielsen et al.1991; Sanusi et a).2006.
tween atmospheric sulfur oxidation pathways and are particThe isotopic composition of anthropogenic sources is highly
ularly useful to estimate the importance of radical chain re-variable on a global scale, though individual sources are of-
actions for the atmospheric sulfur cycle. Differentiating be-ten well constrained. The isotopic composition of indus-
tween gas-phase oxidation by the OH radical and oxidatiortrial emissions is also affected by process technology such

(10)

R reactants
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Fig. 1. Reaction system used to investigate oxidation 0p S@) reactors(b) collection system.

as the flue gas desulfurization unit of an industrial plantthe ratio of gas-phase to aqueous-phase oxidation was higher
(Derda et al.2007). However, for field studies measuring and thes3*S was lower during the last glacial maximum than
the isotopic composition of both ambient $@nd sulfate, the preceeding and subsequent interglaciiander et al.

the major limitation to interpreting atmospheric isotope mea-2002 2003. The authors suggest isotopic fractionation pro-
surements is the lack of laboratory studies of the isotopicgressively affects the SCreservoir during transport as the
fractionation factors involved in the most common atmo- sulfate is removed quickly, thus the data would show that
spheric reactions of sulfuf@naka et a).1994 Novak et al, ahom>ahet HOwever, this progressive depletion in the reser-
2002, Tichomirowa et al.2007). For heterogeneous oxida- voir signature has not been explicitly modelled and compared
tion, equilibrium fractionation of*SP2S during the uptake ~ with measurements, so the isotopic composition in the ice-
of SOy into solution and the subsequent acid-base equilibriacore could be directly representative of the oxidation and
has been measured in several studies. The results range b&how thatenhom<anet Therefore, the goal of this study is
tweenahet=1.010 and 1.017 at 2% (Egiazarov et a).1971, to determine sulfur isotope fractionation factors for the main
Eriksen 19723. So far, the isotopic effect of the terminating oxidation pathways of S&£xto facilitate the use of sulfur iso-
oxidation of S(IV) to S(VI) has not been investigated. topes in understanding the atmospheric sulfur cycle.

The kinetic fractionation during homogeneous gas-phase
oxidation of SQ by OH radicals has been estimated to be 3 Experimental
ahom=0.991 by ab initio calculationsTanaka et a).19949
or to beanom=1.14 by RRKM theory l(eung et al. 2001). 3.1 Apparatus
The discrepancy between these two estimates is larger than
the measured variation in atmospheric sulfur samp\es-(  The reaction system used to investigate the oxidation gf SO
man et al,2006. Several atmospheric studies have also triedis shown in Fig.1. The reactors were made of glass and
to infer the fractionation during this reaction. Seasonality in their internal surfaces were coated with FEP 121a (Dupont)
data, with lowers34S values measured for sulfate in sum- to minimise wall loss of HSQ,. PFA tubing and con-
mer, could show that the gas-phase fractionation factor is lesaectors were used for gas transfer between experimental
than the heterogeneous fractionation factor and probably lessomponents. Pressure was monitored with a capacitance
than 1 Galtzman et a).1983 Sinha et al.20083. However, = manometer. The reactor had a thermostatted jacket con-
seasonality may also be explained by changing sources amected to a circulating cooler (Julabo Labortechnik GmbH,
the temperature-dependence of fractionation factdesgn  Model F81-HL) to regulate temperature. The actual gas-
et al, 1986 Novak et al, 2001, Ohizumi et al, 1997). The phase reaction temperature was calibrated to the set temper-
study of A’O of sulfate trapped in ice cores showed that ature of the Julabo instrument with a PT-1Q0resistance

www.atmos-chem-phys.net/12/407/2012/ Atmos. Chem. Phys., 12, 4V4-2012



410 E. Harris et al.: Sulfur isotope fractionation during oxidation of sulfur dioxide

sensor fitted into the glass reactor. The flows of all gasedlers in series. The quantity and isotopic composition of the
to the reactor were controlled using mass flow controllerssulfate in the second bubbler was equal to that in the first
referenced to standard conditions of temperature and pressubbler, showing the SOwas not significantly depleted.
sure for N (7s=273.15K, Ps=1013.25 mBar) (MKS In-
struments Deutschland GmbH, uncertainty=0.5 % of read-3.2.2 Aqueous oxidation by HO> in bulk aqueous
ing plus 0.2 % of full scale), and flows and leaks were phase
checked regularly with a Gilibrator (Sensidyne, uncertainty
<1 % of reading). S@gas (Westfalen AG, Linde AG, both SO; gas was collected by bubbling through a solution of 6 %
102 ppmE2 % in synthetic air) was diluted with synthetic air H2O> in an ice bath, thus the fractionation during collec-
(Westfalen AG, 20.5 % ©@in N») to the desired concentra- tion of SG is a direct measure of the fractionation during
tion before it entered the reactor. The outflow from the re-oxidation of SQ by H,O, in solution at ®C under non-
actor passed through the 80, glass and S@bubbler col-  equilibrium conditions. This reaction was run eight times
lectors, described in detail in Sedt4. The length of tubing  under a variety of conditions to fully characterise collection
from the reactor to the $#8Oy collectors was<7 cm, which  of SO, as described later in Secti®w.2 and these experi-
would lead to a maximum of22 % loss of HSOy accord-  ments gave a robust value for the fractionation of sulfur iso-
ing to the wall loss calculations fro@asypkin et al(1997) topes during oxidation of S£by HyOo.
(Eq.15). This will be higher than the actual wall loss as the
estimate is for glass and not PFA. The sulfuric acid will at 3.2.3 Aqueous oxidation by HO, and Oz in droplets
this stage be nucleated (see Secohl), thus the isotopic
effect will be negligible as the relative mass difference dueOxidation by O and G in the atmosphere occurs primar-
to an isotopic substitution in a particle will bg1%. Most  ily in droplets and not in the bulk phase, thus it is necessary
experiments were run for 7-8 h to generate sufficient producto investigate whether droplet-specific effects such as surface
for isotopic analysis. The exact conditions of each experi-tension, the difference in saturation vapour pressure over a
ment are detailed in the relevant section. curved surface compared to a bulk solution, and changes in
Following each experiment, the collection systems weredroplet pH as the reaction proceeds, affect the isotopic frac-
emptied immediately. The solution from the SBubblers,  tionation.
containing hydrogen peroxide and sulfate, was poured into a Reactor 2 (Fig.1) did not produce detectable OH (see
clean beaker and the bubblers were rinsed with MilliQ waterSect.3.3.1for details of OH quantification) at the reaction
several times into the beaker. The$0; trap was rinsed at ~ point where the humid, UV-irradiated air was mixed with the
least five times with MilliQ water to remove all the adsorbed SOz flow. A small amount of OH was generated at the lamp
H»SOu, and the solution was collected in a beaker. An excesdip in this reactor, however the residence time of humidifed
of BaCh was added to each solution to precipitate S(VI) asair at the lamp was short and all OH generated was lost be-
BaSQ, as well as sufficient HCI to lower the pH to approx- fore reaching the reaction point28, was produced follow-
imately 3 for optimal precipitationRees and Hojt1991).  ing H2O photolysis to OH, and as the lifetime 0b6; is
After at least 12 h to ensure complete precipitation, the solonger than that of the OH radicak5 ppbv (mol mot™* gas
lutions were filtered through Nuclepore track-etch polycar-at atmospheric pressure; ppbv will only be used to discuss
bonate membrane filters (Whatman Ltd.) with 0.2 pm pores gas phase concentrations in this paper) gbblis present at
which had been coated with a 10 nm thick gold layer usingthe reaction point. @resulted from @ photolysis and was
a sputter coater (Bal-tec GmbH, Model SCD-050) prior to present at concentrations sfL.0 ppmv at the reaction point.
sample collection. Several rinses with MilliQ water removed The reaction was therefore run in Reactor 2 at close to
any remaining BaGlfrom the BaSQ precipitate and the fil- 100 % relative humidity to investigate aqueous oxidation by
ters were dried at room temperature. Samples with a largél202 and G in droplets rather than a bulk solution in the
amount of material, where sulfate grains were clumped inabsence of OH. The experiments were run at room temper-
groups, were gold-coated to prevent charging during SEMature. Humid air was generated by bubbling synthetic air

and NanoSIMS analysis. through water and was added both through the photolysis
tube and through a second entry into the reactor normally
3.2 Agqueous oxidation used to monitor pressure. Neither flow passed through a trap

to break up or remove large droplets and the humidity was
3.2.1 Aqueous oxidation by the radical chain reaction negligibly reduced by the addition of 10 sccm dry S@as
mechanism to make a total flow of 600 sccm, so the reactor was oper-
ated at 98 % relative humidity in the presence of droplets.
Aqueous oxidation by a radical chain reaction initiated by Although oxidation by ozone would initially dominate, the
Fe** (Herrmann et a).2000 was measured by bubbling pH in the system would very quickly decrease as sulfate was
SO, through a solution containing 0.1 M Fe(€Bnd 0.1 M generated so the bulk of the reaction would be due4@H
Fe(Cli. The product sulfate was collected from two bub- (Seinfeld and Pandid998. A very large amount of product

Atmos. Chem. Phys., 12, 40424, 2012 www.atmos-chem-phys.net/12/407/2012/



E. Harris et al.: Sulfur isotope fractionation during oxidation of sulfur dioxide 411

(>1mg) was generated, which significantly altered the iso-g) 12 b) 127
topic composition of the S©gas. The fractionation factor = =
a must therefore be found from the Rayleigh equations for 8 g 8 8
residual reactants and produdiégfiotti et al, 1981 Nriagu £ &
. [ [
etal, 1991): & 4 B4
Ro aln ol 2
= 0- 0+
* In(f) +1 (11) 1234567 20 0 20 40
and Experiment Type Temperature (°C)
In [1_(1_ f)%] Fig. 2. Quantification of background in the reaction of S@nd
o= ' 0 (12) OH. (a) Total sulfate collected at room temperature under various
In(f) conditions (individual samples are shown as orange dots, error bars

are b standard deviation of individual samples): (1) Background
from impurities in MilliQ water and BaGl (2) Direct photolysis of

. . 2 s .+ SOy, 254 nm and 185 nm lines; (3) Direct photolysis, 254 nm line;
Rp are the isotope ratic¥SP2S for the initial gas, the resid 2) 254.nm and 185 nm lines, humidity passing over lamp; (5) 24

ual reactant and the prpduct respectlvely. The.‘ reaction exte ombined to show total production under UV light in the absence
can be found from the isotopic mass balance: of OH; (6) no irradiation, no added oxidant; (7) 11 ppbv QH)

34 34 34 Temperature-dependence of sulfate production from OH reaction
075 = 187550, + (1= /)87 Shas0y (13) (bIacFI)<) and background from sulfate irrF:purities in water (white) and
Where8343 is the initial composition of S@and534ssozand background production (red), with the percentage contribution of
5343}_'2304 are the isotopic compositions of residual Shd the background to total collected shown in orange.
product HSO4 when a fractionf of the initial SQ remains.

Around 65 % of SQ was oxidised under high humidity con-
ditions. The OH concentration was determined by chemical titration
To isolate the effect of @on the product isotopic composi- with pyrrole Sinha et al.2008h 2009, which entered the
tion, the reaction was run with a glass attachment that passexdactor through the SOnlet and thus saw the same OH flux
dry synthetic air over the Hg lamp to generate 1000 ppmas SQ. Two similar reactors were used to measure the OH +
ozone. As the photolysed air was dry thgd4 concentration SO, reaction and the influence of potential interfering reac-
will be negligible. Humidified air at 40 % relative humidity tions (Fig.1). Reactor 1 produced 11 ppbv of OH. Reactor 2
was added to the reactor and was not exposed to UV lightdid not produce detectable OH at the reaction point and was
The product sulfate and the residual SfZere collected and  used to measure interferences. A small amount of OH would
there was no significant change in the S€btopic compo-  have been generated at the lamp tip, however the residence
sition. time of humidifed water at the lamp was short and all OH
generated was lost before entering the reactor.

The OH concentration is dependent on the water vapour
concentrationYoung et al, 2008. In these experiments the
relative humidity is kept constant by passing the humid air

in Fig. 1. The SQ concentration was much higher than the stream through glass wool held at the reaction temperature,
OH concentration so the isotopic composition of ,.Sfas in order to remove excess .hl.Jm.idity and large droplets so
not significantly affected by the reaction. The sulfuric acid that aqueous oxidation is minimised, thus the water vapour

gas product was collected, as described previously in SecEoncentration will change exponentially with temperature ac-

3.1, to determine the value of the fractionation factor for the cording to the vapour pressure of Water_. The quantity of sul-
reaction of S@ and OH. fate produced at the four different reaction temperatures was

measured as described in S&b.2and found to follow the
3.3.1 OH generation expected exponential relationship as shown in Zig.

where f is the fraction of reactant (SQremaining after the
reaction time (residence time = 26 seconds) BgdRy and

3.3 Gas-phase oxidation

OH radicals were generated from the photolysis of water
vapour, and allowed to react with $@ the reactor shown

OH was generated from the photolysis of water vapour at3 4 Collection of SG and H>SOy products
around 30 % relative humidity. 100sccm of humidified

nitrogen was passed over a low-pressure mercury vapoug 4 1 H,SOy collection

lamp (Jelight Company Inc., USA), which produces light at

184. Iting in th i f OH radic&s(trell . .
84.9nm r('asu ting in the generation of OH radic&afre Sulfate is removed from the gas stream by passing through
etal, 1997: ) o )
two 40-cm long glass vessels with a rough inside wall, which
H2O+hv — OH+H (14) will increase turbulence and internal surface area (Ejg.

www.atmos-chem-phys.net/12/407/2012/ Atmos. Chem. Phys., 12, 4V4-2012



412 E. Harris et al.: Sulfur isotope fractionation during oxidation of sulfur dioxide

Two forms of sulfate product need to be collected in the ex-Following the experiment, the collectors were rinsed and sul-
periments: fate was precipitated by adding BaGind analysed as de-
S ) ) scribed in Sect3.5. The average measured differences be-
1. Aqueous droplet oxidation will results in water droplets veen thes34S ands33S of the two collectors are1.14+2.6
containing sulfate. These will be lost to the glass walls o, 5nd —0 3£1.5 %, respectively, showing that there is no
by gravitational settling and by electrostatic attraction, gystematic fractionation introduced beyond the precision of
which leads to collisions with the walld.§i, 2009.  {he measurement (Tably. A small or insignificant differ-
This is a bulk process and is assumed not to introduceynce petween the two collectors can only be achieved with a
a significant isotopic effect, and will be very efficient |, coliection efficiency or a fractionation factor close to 1,
given the length and roughness of the collectors. otherwise thes34S ands33S of the SO, entering the sec-
ond collector would be altered by the first collector. A high
efficiency was theoretically predicted, and supported by the
fact that very little product was seen on the second filter dur-

2. Sulfuric acid gas will initially be produced in the gas-
phase oxidation experiments but will nucleate to form
particles of 1.5-2nm diameter as the concentration of’ g ; A )
H»SOy is >0.01-0.1 of the saturation vapour pressure N9 analysis. Therefore, the fractionation introduced by this

(33 ppbv for 99 % HSOy) (Kulmala et al, 2004 2007, collection method is insignificant and thaé3S ands3*s of
The loss of HSOy(g) to the walls of glass vessels is H2$O4 in _Iater expenme_znts does _not need to be corrected for
described by: an isotopic change during collection.
Itis important to consider possible breakthrough S,

[H2SO4], = [H2SOu]ge (15)  9astothe S@gas collection system. AlthoughyBO, is ef-

ficiently removed, when the ¥604 concentration was more
where[H,S04]o and [H2SQu], are the gas phase con- than three times as high as the S€bncentration, break-
centrations of HSOy at time=0 and time £, k is the  through of SO, could be detected in the isotopic compo-
diffusion-limited first order reaction coefficientt — sition of SGQ. The sensitivity of the isotopic composition of
3.653, D is the diffusion coefficient and is the ra- the SQ to breakthrough also depends on the difference in
dius of the reactorZasypkin et al. 1997 Young etal,  3°'S between S@and HSQs. To completely avoid effects
2009. D =0.095 crd st in dry air at atmospheric pres-  from breakthrough of bSO, the reaction yield was kept be-
sure and decreases to 0.075@n' at high humidity 10w two thirds of the total S@
(Hanson and Eise]000. These equations apply only
to well-established laminar flow conditions in a cylin-
drical reactor and can provide a lower limit to wall

3.4.2 SQ collection

loss in this system. Nanoparticles in the size rangeSulfur dioxide is traditionally collected on filters impreg-
of 2nm will follow Brownian motion, like the sulfu- nated with alkaline solutions such asJ€&; (Novak et al,
ric acid gas molecules, thus the wall loss calculation 200]_"' Huygen 1963. A variety of solu'_[ions were t_ested with
can be extended to estimate the loss of these ultraY2'YINg amounts of N£CO3, BaCh, t_nethgnolamlne, glyc-
fine particles. The diffusion coefficient for 2 nm parti- erol and HO,, and the average fractionation factor was mea-
cles is~0.035 cn? s~ (extrapolated fronRudyak et al. sured asyz4 = 1.0074+0.003 for all methods tested. The re-
(2009), so the predicted wall loss will be-97 % in covery of SQ was found to vary from Ie;s than 5 % to more
the two condensers. The actual wall loss will be con- than 40 % depending on the length of_t|me thapS@s .C(.)l'
siderably higher than predicted as turbulence and eIecleCt_ed and the_ amount taken up relative to_ the alkallnlty ca-
trostatic attraction in the system will increase the fre- pacity of .the f|.Iter,. rather.than on the solution composition.
quency of collisions with the walls. At this efficiency, The fractionation in the .f|nal product coulq t_hen vary from
there should be no significant difference between thedt least 4.5 to 19.6 %o, With even Iarger variations |.ntroduced
initial and the product isotopic composition. for Ionger_ exp_enments_ or very high filter loads. This method
of collection is not suitable for our laboratory experiments
No isotopic standard of gaseous$0, was available, due to the low relative humidity and high concentrations of
so the fractionation during collection was measured bySQ, in our samples combined with the need for a constant,
analysing the product from two collectors arranged in seriescorrectable isotopic fractionation.
A flow of N2 6.0 (Westfalen AG) was passed through a 1M  Alternatively, SQ can be collected by passing the gas
solution of HSO, and the resulting mixture flowed through stream through bubblers containing hydrogen peroxide,
the two 40 cm-long glass collection vessels. This experimentvhich oxidises the S(IV) in the solution to sulfatd$-EPA
will involve collection primarily of sulfuric acid droplets and 2010. This method was tested by passing;S& known
not gas, however the results are relevant to the collectiorisotopic compositions®4S = 1.25+0.3 %) through two bub-
in the experiments since the gas-phase experiments will priblers in series containing a solution of 6 % hydrogen perox-
marily result in freshly-nucleated particles while the aqueouside, held at 0°C in an ice bath to increase ;S&dlubility
droplet phase experiments will result in sulfate in droplets.(Fig. 1). Following the experiment a Bag@recipitate was
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Table 1. Fractionation 0f4SA2S and33s82S between two collectors in series during collection e5iy.

Run # 1 2 3 Average
Date 2Nov2009 3 Nov2009 23 Feb 2010

N> flow rate (sccm) 1500 1500 1720

Length (h) 6.3 8.3 6.1

834sc, —8%4sc, ~3.3:2.1  24£25 42479 11426
§335¢, —8335¢, 0.742.2  —0.4+23  0.9t36 0.3t1.5

prepared by adding Bagland the precipitate was collected
on a gold-coated Nuclepore filter. This experiment was re-
peated eight times, seven of which were analysed with th
NanoSIMS as described in Se8t5.3 One sample was anal-
ysed by traditional dual-inlet isotope ratio mass spectrometr
at the Massachusetts Institute of Technology according to th
methods described @no et al.(2006. The reaction condi-
tions are shown in Tabl2

Energy Width = 2.7 um

3.5 SEMand NanoSIMS analysis Fig. 3. EDX spectrum and SEM image of a typical Bag@rain.

3.5.1 Scanning electron microscopy

points with a sulfur signal will be proportional to the area
A LEO 1530 field emission scanning electron micro- covered by BaS@ The volume and hence mass of BaSO
scope (SEM) with an Oxford Instruments ultra-thin-window can be found by considering the average height of the BaSO
energy-dispersive x-ray detector (EDX) was used to locategrains, as long as it is evenly distributed and not clumped in
and characterise particles before NanoSIMS analysis. Th¢arge heaps. The sample height was estimated to be 0.2 um
samples were directly analysed in the SEM after collectionbased on the movement in the Z-direction of the microscope
on gold-coated filters without any further treatment. The needed to focus on the filter and on the top of a representative
SEM was operated with an accelerating voltage of betweemumber of BaS@ grains. The largest source of uncertainty
10 and 20keV, a 60 um aperture and a working distance ofor quantification of the collected BagQs that grains can
9.6 mm. “High current mode” was used to increase the EDXflake off the filter during handling of the samples.
signal and improve elemental sensitivity. All samples were The presence of a “signal” for an element in this quantifi-
viewed with the SEM to investigate the coverage, size antcation method requires differentiating between background
shape of sulfate grains. A transfer of the coordinate systenmyoise and actual signal. Quantifying sulfur compounds on
between the NanoSIMS and the SEM is possible using sevgold filters is challenging, because the gold peak overlaps
eral well-defined origin points, which allows the same grain strongly with the sulfur peak, as shown in F&y. The con-
or area to be found and analysed in both instruments. Anribution of the gold peak to the sulfur peak approximately
example of a barium sulfate grain with its EDX spectrum is follows a Gaussian distribution, as gold is present in all sam-

shown in Fig.3. pled EDX points. An example is shown in Figy. The sulfur
signal is superimposed on the Gaussian distribution of the
3.5.2 Quantification with the SEM gold signal, as the X-ray emission depth and spot size means

the gold signal will always be present even when the sam-
The EDX spectrum can be used to roughly quantify com-pling point falls on a barium sulfate graiG6ldstein et al.
pounds and particles on the filters, and thus estimate the ext981). Thus, the presence of a significant sulfur signal was
tent of reactions. An automatic analysis of the filter is taken,defined as falling above the 99.9 % confidence limit for the
with EDX analysis points distributed at regular intervals in gold Gaussian distributionc(> u + 3.09%). The contribu-
each image. As long as the diameter of the largest particldion of S in BaSQ to the signal in the sulfur channel shows
is smaller than the distance between EDX points, the proba peak, however the number of sulfur points is too low to
ability of the point falling on a particular particle is propor- calculate the Gaussian distribution for these samples. To ac-
tional to the area covered by that type of partidlirfter- count for the tail of the Gaussian curve of Au that is above
holler, 2007). Moreover, if an element is just in one form, the 3.09% limit, which could be a large part of the signal at
for example sulfur is only present as Ba§@he number of  low sulfate concentrations, the integrated background (bcg)
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Table 2. Fractionation 0f4S/2S during collection of S@in a solution of 6 % HO.

Run # 1 2 3 4 5 6 7 B Average
Date 30.10.09 05.11.09 10.11.09 19.02.10 22.02.10 31.03.10 21.04.10 19.07.10
Length (h) 6.0 6.6 5.6 3.0 2.9 41 5.6 3.2

H»0, volume (mL) 180 180 180 300 300 300 300 300

[H205] (%) 5 5 6 5 5 6 6 6

[SO,] (ppm) 7.6 7.6 7.6 0.35 0.35 0.13 0.39 2.0

S0, flow rate (sccm) 1022 1022 1022 1700 1700 1700 600 510

Gas Temperature RoomT RoomT RoomT RoomT Room T 40°C RoomT Room T

f 0.57 0.83 0.58 0.61 0.66 0.60.11
8343, 1st bubbler 14.3+2.1 9.6:35 8.77.8 12.5:15 11.4:24 11.5:1.3 11.10.8
8345, 2nd bubblér  3.2£1.8  8.9:35 3.200.9 4.3t55 5422 3.7240.7
8343, product 10.1+2.8 9.3+49 6.6t7.9 9117 87460 92825 11.H32 9.1H1.0 9.2+0.7

o34 1.017 1.016 1.011 1.015 1.015 1.015 1.019 1.016 101601

1 Measured by traditional duel-inlet isotope ratio mass spectrom@imy et al, 2006. 2 All values are corrected for the initial isotopic composition of +1.25%round from
§34S0t = (5343p1 + f~5348p2)/(1+ f) for samples where the bubblers were measured separately.

10000 Table 3. Fractionation factors at 19C for the aqueous oxidation of
SO, by radical chain reaction initiated by Fep@8, bulk solution
(from temperature-dependent regression), ap®4A03 and only

O3 in aerosol droplets.

99.9% limit:
u+3.090

100

peak from
BaSO, signal  significant Oxidant w34 lo ®33 lo

signal: H,0, 1.0151 0.0013 1.0071 0.0016

1l >fC9 O3 1.0174 0.0028 1.0157 0.0022
Hp0p/03  1.0118 0.0040 1.0048 0.0019

radical chain  0.9894 0.0043 0.9928 0.0022

back-
ground:
pu=4.48
0=248

Number of spots

|
0 10 20 30 40 50

Height of EDX signal used to quantify BaS§ The quantity of sulfate measured
in sulfur channel for a sample with the two methods has an average uncer-
tainty of 40 % and shows no systematic offset. The sulfate
Fig. 4. Frequency of signal height in the sulfur channel of an auto- production in each experiment is an average of at least two
matic EDX analysis of BaSgon a gold-coated filter. The measured qplicate samples both measured with the two methods. The
signal for the sulfur channel is shown in blue and the Gaussian fit tjt of detection for quantification is the amount of sulfate
the contribution from the gold peak is shown in red. when only one point shows a significant signal, and thus it
depends on the total number of points taken. For most sam-

- ples 10000 EDX points were measured, giving a detection
above the 3.09 limit was subtracted, and the number of limit of 0.2 nmol of sulfate, or 0.18 ppbv at the typical flow

points with a significant sulfur signal was defined as: rate of 600 SCC.

n(x >bcg =n(x > n+3.09%)—0.001n(total)] 16
9 o ) ( (16) 3.5.3 NanoSIMS

The Gaussian curve does not always fit cleanly to the data.

For samples where the area coverage is significantly less thafihe sulfur isotopic composition was determined with the
25 %, a second estimate of the Bmit can be approximated Cameca NanoSIMS 50 ion probe at the Max Planck In-
by Qu + 1.726(Q — Q), where @ and Q are the upper and stitute for Chemistry in MainzHoppe 2006 Groener and
lower quartiles of the raw signal for the element of interest. Hoppe 2006. The NanoSIMS 50 has a high lateral resolu-
This has previously been used to define the background of ation (<100 nm) and high sensitivity and can simultaneously
SEM-EDX signal for a similar quantification method/ip- measure up to five different masses through a multicollection
terholler, 2007 Stoyan 1998. EDX points with the signal  system, allowing high precision analysis of the small sample
for both barium and sulfur above the background are thermguantities &1 mg) required for this study. The use of this
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instrument to analyse sulfur isotope ratios is described in de- 1.02 -

tail elsewhere \(Vinterholler et al. 2006 2008, and only a Oxidant:

brief description will be given here. 1| ®Fero, + P
BaSQ, is analysed directly without further processing 1.014 2:282/0 /§0?

after it is collected on gold-coated filters as described in .OZ e §/

Sect.3.1 A ~1pACs" beam is focussed onto-a100 nm a 1 -

sized spot and rastered in a 2 géghum grid over the grain 33 ///

of interest. The ejected secondary ions are carried into the Ly e

mass spectrometer and multicollection system. Each mea- ) -7

surement consists of 200—400 cycles of 4.096 s duration pre- _ 7—/¥—<

ceded by varying lengths of presputtering until the gold coat- 0.994~

ing is removed and the count rate is stable. Presputtering

is carried out on an area of at least 10xh® um to avoid 0‘99 ' % ' : ‘01 ' : ‘02 '

crater effects in the analysed area. Secondary ioRé®f,

825~ 335~ 345~ and 365~ were simultaneously detected a,,

in five electron multipliers at high mass resolution (AM

>3900 for®3S). The detector dead time is 44 ns and the countrig. 5. Fractionation factors at I for the aqueous oxidation of

rates were corrected accordingly. The energy slit was set at 80, by radical chain reaction initiated by Fep8, bulk solution

bandpass of 20 eV and the transmission was set at 15-20 %rom temperature-dependent regression), an@4#03 and only

with the fifth entrance slit (12100 um) and the fourth aper- Ogin aerosol droplets. Error bars are the dtandard deviation and

ture slit (80x80 um) in order to reduce the effect of quasi- MDF is the mass-dependent fractionation line.

simultaneous arrival (QSASlodzian et al(2002).
Mass-dependent and mass-independent instrumental ma

fractionation (IMF) can occur at several stages of the SIMS
a measurement artefact as only two samples were measured.

analysis, so the IMF correction factor in each measure-; . ;
S ; . . . S measurements with the NanoSIMS are more uncertain
ment session is determined with the commercially available

34 i i .
BaSQ, isotope standards IAEA-SO5 and IAEA-SO6. Cor- than=*S measurements. They can be systematically inaccu

. o . rate on a individual filter due to factors such as a change in
rection for the quasi-simultaneous arrival (QSA) effect was_,_ . 5

. . . the interference from2SH between the sample and the stan-
carried out as described I8lodzian et al(2004), however

a factor of 0.75 rather than 0.69 was used as this minimiseéjard; thus they are only reliable if a larger number of samples
the dependénce on count raté best for these samples are measured. The radical chain reaction, which has a frac-

. . ._tionation factor otxz4 = 0.9894+0.0043 at 19C, is the only
The number of counts is assumed to follow a Poisson dis- . T .

- . o . measured aqueous reaction to favour the light isotope. This
tribution, so the counting statistical erroréu, i.e. the rel-

. : . . agrees relatively well with measurements®gitzman et al.
ative error Is lﬁ (Beylngton and Robmsorls_agal. .Some (1983, where a fractionation factor of 0.996 for oxidation of
spot-to-spot variation is also seen between individual mea;

surements on a filter, most likely due to topographic effectsHSO3 by dissolved @ was indicated by laboratory experi-

: . ) . ments.
or nanoscale inhomogeneity. Thus, at least five grains on

each sample filter were measured, and a weighted averagge 1 Isotopic fractionation during SO; collection

was calculated using &7 for the weighting function, where

o is the counting statistical error of individual measurements.SQ, was collected by bubbling through a solution of®3,

To calculate the overall measurement uncertainty the error ofvhich oxidises the S(IV) to sulfate. The collection is not

the weighted mean is multiplied W for x2>1inorder  complete, and as1 % of SG is oxidised it can no longer be

to account for the larger uncertainty introduced by the spot-considered an unchanged reservoir. Thus the isotopic com-

to-spot variability. The counting statistical error was typi- position of the product depends on the value of the kinetic

cally 1-2 %o and the overall error for each sample 2-5%.. fractionation factorr (= k34/ k32) and the fraction of reactant
remaining, as described by the Rayleigh fractionation laws
(Mariotti et al, 1981, Nriagu et al, 1991). Equation (2)

4 Results and discussion from Sect.3.2.3can be used directly for the first bubbler,
and adapted to represent the second bubblers in series:

In[l—(l—f) ’;’23]
The fractionation factors during aqueous oxidation B¥b] azx= 2
Oz and radical chain reaction initiated by Fe are shown in Inf)

Fig. 5 and Table3. All oxidants other than @produce mass- whereas is the value ofxz4 calculated from the second bub-
dependent fractionation, and the deviation from the massbler, f is the fraction of reactant (S remaining andrg,

a‘cépendent fractionation line seen fog @ almost certainly

4.1 Aqueous oxidation

(17)
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and Rp, are the isotope ratiod*Sf?S for the initial gas 20 -

B 40°C
and the product of the second bubbler respectivety, is S lowflow
the initial isotopic composition entering the second bubbler, _5 { e
that is, the residual SOremaining after the first bubbler: C 101-¢-¢-- i -9--[-&-@-
Ry =Rofo1~1. % 10l Y —rl @+ z
. - . v} =

The collection efficiency1l— f) must be known to find S o4 measlured L, Z
from these equations. Grains can flake off the filter during u by duel-inlet S
handling when a large amount of product is present (i.e. a S i IR-MS L >
layer rather than individual grains), leading to greater losses > 10 v
from the filter from the first bubbler as it has more product. _‘c% | 098
Thus quantification by SEM-EDX as described in S8c%.2 > L
does not give an accurate value ffr Gravimetric determi- o 20 T T T T T T T 1
nation of f is not possible due to the interference from co- T2 3 456 7 8Avn 4 &34g
precipitated BaGland the very small quantities of sulfate on Experiment Number @ &3S

the second filter. The fraction of S@emaining was there-

fore Qetermined as the value that would give an eqzubir Fig. 6. Fractionation introduced during collection of $@ H,0,

the first and second collectors, found for each experimentolution. The duel-inlet IR-MS sample was measured as described
by iteration with Eqgs.12) and (L7). The weighted average in Ono et al.(2006. The shown data of experiments 1-7 are the
of the individual values shows that 39 % of £ collected weighted averages of individual NanoSIMS measurements, while
per bubbler. The total collection efficiency of two bubblers in the horizontal dashed lines and the two data points at the right side
series is 63+11 %. A higher concentration of® may be show the weighted averages of all experiments. Error bars are the
expected to improve collection efficiency, however this wasle Standard deviation.

not possible as it resulted in destruction of the gold-coating

on the filters during filtering to collect Bag0 shown in Fig.7 (except those for Sglig) <> SOx(aq)) shows
Equations 12) and (L7) were then used to find for each  that:

bubbler measurement. The reaction conditions and results

are shown in Tabl@ and Fig.6. The weighted averagess  aq= (1.0167£0.0019 — ((8.7£3.5) x 10°)T (18)
is 1.0160+0.0013 at ©C, which results in a produd®*S
change of +9.2+0.7 %o following the two bubblers. This is
consistent with expectations for aqueous oxidation b@H
(Eriksen 19723 Egiazarov et a).1971) and is robust over
a large range of flows and SGoncentrations. The gas ) o
temperature does not affect the measured fractionation sinc 0151+ 0'001.3)' T_h|s sh(_)ws t_hat droplet-specific effects
the collector is held at €C and the quantity of gas passed 0 not affect isotopic fractionation, and thus the results of

through the sampling system is not sufficient to change thé)u”( phase experiments are relevant to atmospheric reactions,
temperature within the collection system which will primarily occur in droplets. The droplet measure-

M ts 08%3S by NanoSIMS ments have a larger uncertainty, which is due to small varia-
. easur%Ten S 0 y Nanosivls aré moreé UNncer- yi,nq in reaction conditions, particularly relative humidity.
tain than§°?S due to counting statistics. The measured

. o . . The previous studies do not consider oxidation to S(VI
a33is 1.007+0.002, which is not significantly thfergnt from (see Egs. £~(8)), and comparison of the measured fr(ac_)
the value expected for mass-dependent fractionation (MDFiionation can show which stages of the reaction are most
a33lazq=0.515, t-test,P = 0.05). The mass-dependent na-

f the fract . firmed by the high . important for isotopic fractionation. Chmielewski et al.
B B e e B oo 2009 andEicon (1972) consicer orly e cquibr
y SOx(aq) and measure a much lower fractionation
A33S=0.05 %o. The change i#**Sso, and§33Ss, due to O2(9)<>SCu(aq)

: ; . : i actor (@ =1.00256 at 10C). This shows that physical phase
reactions of interest in all other experiments can be isolate

N . . . transfer is responsible for only a small part of isotopic frac-
by considering the measured fractionation due to COlleCt'ontionation and protonation and acid-base equilibria in solu-
and the initial isotopic composition. §

tion cause the majority of fractionation for the §@)—S(IV)

(aq) system.

4.1.2 Temperature-dependence of fractionation during The results of Egiazarov et al.(1971) and Eriksen
oxidation by H202 and O3 (1972ab,c,d) compare well with the results of the present

study, although these earlier studies both consider only the

Several previous studies have considered the fractionatioequilibrium to S(IV) in solution while this study includes

during aqueous Sfoxidation and the combined results are oxidation to S(VI). This shows that the terminating oxida-

presented in Fig7. The weighted linear fit to all points tion reaction has a negligible effect on isotopic fractionation,

whereT is the temperature in degrees celsius. There is no
significant difference between thg, at 19C measured for
H202/03 (o34 =1.0118+0.0040) and @ (a34=1.0174+
0.0028) in droplets and the bulkJ®, measurementsfs =
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SO, (g) = sulfate (ag) (this study): 1,02 tem would be needed to fully resolve isotopic effects for each
O H,0, bulk | N> step in the pathway from sulfate.
H.0, bulk, IR-MS A Pe P P y S) —
® H,0,/0, indroplets 1.015 : ; i
@ 0, oxidation - 4.2 Gas-phase oxidation of S@by OH radicals
S0, (g) = S(V) (aq): 0L34 - e .
o Egiazarov, 1971 1.01 7 4.2.1 Quantification of interferences
Eriksen, 1972 iy
50, (g) =50, (aq): 1.005 - Before calculating fractionation factors for $@xidation
= Chmielewski, 2002 ] = by OH radicals, a consideration of interferences from back-
Eriksen, 1972 14 " ground sulfate is necessary. Possible interferences are sul-
fate impurities in reagents, direct photolysis of S@nd re-

Temperature °C) o 40 80 action in the gaseous or aqueous phase with oxidants such

as B0y, HO, and G, which are also generated during the
Fig. 7. Temperature dependence of fractionation during aqueougphotolysis of water Atkinson et al, 2004. SO, photolysis
oxidation of SG by H,O, and G;. Error bars are thed standard ~ can follow a number of pathways under UV ligtitafquhar
deviation. et al, 2001). The wavelength-dependent quantum vyield of

the different pathways is not well known and the fractiona-

tion occurring is not well-constraineégérquhar et al200%;
explaining why HO, and G produce the same fractionation Lyons 2009. The gas phase reactions of 5®@ith photo-
factors despite very different mechanisn&ayarino et aJ.  chemical products other than OH are very slotk{nson
2000. Eriksen(19723 considers the equilibrium between et al, 2004, however oxidation on glass surfaces with ad-
1M NaHSQ at low pH as acid is constantly added to the sys- sorbed water could lead to sulfate production.
tem, thus the concentration of §Owill be negligible. The The trace sulfate content present in the MilliQ water used
experiments oEgiazarov et al(1971) consider the equili- to rinse the product sulfate from the collectors was tested by
bration of 3 M NaHSQ@ at pH~4, so unlikeEriksen(19723 adding BaCJ to 500 mL of MilliQ water. The BaS@was
these results will include some equilibration toSGas well  then collected and quantified in the SEM. The effect of this
as significant production of®% . The fractionation factor ~ blank (1.6:1 g L~1) on the measured sulfate concentration
measured byEgiazarov et al(1971) (o =1.0173£0.0003 at  Was then converted to mol of blank per mole of sulfur pro-
25°C) is slightly higher than the fractionation factor mea- duced during the experiment based on the volume of MilliQ
sured byEriksen (19729 («=1.01033:0.00041 at 23C),  used to wash the collectors and the quantity of sulfate pro-
suggesting that equilibration towards higher-pH forms of duced in the individual experiment. The interference from
S(IV) introduces a further enrichment 8fS. The rate of  sulfate impurities in MilliQ water contributed 6 % by mass
S(IV) oxidation by Q increases by several orders of mag- of the total sulfate at-25°C and less than 2.5 % of sulfate
nitude as the pH increases above B®tha et al. 1999, for all other temperatures. The equivalent in ppbv based on
and the fractionation factor measured fog @ this study  the average volume of MilliQ used to wash the collectors and
(¢ =1.0174£0.0028) is slightly higher than that measured the quantity of sulfate produced for an 8-h experiment con-
for H,0, oxidation ¢ = 1.01510.0013), supporting the hy-  sidering flow rate, concentration temperature and pressure is
pothesis that equilibration to higher pH increases fractiona-shown in Fig.2.
tion, while the terminating oxidation to £may have little Oxidation by photochemical products other than OH, such
effect on isotopic fractionation. Results investigating the iso-as HO,, HO, and G, was tested with Reactor 2, which
topic effect of flue gas desulfurization provide another valuepassed water vapour through UV light but did not produce
of the fractionation factor at high pH for comparisdderda  detectable OH at the reaction point. A numerical simula-
et al. (2007 measuredrs4 of 1.0026 for aqueous oxidation tion (Facsimile model, MCPA Software, Ltd.) of the chemi-
in a wet lime solution producing gypsum (the fractionation cal processes involved was run to investigate the species that
factor has been adjusted to have the same definition as thaould be present in the reactor following the photolysis of
present study). This would provide a first estimate for thewater, and may oxidise SOThe species produced by Reac-
isotope fractionation during oxidation in an alkaline solution, tor 1 for the photolysis of water in synthetic air to generate
but meaningful comparison with the results obtained in thell ppbv OH followed by immediate mixing with 1 ppm $0O
present study is difficult, since an industrial scale process isire shown in Fig8.
not comparable to the carefully controlled environment of a Direct photolysis of S@was measured by adding humid-
laboratory reactor, and the process temperature has not beéy 10 cm after the lamp, to ensure the water was not pho-
reported byDerda et al(2007). The difference between mea- tolysed while allowing the reaction SG- H,O — H>SOy
sured fractionation during oxidation bys@nd HO; in this to occur. This was done with both Reactors 1 and 2 so that
study is not significant considering the experimental errordirect photolysis of S@and reaction with other lamp prod-
and a more detailed study of the pH-dependence of this sysucts, discussed in the previous paragraph, could be separated.
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< 10000 03 Table 4. Temperature dependent fractionation factors during the
'8_ 1000 gas-phase oxidation of Sy OH radicals.

£ 100

8 10 \Hoz TCC) n a3q lo 33 lo

b= 1 HO stO4 -20 2 1.0095 0.0013 1.0034 0.0014

E 0.1 202 2 3 1.0088 0.0030 1.0053 0.0012

g o001 19 4 10113 0.0024 1.0053 0.0049

§ 0.001 0 OH 38 3 1.0052 0.0028 1.0034 0.0009

0.1 1 10 100 .
Time (milliseconds)

Fig. 8. Facsimile model of potential oxidants and $04 produced 4
as 11 ppbv OH is generated from the photolysis of water in 20 %

oxygen and mixed with 1 ppm SCat atmospheric pressure. 10 P
lia) ~
L) /J

The rate of pyrrole photolysis was measured to be the same 0 I
for both reactors, so it can be assumed that the photolysis i
of SO, is also comparable between the two reactors. Direct
photolysis was measured with both the standard Hg lamp, -10 L s R S S

which produces 185 and 254 nm lines, and with anf@e 0 10 20 30 40

Hg lamp, which emits only the 254 nm line. The whole re- &3S

action system was also run with no lamps switched on to

measure the quantity of sulfate oxidised by trace compoundgig- 9. Isotopic c_omposition of in_terferences in the reaction 0hSO
in the water or glass walls. The quantification of these inter-2"d OH. See Fig2 for explanation of legend numbers. Aq. ox.
ferences is shown in Fi@. No sulfate was measured when shows the isotopic composition of the products of aqueous oxida-
SOy was run through the reaction system in the absence o?on by HpO; or O. Error bars are thedl standard deviation.
humidity.

N
o
|
\ {
\
2\
D\
\
* 0 o ¢ >
o\ wN L

The quantity of sulfate produced under UV light does background sulfate varies with the vapour pressure of water,
not significantly differ between Reactors 1 and -fi2e it can be assumed the background sulfate reaction is ague-
or normal Hg lamps, and whether humidity is passed overous oxidation due to an impurity in the water or an oxidation
the lamp or not. Thus, all experiments with UV light were reaction in an HO surface layer on the glass walls of the col-
combined to find a background of 0-60.40 ppbv sulfate lector. As the fractionation for aqueous oxidation has a much
in the absence of OH radicals at room temperature. Thdower uncertainty due to the large number of measurements
guantity of sulfate produced in the absence of UV light and its temperature dependence is known, it can be used to
was 1.04:0.10 ppbv, i.e., compatible with the former value correct for the background in the $@ OH reaction.
within errors, and thé3S values of the products in exper-
iments with irradiation are not significantly different from 4.2.2 Isotopic fractionation during the gas-phase
the §34S of the products in the absence of UV light (F®y, oxidation of SO, by OH radicals
thus the background sulfate is not due to irradiation. The
quantity of sulfate collected in the absence of OH radicalsThe oxidation of S@ by OH radicals in the gas phase was
was found to have an exponential relationship to temperameasured at four different temperatures in twelve individ-
ture and thus was proportional to water vapour pressure. Theal experiments. The results are presented in Tatded
measured temperature dependencies of sulfate quantity fdri9- 10. The correction for aqueous background oxidation
no OH and OH experiments were adequately described bS described in Sect.2.1has only a small effect on the re-
exponential curves and the fits were used to quantify thesults as it accounts for less than 25 % of sulfate production.
percentage contribution of the background to the total sul-The weighted fit to all points gives a temperature-dependent
fate at each experimental temperature. The reaction of infractionation factor foP“s of:
terest, S@ + OH, contributes between 77 and 85 % of the 5
total collected sulfate, depending on the reaction temperaqOH=(1'008&t0'0007)_((4i5) x107)T (19)
ture. As the average isotopic composition of the backgroundrpe measured fractionation factor f3S is
(83*S=13.0£1.5%0) is consistent with that expected from
aqueous oxidations$*S = 15.11.3 %0), and the quantity of aon = (1.0043£0.0010 + ((1+4) x 10°2)T (20)
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1.015 phase oxidation is lower than that for aqueous oxidation,
% in agreement with the results of this study. Observations
that sometimes*Ssq, <834Ss, have previously been sug-
gested to show thatoq <1, however the results of this study
1.005 1.01 point to a dominance of transition-metal catalysed oxidation
for these samples. Seasonality is not a direct measurement of
1 § L] é 1.005 oxidation and fractionation but reflects changing sources and
: (133 oxidation pathways as well as lifetime and removal mech-
anisms such as dry and wet deposition. Hence, in order to
estimate fractionation factors from seasonal data, seasonal
changes in oxidant concentrations, local sources and climatic
‘ ‘ ‘ conditions would need to be considered very carefully.
-20 0 20 40 The 534S of stratospheric sulfate aerosol has been ob-
Temperature (°C) served to first increase and then strongly decrease in the
months following the eruption of Mt. AgungC@astleman
Fig. 10. Temperature dependent fractionation factors during theet al, 1974, consistent with stratospheric oxidation favour-
gas-phase oxidation of Sy OH radicals. Pale points represent ing 3*S and progressively depleting the S@servoir. This
individual experiments while dark points with error bars are the av-was suggested to show that oxidation by OH favours the
erage and & error of the mean at each temperature. heavy isotope, as OH is normally the dominant stratospheric
oxidant for SQ (Leung et al.2007). However, strong\33S
signals found in ice core records of volcanic sulfate of the
This is not significantly different from the fractionation of same event suggest photochemical oxidation is the domi-
335 predicted from a mass-dependent relationshi}$o nant process producing these aerosols: The huge amount of
Ab initio calculations using transition state theory for the SO, released during the eruption depletes the stratosphere
reaction SQ + OH — HOS(G, by Tanaka et al(1994 esti-  of OH which means oxidation pathways, such as photolysis,
mated a fractionation factor fof'SP2S of 0.991, similarin  which are normally not important in stratospheric ;S6xi-
magnitude but opposite in direction to the fractionation fac- dation can begin to have a significant effegayarino et aj.
tor measured in this studyLeung et al.(2001) calculated  2003ab,c; Baroni et al, 2007, 2008. The contribution of OH
the fractionation factor to be 1.14 based on RRKM theory.and other oxidation pathways to oxidation of S0llowing a
They found that although the positive difference in critical stratospheric volcanic eruption are not well constrained, thus
energies of the transition states would lead to a fractionatiormeasurements from these eruptions are not reliable indica-
factor of <1, this is overcome by the denser vibrational man- tors of the magnitude and direction @.
ifolds of the3*S transition state. However, the authors state Interglacial-glacial changes inl7O of ice core sulfate can
that even considering the uncertainties in all parameters usegrovide information on the oxidation pathways of sulfur due
they predict a fractionation factos 1.07, almost 10 times  to the largeA'’O signal in @ and the smaller but signif-
larger in magnitude than the factor measured in this studyicant A1’O signal in HO, (Sofen et al. 2011, Alexander
Even a fractionation factor of 1.07 rather than 1.14 is sig-et al, 2002 2003 Savarino et a).2000. Transition metal-
nificantly larger than the variation observed in atmosphericcatalysed oxidation by and gas phase oxidation by OH
samples (e.gNorman et al(2006; Novak et al.(2000), so  both result inA1’O very close to 0 %o l(uz and Barkan
itis likely that RRKM theory can accurately predict only the 2005 Sofen et al.2011). The A17O of ice core sulfate was
direction and not the magnitude of this isotope effect. Thislarger in the surrounding interglacials than in the last glacial
is in agreement with recent results franim et al. (2011) and period, showing that oxidation by4®, and G was propor-
Hattori et al.(2011), which found a similar overprediction of  tionally more important in the interglacial periods. TH#S
the sulfur isotopic fractionation during the photolysis of OCS of sulfate was measured to be lower during glacial periods

1.01
a34

* 34S
(] 335 0.995

by RRKM theory Leung et al.2002. than surrounding interglacials\exander et a).2003. It has
been suggested that this shows a progressive depletf®ds in
4.3 Comparison to previous studies during transport of S@from lower latitude source regions,

based on theon of > 1.07 fromLeung et al(2001). How-

A number of studies have used field measurements to estiever, the results of this study suggest that the fractionation
mate the value of the fractionation factors for S@xida- signature is directly transferred to ice-core sulfate, and in-
tion. Atmospheric measurementsé@i"sso4 and 6348504 — creased oxidation by transition metal catalysis due to higher
5348502) are often lower in summer than in wintevigkai abundance of windblow dust could account for the lower val-
et al, 2001, Mayer et al, 1995 Saltzman et a].1983. Ox- ues ofs3*S measured in glacial periods. Considering the pre-
idation by OH is expected to be highest in summer and thisndustrial partitioning between the sulfate production path-
may therefore show that the fractionation factor for gas-ways fromSofen et al(2011) and the fractionation factors
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Fig. 11. A summary of sulfur isotopes and the continental sulfur cycle. Fractionation factors are showfGoiEL8ission quantities for
the different sources are taken fr@ofen et al(2011) ands34s values of sources are froRees et al(1979, Krouse et al(19917), Nielsen
et al.(199]) andSanusi et al(20089.

measured in this study, the overall preindustrial change irand NanoSIMS measurement error contributes the major un-
§34S between S@and product sulfate would be +5.5%.. certainty in the results. NanoSIMS analysis allowed the reac-
Alexander et al(2003 saw a decrease #7*S,,; of ~3%o tor and collection system to be developed and the reaction to
during glacial periods, which would mean a changéts be thoroughly investigated for interfering reactions; the next
between S@and product sulfate of +2.5%. if sources were step in laboratory studies of these fractionation factors would
unchanged. Oxidation by transitional metal catalysis wouldbe to increase the sulfate production capacity of the system
need to increase from 8 % to 35 % of the total sulfate produc-o allow traditional measurements with high precision, such
tion to account for this change if the proportions of sulfate as isotope ratio mass spectrome®no et al, 2006.

produced from the other oxidation pathways and the over- The fractionation factors presented in this paper will allow
all sulfur budget remained the same. A 10% increase instable sulfur isotopes to be used to understand the partition-
transition-metal catalysed sulfate production was modelledng between these pathways in atmospheric samples, particu-

for the pre-industrial to industrial periods [§ofen et al.  larly if A1’O of sulfate is also measured allowing differenti-
(2011, thus a 27 % increase due to much higher dust loadsation between oxidation by 4@,, O3 and all other oxidants.
in glacial times is not unreasonable. The combined effect of uncertainty and variation in the iso-

topic composition of sources and fractionation during oxi-

dation means field studies need to simultaneously measure
5 Conclusions both SGQ and sulfate isotopic composition to gain insight

into the sulfur cycle. Combining modelling with field stud-
jes of sulfur isotopes in the atmosphere can then use these
%ractionation factors to gain an increased understanding of

the sulfur cycle and its effect on radiative forcing, aerosols

and a radical chain reaction initiated by Fe. The fractiona—a_lnd C_IOUd condensation nu_clel. Base_d on the unique frac-
tion factors for these oxidation pathways are now well con-tionation factor of the reaction, sulfur isotope ratios will be
strained compared to the previous estimates. A summary diaparticularly useful to constrain the importance of transition

gram of the main processes in the continental sulfur cycle an&ne_tal-catalysed sulfur d'.OX'de oxidation in the :?ltmqsphere,
the fractionation factors involved is shown in FilL Iso- which was the only reaction found to favour the light isotope

topic measurements can now be used to constrain the dont” the current study.

man.t oxidation pathway in enwronmgntal samples by _eX'AcknowIedgementSNe thank Elmar Giner for his support with
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