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Abstract. The oxidation of S@to sulfate on sea salt aerosols sea salt in the short experimental timescale, highlighting the

in the marine environment is highly important because of itspotential importance of hypohalous acids in the marine envi-

effect on the size distribution of sulfate and the potential forronment.

new particle nucleation from 604 (g). However, models The sulfur isotope fractionation factors measured in this

of the sulfur cycle are not currently able to account for the study allow differentiation between the alkalinity-limited

complex relationship between particle size, alkalinity, oxida- pathways — oxidation by 9and by CI catalysisazs =

tion pathway and rate — which is critical as S@xidation by ~ 1.0163+ 0.0018 at 19C in pure water or D199+ 0.0024

Oz and Cl catalysis are limited by aerosol alkalinity, whereasat pH =7.2) — which favour the heavy isotope, and the alka-

oxidation by hypohalous acids and transition metal ions carlinity non-limited pathways — oxidation by transition metal

continue at low pH once alkalinity is titrated. We have mea- catalysis ¢34 =0.9905:0.0031 at 19C, Harris et al, 20123

sured34S2s fractionation factors for Soxidation in sea  and by hypohalitesaz4 = 0.9882+0.0036 at 19C) — which

salt, pure water and NaOCI aerosol, as well as the pH deperfavour the light isotope. In combination with field measure-

dency of fractionation. ments of the oxygen and sulfur isotopic composition 06SO
Oxidation of SQ by NaOCI aerosol was extremely ef- and sulfate, the fractionation factors presented in this paper

ficient, with a reactive uptake coefficient 6£0.5, and may be capable of constraining the relative importance of

produced sulfate that was enriched 38S with aocl = different oxidation pathways in the marine boundary layer.

0.9882+0.0036 at 19C. Oxidation on sea salt aerosol was

much less efficient than on NaOCI aerosol, suggesting alka-

linity was already exhausted on the short timescale of the; |ntroduction

experiments. Measurements at pH=2.1 and 7.2 were used

to calculate fractionation factors for each step fromy@® 1.1 The sulfur cycle in the marine boundary layer

— multiple steps— SO§‘. Oxidation on sea salt aerosol

resulted in a lower fractionation factor than expected for ox-Sea-salt aerosol is the dominant form of aerosol in the ma-

idation of S(j‘ by Oz (0seasai= 1.0124:0.0017 at 19C). rine environment. The potential for heterogeneous oxidation

Comparison of the lower fractionation during oxidation on of SO, on sea salt aerosol was first appreciated when am-

sea salt aerosol to the fractionation factor for high pH oxi- bient measurements showed that excess non-sea salt sulfate

dation shows HOCI contributed 29 % of S(IV) oxidation on (nsssulfate), particularly in coarse particles, could not be ex-

plained by homogeneous oxidation and in-cloud processes
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4620 E. Harris et al.: Sulfur isotope fractionation during oxidation of SO, on sea salt aerosol

alone Sievering et al.1997). Oxidation of SQ in sea salt however observations and models show that this pathway

aerosol can reduce marine boundary layer (MBLL®0Nn-  will account for <1 % extra sulfate production in the am-

centrations by up to 70 %, limiting gas phase production ofbient environmentfander et al.2004 Keene and Pszenny

H>SOy and thus reducing or preventing new particle nucle- 2004 Alexander et al.2005 von Glasow 2006. As none

ation and CCN productionQhameides and Stelsph992 of these mechanisms can adequately explain observations of

Katoshevski et al1999 Alexander et a].2009. Sulfate pro-  sulfate production compared to alkalinity, it is likely an oxi-

duction on sea salt aerosols shifts the sulfate size distribuelant other than ®is playing a significant role in the MBL.

tion towards coarse particles, leading to faster removal from Several reactions have been identified that may be as or

the atmosphere, while having a relatively small effect on themore important than oxidation bysJor sulfate production

CCN activity of the hygroscopic sea salt particl&hémei-  on sea salt aerosols in the marine boundary layer. Oxidation

des and Stelsqrl992 Sievering et al.1995 von Glasow by HoOz is believed to be unimportant and contribute4%

20069. The effects of heterogeneous S0xidation on the  of nsssulfate Gurciullo et al, 1999. Transition metal ions

sulfur cycle in the MBL are particularly important due to the and radicals such as &g Br-, -OH and Cl can initiate rad-

low albedo of the ocean and the strong climatic effect of ma-ical chain reactions in which SQs oxidised by Q (Zhang

rine clouds yon Glasow and Crutze2004). and Millerg, 1997). In a chamber study with sea salt and pure
There are a number of different pathways by whichbSO NaCl aerosolsHoppel et al(2001) saw production of sulfate

can be oxidised on sea salt aerosol. Oxidation can occur dibut no uptake of ozone. They proposed that oxidation catal-

rectly on deliquescent aerosol, or in clouds when sea salysed by Cl, which is second order in [S(IV)], is the dom-

aerosol has acted as a CCN. Ozone is thought to be one a@fiant oxidation pathway in the MBL at high S@oncen-

the most important oxidants in the MBIChameides and trations Hoppel and Caffrey2005. However, oxidation by

Stelson1992 Sievering et a].1995. However, oxidation by  Cl- catalysis, like oxidation by &) is strongly pH dependent

ozone is strongly pH dependent and self-limiting as aerosolnd limited by alkalinity. Oxidation by hypohalites and hypo-

becomes acidified following sulfate production. The amounthalous acids (H¢) is not limited by alkalinity and may be the

of sulfate generated by this pathway is therefore constrainedmissing” oxidation pathway in MBL models/én Glasow

by the alkalinity of the aerosol and the concentration of other2006, although at low pH HOCI and HOBr are converted to

gases, such as HNOwhich also titrate alkalinityGhamei-  Cly, Bro or BrCl according to IUPAC, 2009:

des and Stelsgri992 Zhang and Millerg1991 von Glasow

and Sanderz001; Hoppel and Caffrey2005. Thus, Q can HOCI+H* + ClI~ — Cls + H,0 (1)

only efficiently oxidise S@ in sea salt aerosol in the first

10-20 min following emission, and oxidation bys@ccurs  Oxidation by HOBE is faster, however HOCI is likely to be

mainly in the lowest 50-100m of the MBL which leads the more important oxidant due to the relative abundances

to rapid deposition of the sulfate producéchameides and  of Br and CI (Troy and Margerum1991). von Glasow et al.

Stelson 1992 von Glasow and Sande200% von Glasow (2002 modelled oxidation in the MBL and found that under

and Crutzen2004. almost all conditions, HOCI — not £- was the dominant
Field measurements and laboratory studies commonly fingxidant for SG. However, the pH-dependent rate of halogen

that sulfate production is larger than would be expected frompxidation (eg. the rate of oxidation by HOCI compared to

the neutralisation capacity of sea salt aerosol estimated fronpc|-) is not well-constrained, although results suggest the

the alkalinity of bulk sea wateiSfevering et a.1999 Caf-  oxidation rate will increase at lower pktifn and Margerum
frey et al, 200]). Two explanations have been proposed: (i) 1988 Shaka et a.2007).

oxidants other than ©play a more important role than cur-

rently knOWn, and (ll) the alka“nlty of sea salt aerosol is 1.2 Sulfur isotopes in the marine boundary |a_yer

larger than the alkalinity of bulk sea water. As sea salt aerosol

form from bursting bubbles, they efficiently skim the surface The isotopic composition of sulfate in the environment re-
microlayer which can have high alkalinity due to cations as-flects its sources, transport and chemistry, so stable isotopes
sociated with organic molecules and biogenic skeletal fragof oxygen and sulfur imsssulfate can be especially use-
ments. This could provide up to 2.5 times additional alka-fy| to investigate the different oxidation pathways of S©
linity at typical marine sites, and-200 times more at es- the MBL. Sulfur has four naturally-occurring stable isotopes:
pecially favourable sitesSfevering et al.1999 2004. Fol- 325 33g 345 and36s. The isotopic composition of a sulfur
lowing sea salt aerosol production, shifting of the carbonatesample is described with the delta notation, which is the ratio
equilibrium with evaporation causes the alkalinity of sea saltof a heavy isotope to the most abundant isotdB8)(in the

aerosol to be somewnhat higher than bulk sea water, howevesample compared to V-CDT and expressed in permil:
this is insufficient to explain observed excess sulfate concen-

trations Gievering et al.1999. Laskin et al (2003 proposed ( n(*S) ) |
that interface reactions between OH (g) and surface chloridgrg — 2?9 4P _ 4 )
ions could also generate excess alkalinity in sea salt aerosol, (%%)V—CDT
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wheren is the number of atoms;S is one of the heavy factors for SQ oxidation during the major MBL oxidation
isotopes $3S or 34S) and V-CDT is the international sulfur pathways. Due to the relatively high pH of sea water and sea
isotope standard, Vienna Canyon Diablo Troilite, which hassalt aerosol, compared to, for example, polluted cloud water,
isotopic ratios of*Sf?S =0.044163 and’SP?S =0.007877  the first experiments presented consider fractionation during
(Ding et al, 2001). The kinetic isotope fractionation factor uptake of SQ@ to the aqueous phase and the subsequent acid-
() is represented by the ratio of the heavy to the light iso-base equilibria (Eqs? to 10). Following this, fractionation
tope amount in the instantaneously formed product dividedfactors specific to the various MBL oxidants are measured.
by the ratio in the reactant:

2.1 Experimental set-up

345)

(M2 ) product N _—

:"((:j:;—proucs (3) 2.1.1 Dependence of isotopic fractionation on pH
n
m)reactants

The pH dependence of isotopic fractionation during sulfate
Values ofuz4 can be characteristic for different reaction path- production by HO, was measured by oxidising $Qn
ways and will therefore be useful to investigate the differentbuffer solutions at high and low pHs. Two bubblers in series
oxidation pathways for S@in the marine environment. were used: the first bubbler contained buffer solution, along
The major sources of sulfate in the marine environment arawith 1% H,O, to oxidise SQ, and the second buffer con-
isotopically distinct: sea salt sulfate has*4S of 21%., Rees  tained 6 % HO, to collect residual S@as sulfate according
et al, 1978, marine biogenimsssulfate has @3S between  to Harris et al.(2012. 600 cn? min~! (at standard condi-
12 and 19%., Calhoun et a].1991, Sanusi et a.2006, and  tions of7 = 27315K, P = 101325 mbar) of 7 ppm S@gas
anthropogenic sulfur emissions are often lighter, although(Linde AG) in synthetic air (Westfalen AG, 20.5 %@ N»)
there is significant variation between sourcésofse et al.  was passed through the bubblers for 8-9 h. Two buffer solu-
1991 Nielsen et al.1991). Sulfur isotope fractionation dur- tions were used: The first buffer contained 0.1 Ry and
ing SO oxidation has not usually been considered in analy-0.1 M KH,PO4 and had an initial pH of 2.1, and the second
ses of MBL sulfate as the fractionation factors were not well buffer contained 0.1 M KPP, and 0.1 M KHPO, and had
known: a34 for gas phase oxidation of Sy -OH radicals  an initial pH of 7.2 Moore et al, 2005. The buffer concen-
and for aqueous oxidation by @, and Q have recently tration is>150 times in excess of the maximum acidity gen-
been reported bidarris et al.(20120, but the effect of het-  erated if all the S@was oxidised to sulfate, thus the buffer
erogeneous processes on complex environmental substratpsl will not change significantly during the course of the ex-
such as sea salt aerosol have not been measured. The resyiariment. The phosphate buffer system was chosen as it al-
of Harris et al.(2012h suggested isotopic fractionation dur- lows the pH to be held at two atmospherically-relevant val-
ing agueous oxidation may increase at higher pH, howeveues (pH~2 represents the lower boundary of typical cloud
the pH dependence was within the uncertainty of the meawater pH and can be reached in sea salt aerosol in highly
surements. Sea salt aerosols have much higher pH than typolluted areas, while the pH of sea water is 7.5-8ander
ical cloud droplets, thus the pH dependence of isotopic frac-and Crutzen1996 van Loon and Duffy 2000 without the
tionation will be particularly important in the MBL. large change in the chemical environment that would be in-
This study presents measurement$*&f°2S fractionation  troduced by using different buffer systems for the two pHs.
during SQ oxidation in sea salt aerosol and NaOCIl aerosol, Experiments at each of the two pHs were run in dupli-
and examines the role of pH, ozone and irradiation in de-cate. Following the experiments, Ba@las added to the so-
termining isotopic fractionation. These fractionation factors lutions from the bubblers to precipitate sulfate as BaS®e
allow stable sulfur isotope ratio measurements to be used tBaSQ; was collected on Nuclepore track-etch polycarbonate
investigate the contributions of different oxidation pathways membrane filters (Whatman Ltd.) with 0.2 um pores, which
to sulfate formation in the MBL, and may be patrticularly use- had been coated with a 10 nm thick gold layer using a sputter
ful in combination withA1’O measurements to determine coater (Bal-tec GmbH, Model SCD-050) prior to sample col-
the importance of alkalinity-limited pathways compared to lection. The BaS@was then analysed in the NanoSIMS as
alkalinity non-limited pathways. described in Seck.3. The reacted fraction was found from
isotope mass balance between the products and the reactants:

2 Methods

o 8%s; = £6%Ss0, + (1— )5**Ssutate @
The fractionation factors relevant to non-sea salt sulfate pro-
duction in the MBL were considered with a series of experi- wheref is the fraction of reactant (SPremaining and34S;,
ments, in which S@with a known isotopic composition was §34Sso, and §34Syrate are the isotopic compositions of the
oxidised to sulfate under various conditions. The sulfur iso-initial SO, gas, residual S@gas and product sulfate, respec-
topic composition of the residual S@nd the product sulfate tively. The sulfate generated could not be determined gravi-
was measured with NanoSIMS to determine fractionationmetrically due to interference from co-precipitated barium

www.atmos-chem-phys.net/12/4619/2012/ Atmos. Chem. Phys., 12, 4624, 2012
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Fig. 1. Experimental set-up used to investigate isotopic fractiona- ;EE 3 i ’ *\\ nNg
tion during the oxidation of S@by sea salt aerosol. Q ?3 1 e -2 30

phosphates. More than 5% of the S®@as oxidised, thus
the isotopic composition of the SOeservoir was affected

by the reaction and the fractionation factors must be calcu-
lated according to the Rayleigh equations, which describe the
relationship between accumulated product and reactant iso-
topic composition and reaction extemdriotti et al, 1981
Krouse and Grinenkd.991):

dV/dlogD,
(10° pm3® cm?3)

In R
LI ©
o34 = +
3= I
In(1— &(1_ ) Fig. 2. Size, surface area and volume distributions of aerosol pro-
o34 = Ro (6) duced from various solutions: synthetic sea salt solution is shown
Inf in blue, water is shown in orange and NaOCI solution is shown in

green. Individual points represent measurements while solid lines

. . show fits to a log-normal distribution before the aerosol was dried.
initial SO, gas, the residual S(yas and the product sulfate The log-normal fit following the dryer is shown as a dashed line.

respectwely a”‘?f Is the fraction of reactant remaining fol- The axis on which each aerosol type is plotted is indicated with
lowing the reaction. —

where Ro, Ry and Rp, are the isotope ratio¥'SA2S for the

2.1.2 Agqueous oxidation in droplets

SO, oxidation in agueous aerosol was measured with thregsrimm Portable Aerosol Spectrometer, Model 1.108) and
different solutions using the apparatus shown in Eigoure  a scanning mobility particle sizer (SMPS; TSI Electrostatic
water (LiChrosolv chromatography water, Merck GmbH), Classifier, Model 3080 coupled to TSI Ultrafine CPC, Model
synthetic sea salt solution and NaOCI solution. The pure3025A) are shown in Fig. The aerosol was passed through
water solution was used to measure the background (whea drier containing silica gel, which reduced the volume of
no oxidant was added) and to measure the fractionation facaerosol by 20 % for the sea salt solution ae@0 % for pure
tor from SQ oxidation by Q. Commercial NaOCI (reagent water and NaOCI solution, and shifted the size distribution
grade, Sigma-Aldrich GmbH) was diluted 1:20 to make thetowards smaller particles.
NaOCI solution with 0.5-0.75% active chlorine. The syn- 50cnmin~! of SO, gas (Linde AG, (102 2)ppm
thesic sea salt solution is described in the next section. in synthetic air) was added to the reactor along with
Aerosol was generated from the solutions with an atom-300 cn? min—1 of aerosol in N, 100 cnt¥ min~—! of humid-
izer built in-house: 2.5 bar N(Grade 6.0, Westfalen AG) ex- ified synthetic air (Westfalen AG, 20.5%,0n Ny), and
panded through a small orifice to form a high velocity gas jet100 cn min—! of extra synthetic air, giving a total flow of
which atomized the liquid as it was sucked up from a reser-550 cn¥ min—1, a relative humidity of~35%, and an S©
voir. Only fine spray leaves the atomizer as large droplets areoncentration of 9 ppm. The reactor was 55 cm long and had
removed by impaction on the wall facing the jet. PFA fit- a diameter of 8cm, resulting in a residence time for the
tings were used for all connections. The reactor was made oferosol of 302 seconds. The reacted aerosol was collected
steel and carbon-coated tubing was used to minimise aerosan a Nuclepore track-etch polycarbonate membrane filter
loss through electrostatic attraction. The size and volume dis{Whatman Ltd.) with 0.2 um pores. The filter was changed
tributions measured with an optical particle counter (OPC;every 1.5-3.5h depending on the accumulation of aerosol.

Atmos. Chem. Phys., 12, 4619631, 2012 www.atmos-chem-phys.net/12/4619/2012/
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Table 1. Experiments to investigate isotopic fractionation during experiments are summarised in Talblalong with abbrevia-
oxidation of SGQ on sea salt aerosd'lSOz flow was replaced with  tions that will be used throughout this paper.

synthetic air to measure sulfate in sea salt samples that had not been

exposed to S@ 2Collected directly on a gold-coated filter and anal-

ysed in the NanoSIMS without extracting to Ba§O 2.1.3  Seawater preparation

Abb. Soluton @ Irradiated Run  Length Synthetic sea salt was prepared accordindéster et al.
(hours) (1967 andMillero (1974). However, NaSQ, was replaced
waterA pure water  no no 1 7.8 with NaCl to avoid background sulfate in the solution, which
waterAO3 pure water  yes no 1 7.8 would complicate measurements of the isotopic fractionation
2 8.5 during sulfate production. The compounds used to prepare
ocl NaOCl no no 1 7.6 the sea salt solution along with their contributions to back-
2 7.6 ground sulfate are shown in Talle The sea salt stock solu-
OClirr NaOCl  no yes 1 7.7 tion, as shown in the table, was four times more concentrated
2 7.0 than actual sea water. Its pH was measured to be 7.7 and
ssaltblank sea salt no no 1 7.0 the alkalinity (approximated as 0.005[Ng Sievering et al.
2 3.2 2004 Chameides and Stelsd992 was 10 mmoltL. When
3 8.6 used for aerosol generation, this was diluted to be twice as
ssalt seasalt  no no 1 78 concentrated as normal sea water to represent the increased
2 8 concentration of atmospheric sea salt aerosol compared to
ssalto3 sea salt yes no 1 8 . .
5 7.9 sea water due to evaporation and other processes occurring
ssalto3dired  seasalt  yes no 1 03 during and after emissiorS{evering et al.1999. Follow-
2 0.3 ing drying the aerosol will be=3 times more concentrated
ssaltirr seasalt no yes 1 10.2  than sea water. Sea salt aerosols are commonly up to ten
. 2 8.4 times more concentrated than sea walam(der and Crutzen
ssaltirO3 seasalt yes  yes ) 1 . 87'0 1996, however this high concentration could not be achieved

in the system as precipitating salts then caused small orifices
to clog very quickly.

2.2 SEM analysis

Following each experiment, the filters were extracted for
30 min in an ultrasonic bath, rinsed, and extracted for anotheA LEO 1530 field emission scanning electron micro-
30 min. The rinses and extracts were collected and Bags scope (SEM) with an Oxford Instruments ultra-thin-window
added to precipitate sulfate as BaS@hich was then col-  energy-dispersive x-ray detector (EDX) was used to quantify
lected by filtration on to gold-coated Nuclepore filters. One the sulfate produced in the droplet experiments. The SEM
sample of sea salt aerosol § (3salt@, see following para- was operated with an accelerating voltage of 10 keV, a 60 um
graph) was collected directly on to a gold-coated Nucleporeaperture and a working distance of 9.6 mm. ‘High current
filter and analysed as untreated sea salt + sulfate particles, asode’ was used to increase the EDX signal and improve
this more closely resembles sea salt sampling in field camelemental sensitivity. The SEM was run in automatic mode
paigns. This sample will be referred to as “ssaltO3direct”. and took 400 evenly-spaced images of each filter at 1%500
However, the concentration of sea salt in the droplets was soagnification. The EDX spectrum was measured with a 1s
high that this sample could only be collected #20 min be-  integration time at 25 points on ax55 grid for each im-
fore the filter was too heavily loaded for NanoSIMS analysis. age, leading to 10 000 EDX measurements across each filter.
The aerosol was subjected to a number of different con-The quantity of sulfate on each filter was then determined
ditions, to investigate the effect of various parameters onby estimating the background from both the Gaussian dis-
SO, oxidation. 20 ppm ozone was added by passing thetribution of the gold signal and the quartile method, as de-
100 cn? min—1 extra synthetic air flow over a low-pressure scribed inHarris et al.(20128. This quantification method
mercury vapour lamp (Jelight Company Inc., USA) in 6 ex- is ideal for NanoSIMS studies, as quantification is achieved
periments. The aerosol itself was passed over the high-energyithout extra sample treatment and the limit of detection
UV light from the low-pressure mercury vapour lamp before is very low. The precision is fairly low~40 %, decreasing
entering the reactor in 8 experiments, to investigate the effectvith increasing BaS@quantity due to Poisson statistics) and
of OH radicals and other compounds resulting from irradia-the method is not ideal for samples with a large amount of
tion. This was done before mixing with synthetic air ancbSO BaSQ, due to the possibility of the sample flaking off the fil-
to avoid G production and S@photolysis, and as close to ter during mounting. The precision of quantification did not
the reactor inlet as possible to minimise loss of radicals. Allaffect the calculated isotopic fractionation factors as the SEM

www.atmos-chem-phys.net/12/4619/2012/ Atmos. Chem. Phys., 12, 46824, 2012



4624 E. Harris et al.: Sulfur isotope fractionation during oxidation of SO, on sea salt aerosol

Table 2. Compounds used to prepare a four-times concentrated sulfate-free synthetic sea salt $Blejmared solution was four times
more concentrated than actual sea salt, so here it is divided by four to facilitate comparison with actual concefifatioMillero (1974.

Amount Supplier maxwsp, mso, contributed lon Wsynthetic* Wactual”
gkg? (mg kg1 dry) (mmol/kg soln) gkg? gkg™1
NacCl 111.75 Applichem 10 12 Nat 11.0 10.8
NapSOy 0 Cl- 21.8 19.4
KCI 2.79 VWR 10 0.29 K+ 0.399 0.399
KBr 0.40 Applichem 50 0.21 Br~ 0.0674 0.0674
NaF 0.012 Applichem 100 0.012 F 0.0013 0.0013
NaHCO; 0.62 Sigma-Aldrich 30 0.19 HCO3_ 0.113 0.112
H3BO3 0.11  Applichem 50 0.056 HgBOs  0.0269 0.0269
MgCl,-6H,O0  43.29 Fisher 9.92 4.5 Mg2+ 1.29 1.29
CaCb-2H,0 6.04 Sigma-Aldrich 100 6.3 cat 0.412 0.412
SrCh-6H,0 0.10 Sigma-Aldrich 10 0.010 Sr2+ 0.0079 0.0079
Total sulfate 23 SO;~  0.0006 2.712

quantification was only used to estimate reactive uptake co3 Results and discussion
efficients in the different aerosol types.

. 3.1 Background and interferences
2.3 NanoSIMS analysis
The background sulfate production in the absence of an
added oxidant was measured by running the reactor with
MilliQ water and SQ. The SEM measurements showed that
(0.74+0.7) nmol hr! of sulfate was generated, withs&'S of

The sulfur isotopic composition was determined with the
Cameca NanoSIMS 50 ion probe at the Max Planck In-
stitute for Chemistry in MainzHoppe 2006 Groener and

Hoppe 2006. The NanoSIMS 50 has high lateral resolu- %. This | : ith
tion (<100 nm) and high sensitivity and can simultaneously(ﬂ'oj: 4.7) %. This is consistent with measurements 0pSO

- B 4 —-
measure up to five different masses through a multicollectiorfd4€0US oxidatiors¢*S = (15.1 1.3) %) and of sulfate pro-

system, allowing high precision analysis of the small sampledUCtion from SQ on glass walls in the absence of an added

. 34c — .
quantities required for this study. The use of this instrument_ox'dant 6°°S =(13.0+ 1.5) %) Harris et al, 20120, show-

to analyse sulfur isotope ratios is described in detalil else!NY that the background sulfate is produced from aqueous

where Winterholler et al, 2006 2008 so only a brief de- oxidation by oxidising impurities in the MilliQ water and/or
scription will be given he;e on the reactor walls. The background contributel3 % of

BaSQ, is analysed directly without further processing sulfate to all samples and a correction was made to take this

after it is collected on gold-coated filters as described inI"tC @ccountwhen calculating the fractionation factors.

Sect.2.1 The ssaltO3direct sample and all other samples Background sulfate will also be present in the sea salt

with a particularly high BaS@ loading were gold-coated aerosol experiments from the sea salt mixture itself. The pre-
i 6 1 ~al.

on top of the sample before NanoSIMS analysis to prevenfj'Cted background of sulfate wasd.7x10~° nmol ™~ cal

excessive charging. The analysis conditions were the sam ulated from the maximum impurity levels in the salts used
as those described iHarris et al.(20120. To correct for or preparation and t.he total volume of agrosol measured _by
instrumental mass fractionation (IMF) in ssdiregt@hich OPC and SMPS. This was tested by running the reactor with

1
consisted of NaS@rather than BaSg the IMF correction ~ S€@ Salt aerosol but no $0.01+0.01) nmol 1= of sulfate
for NaSQ, relative to BaS@ from Winterholler et al(2008 was measured on th_e sea salt blank filters in the SEM. The
was used, along with an N8O, standard (VWR GmbH) for SEM value may be higher than the actual quantity due to the

control. The reported results for each experiment are the av@xtremely small amount of sulfate present and the difficulty

erage of at least 5 measurement spots weighted accordinﬁ;f sep?rezlt(i)ri%thgrﬁolglans fs_lulfur peaks Iin the ED.X ((sjle_le h
to the counting statistical error, as describedHgrris et al. s etal, - The blan filters were also examined in the
(20121). NanoSIMS. Four (two per filter) 49 40 um images integrat-

ing the signal over:15 min were taken to test if any sulfate
particles could be seen. Only one sulfate particle was notice-
able, on a total filter area of 9600 @nT his results in a blank

of 1 particle in>900 particles. Such a blank can be caused by
deposition of laboratory dust or by dislodging particles from
another filter during handling of the samplexBum isotope

Atmos. Chem. Phys., 12, 4619631, 2012 www.atmos-chem-phys.net/12/4619/2012/
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Table 3. Fractionation factors for Sfuptake and oxidation at dif-
ferent pH values. Values at pH=2.1 and 7.2 were measured®a 19
during the aqueous oxidation of $@n 1% HyO, at two differ-
ent pHs. The fractionation factors are the average of duplicate ex- 20

25

periments and the uncertainty is the &rror in the measurements. :\g
*pH =4 was measured Wygiazarov et al(1971) and does not in- = 15
clude a terminating oxidation reaction. 2
e
. _ _ O 10+
PH f(HS03) [f(HSQ3) f(SGE)  az Lo g
2.1 0.46 0.54 0 10154 0.0037 - /
4* 0 1 0 1.0173 0.0003 "
7.2 0 0.5 0.5 1.0199 0.0024 -7
0 T T T 1
SO, SO, H,SO, HSO, SO,
(@ (a)

analyses were taken to quantify tF&S signal from the salt
on the filter. The average count rate was4£631) counts per  Fig. 3. Fractionation 0f4S/2S at the different stages of $SQg) —
second for the 9 analyses. This is not significantly differentso? (aqg) expressed dsaz4 — 1) x 1000. The blue line and error
from the background count rate of untreated the Nucleporears show the cumulative changesi#f'S as the reactions proceed.
filters (32 counts per second). Thus, the background sulfat&he crosses show measurements: yellow crosses are results from
contributed by the sea salt solution is insignificant and doeshis paper, the pink cross is fro@hmielewski et al(2002 and the
not need to be corrected for in the following analyses. purple cross is fronkgiazarov et al(1971). All values are shown

The ssaltO3direct sample was measured to test if extrdor 18-19°C.
fractionation was introduced by extracting the collected sul-

fate and precipitating as BagOThe IMF for NSO, was d?eaction 9) has a pk of 1.77 and Reactiorl() has a pk

measured to test that different instrumental conditions ha bf 7.19 Moore et al, 2009, Chmielewski et al(2002 mea-

not affected the correction for NagQelative to BaSQ, . .
the measured relative IMF agreed with the value quoted insured the fractionation factor for phase change (#do be

Winterholler et al.(2009. The value inWinterholler et al. ~ “Phase 1.00256+0.00024 at 18C. The fractionation fac-

(2008 was used for the correction as it has a smaller un-torS for hydration (Eg8) and the first proton loss (E@) can

certainty than the value measured in the present study. Thge found by plotting the fractionation factors at pH =2.1 and

fractionation measured for ssaltO3direct agreed with the segH:4 Eriksen 1923 aga!nst the fractlp n OT HSD The
salt samples that were extracted and analysed as Ba8® mtercept atf(HSQ;) =0 gives the fract|onat|or! factor fqr
measured fractionation factors ag4 = 1.0144+0.011 and hydr?‘t'on_amhy"faﬁo”: 1.0105+0.0037, and ! he increase in
34 = 1.0137+0.0035, respectively. This shows that no in- fractlon_atlon atf(HSGQ;) =1 gives the fractlonatlpn factor
formation is lost and no isotopic fractionation is introduced for the first proton loss asg,, =1.0042+0.0037 (Fig.3). A

by extracting and precipitating the sulfate as Ba&® anal- plot of the fractionation factors at pH =4 and pH =7.2 against

ysis. The counting statistical error for ssaltO3direct was verythe fraction of S(§7 can be used to find the fractionation

high as the sample could only be collected &0 minutes factor for the second proton loss (EfQ) at the intercept

before the filter loading was too high for NanoSIMS analysis Whe"e f(SO\’;‘_) =1 ag,, =1.0052£0.0044. This analysis
(>5 um-thick cover over whole filter) assumes fractionation is due to equilibration between the dif-

ferent S(IV) species and not due to fractionation during the
3.2 Dependence of isotopic fractionation on pH during ~ ©Oxidation of each S(IV) species to sulfate; this is a reason-
aqueous oxidation by HO» able assumption as previous results suggest the terminating
oxidation has a minimal isotopic effedtérris et al, 20121.
The fractionation factors measured at high and low pH areThe measurements and fractionations introduced at each step
shown in Table8. These measurements can be used to assigfrom SG (g) to SC%‘ are summarised in Fig.
the fractionation to each step of $@ydrolysis and deproto-

nation: 3.3 Sulfate production rate during aqueous oxidation in
droplets
SOx(g) = SOx(ag) ()
The quantity of sulfate produced from 9ppm SO
SOy (ag) +H20 = H2S0s (8)  (11.5pmolrY)in the different droplet experiments is shown
in Fig. 4. The amount of sulfate generated in sea salt aerosol
H2SO3 = HSQ; +H™ (9)  in the presence and absence af i® not significantly dif-
ferent. Quantification for ssaltirr has a larger error than the
HSG; = SO%‘ +HT (20) other ssalt experiments due to tearing during mounting of the
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Table 4. Fractionation factors for the uptake and oxidation 0H,SO
by droplets of pure water, sea salt aerosol and NaOCI aerosol (ab-
breviations are defined in Tab1g. Values in bold are the averages
for a particular aerosol type; for the oxidation of S@ pure water
aerosol by @, the present value is averaged with previous measure-
ments*from Harris et al(2012h). nis the number of measurements
and b is the error of the measurements.

n a34 1lo 33 lo

waterAO3 13 1.0157 0.0031 1.0022 0.0034
waterAO3 1.0174 0.0019 1.0057 0.0022
water + O3 1.0163 0.0018 1.0117 0.0207
OcCl 18 0.9872 0.0049 0.9930 0.0053
OClirr 15 0.9893 0.0054 0.9956 0.0045
NaOCl 0.9882 0.0036 0.9946 0.0034
ssalt 16 1.0137 0.0029 1.0087 0.0055
ssalto3 18 1.0136 0.0037 1.0063 0.0033
ssaltirr 14 1.0147 0.0046 1.0068 0.0052
ssaltirrO3 15 1.0089 0.0032 1.0043 0.0036
sea salt 1.0124 0.0017 1.0061 0.0020

Fig. 4. Rates of sulfate production and reactive uptake coefficients

for SO,(g) oxidation in different aerosol types subject to various
experimental parameters (abbreviations are defined in Table

filter for SEM analysis, which could obscure differences in

The reduction in S@Qwas approximated as the sulfate pro-
duction rate and therefore does not consider S(1V) (aq) that
was taken up but not oxidised.

The uptake coefficients for NaOCI aerosol are very high,

production rate. However, there is also no significant dif- 3ng significantly higher without irradiationydys= 0.49+
ferent between sulfate production rates for ssalt, ssaltO3 04 and 020+ 0.10 without and with irradiation, respec-
and ssaltirrO3, which have smaller errors. Sulfate generayjyely). Oxidation of sulfite by HOCI proceeds via nucle-

tion from oxidation by @ is limited by alkalinity, so this

suggests that either (i) another pathway also limited by al-

kalinity is fast enough to titrate alkalinity completely in the
absence of g or (ii) O3 has no significant role in oxida-

ophilic attack of S§ (formed via Eq10) on HOCI, which
results in Ct transfer to form CISQ (Yiin and Margerum
1988. Hydrolysis of chlorosulfuric acid to form sulfate,*H
and CI is the rate-limiting step, thus the aerosol will not

tion in sea salt aerosol, even when it is present in the reacpg acigified as rapidly as with other oxidation mechanisms

tor air. Hoppel et al.(2001) conducted chamber oxidation
experiments for S@in sea salt aerosol and found oxidation
was dominated by Cl-catalysis: the “ZM mechaniszhéng
and Millerg 1991). This pathway is alkalinity-limited and
favoured at high S@concentrationsHoppel and Caffrey
2005, and is the most likely oxidation pathway to be acting
complementary to ®in the sea salt experiments.

(Yiin and Margerum1988 Fogelman et al.1989 Troy and
Margerum 1997), which may partially explain the very high
reactive uptake coefficient. Irradiation could speed up the hy-
drolysis of CISQ, decreasing the reactive uptake coefficient.
The values ofyops measured for the sea salt aerosols (av-
erageyops= 0.00094+0.0002) are much lower than those for
OCI droplets, and also lower than previously reported val-

Rough estimates of the uptake coefficients for the diﬁerentues:.]ayne et al(1990 measured = 0.028 0.005 at pH
experiments were made. The observed reactive uptake coef_g sndGebel et al (2000 measured an initial uptake coef-

ficient yops for sulfate production represents a combination ficient of y;
1

=0.09 which decreased rapidly withral/2 de-

of mass transfer, accommodation and reaction limitations. 'bendence. The low reactive uptake coefficients in this study

is approximated at low conversion to product according to
(Jayne et a).1990:

— gan 11
Yobs ZA n (11)
whereFy is the carrier gas flow rate (cs 1), ¢ is the mean
thermal velocity (cms?;

face area (crf) and 22 is the reduction in gas concentration.
n

Atmos. Chem. Phys., 12, 4619631, 2012

are due to fast exhaustion of the alkalinity in the aerosols
followed by much slower uptake in the acidified aerosols,
resulting in lowygps for the overall experiment. Similar be-
haviour of the S@ uptake coefficient for sea salt aerosol was
seen byGebel et al(2000. The values of,ps measured for

the irradiated sea salt experiments are slightly higher than
without irradiation, although the difference is within the ex-
perimental error. This suggests a small production of alkalin-
ity from OH radicals due to reactions such as those described

www.atmos-chem-phys.net/12/4619/2012/
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® ssalt B ssaltirrO3 waterAO3 The o34 for waterAO3 f(34= 1.0157+£0.0031)
¢ ssaltO3 @ odl + Fe oxidation agreed with the value for #D, oxidation under pH
A ssaltir OClirr X aqueousox = 2 from Sect.3.2 (az4= 1.01544+0.0037) and with
1.03 - previous measurements of oxidation bys On water
| (34=1.0174+ 0.0028; Harris et al, 2012, confirming
that microphysical effects of droplet vs. bulk do not effect
1.024 fractionation, and that the terminating oxidation for aque-
i ous oxidation by @ and HO, oxidation is unimportant
., 1017 compared to the phase change and aqueous S(1V) equilibria
=" 1 (Harris et al, 20128. An overall @34 of 1.0163+ 0.0018
1.00- B for oxidation by Q in water was calculated as a weighted
) T+ average from this study and the previous value. This aver-
0.99 ’_T_' age represents oxidation at low pH even in non-buffered
| solutions, because although €acts several orders of mag-
nitude faster with S§T than with HSQ, sulfate production
099 100 101 102 103 will quickly acidify water until the pH is low enough for the
o [SO37] to be negligible.
34 The fractionation factor for oxidation in NaOCI solution

Fig. 5. Fractionation factors for the uptake and oxidation oHb3® \;wg 3resF:)ret?1eem[ géﬁa\f\llﬁr bbey r?egﬁg;,ib?es it:eagigz: Zglg'litljsn

droplets of pure water, sea salt aerosol and NaOCI aerosol (abbrevi- o . .
ations are defined in Tabl). Pale points are the individual exper- and the rate constant for oxidation of sulfite by HOCI is

imental runs for each set of conditions, while dark points show the>4 orders of magnitude higher than for OC(Yiin and
average with & error bars. The grey line represents mass depenMargerum 1988 Shaka et a).2007). The measured value
dent fractionation and the black crosses show previously measuredf az4 (0.9882+ 0.0036) is not significantly different from
fractionation factors fronMarris et al(2012H. oxidation by a radical chain reaction initiated by Fe(lll)
(34=0.9905+ 0.0031;Harris et al, 20123, although the
mechanisms are not similar. This suggests that follow-
by Laskin et al(2003; the effect of this pathway is expected ing the equilibrium fractionation of (178 3.7)%o (34 =
to be more significant in the laboratory than in the ambient1_0173to_oo37; from pH-dependent experiments, as shown
environment due to the absence of methane and acids sugh Fig. 3) for SO, (g) = HSQ; at 19°C, kinetic effects re-
as HNG (Keene and Pszenng004 von Glasow 2008.  |ated to fundamental differences in the energy and stability
The uptake coefficient for waterAQs 0.13+0.14, thus it of gulfite and sulfate — which are common to both reactions
is not significantly different from ssalg)however the error  _ -5se kinetic fractionation of28 %. (@34=0.972).
in the estimate for waterAO3 is high as the absolute amount The fractionation factor for oxidation in sea salt aerosol
of sulfate and the aerosol number concentration are both Iovv(a34: 1.0124+ 0.0017) is lower than the fractionation fac-
leading to high measurement errors for both parameters. (o for aqueous oxidation of 5230 (¢34=1.0225+ 0.0044),
although the high pH and ionic strength of sea water mean
SQ?;‘ would be the dominant species oxidised by @ Cl
catalysis, thus showing the role of oxidation by HOCI in sea

In all droplet experimentss3 % of SG reacted to form sul- salt aerosol. Transition metal ions capable of catalysing ox-
idation (e.g. Fe, Mn, VHerrmann et a).200Q Rani et al,

fate, therefore the isotopic composition of the productsulfate199 ¢ added to th theti It mixt
can be directly taken as the, as Rayleigh fractionation ef- 9 were not added to the synthetic sea salt mixture, so

fects due to depletion of the reservoir are insignificant (seethe contribution of HOCI oxidation to the total oxidation in

Mariotti et al, 1982, Krouse and Grinenkd 991). The mea- fseat_salt ?ero§ol can bﬁ est|ma'|cetd ?y ctgmp?rlngf th? ov?rall
sured fractionation factors are shown in Tabland Fig.5. ractionation In sea salt aerosof o Iractionation tactors for

Irradiation and ozone did not cause significant changes in théOZ(g) - 5@7 and oxidation by HOCI. Isotopic mass bal-

. 0 S
measured fractionation factors: The fractionation factors un-2"'°€ shows that HOCI contributes 29) % of oxidation in

der all experimental conditions for the two different droplet sea salt aerosol under the conditions of this study. The mea-

types (NaOCI and sea salt aerosols) agree within the meaf—’#r?%“m se%ste\xlllt aer(t)r?olfls I?_vvest_forfsseilurr(f)& altrlltqugg
surement error, and the total averagg values for the two € dilterence between the fractionalion factors for ssatirr

droplet types are also shown in Table Fractionation of and slsaItOSIéisbwnhm the gxper?men:]al ﬁrrcr)]r. The ssalt|er3
335825 was mass-dependent with respect48P2S for all ~ S2MP!e would be expected to have the highest concentration
- of hypochlorous acid from interface reactions whereby pho-
experiments. ! ) .
tolysis of G; leads to formation ofOH radicals and subse-
quently HOCI (se®©um et al(1998; Knipping et al.(2000

3.4 Fractionation of sulfur isotopes during uptake and
oxidation in droplets

www.atmos-chem-phys.net/12/4619/2012/ Atmos. Chem. Phys., 12, 46824, 2012



4628 E. Harris et al.: Sulfur isotope fractionation during oxidation of SO, on sea salt aerosol

for details). The measuregs, for ssaltirO3 shows HOCI composition. It appears that under some atmospheric con-
contributed (4Gt 16) % of oxidation in this experiment: an ditions the HOCI/Fe pathways are favoured over thédD
increase of 11% due to photolytic production of HOCI via catalysis pathways, leading to sulfate more depletetf$n
Os. This may be when alkalinity is low due to low winds, or
The calculated contributions of the HOCI pathway are ex-when aerosols have a longer lifetime to accumulass
pected to be a minimum compared to the actual atmospherisulfate after alkalinity has been depleted. Alkalinity is de-
proportion as HOCI oxidation is not pH limited, thus al- pleted in smaller aerosols faster than in larger aerosols, thus
though it contributes only 29% of oxidation in the short the partioning between the alkalinity-limited pathways and
timescale of this study it could become the major oxidationHOCI/Fe oxidation could account for the low&t*S values
pathway over the lifetime of sea salt aerosol in the marineobserved in smaller particles.
environment yon Glasow et aJ.2002. Although the par- The triple oxygen isotope composition of sulfate, repre-
titioning between oxidation mechanisms in this study will sented byAl’O, has also been used to investigate oxida-
not be representative of the marine environment due to thd¢ion pathways of S@in the marine environment{exan-
complex relationship between oxidation pathways and alka-der et al, 2005 Patris et al. 2007). OH radicals and @
linity, light, droplet size, and reactant concentrations, the re-which acts as the oxidant during transition metal catalysis,
sults show that sulfur isotopes are very useful to investigateesult in sulfate withA1’O = 0 %o, while oxidation by @and

relative contributions of these oxidation pathways. H,0, produces sulfate wittA1’O=8.8 and 0.8 %. respec-
tively (Savarino et a).200Q Lee and Thiemen001). The
3.5 Comparison to field observations A0 of HO, has not been measured, howeReatris et al.

(2007 have estimated it based on the major formation path-

A number of studies have used oxygen and sulfur stable isoways: HQ may have aA1’O similar to ozone due to forma-
topes to investigate sources and oxidation pathways of sultion from XNQg, or it may have aA’O of 0% if the HQ,
fate in the marine boundary layer (MBL). Many of these oxygen atom comes from atmospheric water. THeO of
studies have employed a three-source mixing scheme, eXdOy is only relevant if the O atom is transferred to sulfate
plaining sulfur isotope observations with mixing between during oxidation. The results ofiin and Margerum(1988
3435_enriched sea salt sulfate and marine bioges#&sulfate,  suggest that the O atom is added to sulfate from atmospheric
and a3*S-depleted source that is attributed to anthropogeniovater during hydrolysis of chlorosulfuric acid, thus the sul-
or continental sulfateRatris et al. 2000 Wadleigh 2004 fate formed would have A17O of 0%0. However this has not
Turekian et al. 2001). The general success of this mix- been conclusively shown, for example, with an experiment
ing model suggests isotopic fractionation has overall onlyinvolving isotopically-labelled HQ. If the A0 of sulfate
a small effect on measuretf*S of nsssulfate, thus it is  produced from hypohalite oxidation was reliably known, it
likely the amount of sulfate produced B§S-enriching, al-  would be possible to distinguish between all the major MBL
kalinity limited pathways (@ oxidation and Cl-catalysis) SO, oxidation pathways (gas-phase by OH, heterogeneous
is roughly equal to that froni*S-depleting pathways (Fe- by Os, Cl catalysis, Fe catalysis and hypohalites) based on
catalysis and hypohalite oxidation). Approximately 70 % of the oxygen and sulfur isotopic composition of Sé&nhd sul-
SO, is oxidised to sulfate in the marine boundary layer, fate.
thus using the Rayleigh laws, the isotopic effect of oxida-
tion could be a change of betweer6.1%. and 10.1%o (for
100 % of oxidation occurring via the alkalinity non-limited 4 Conclusions
and the alkalinity-limited pathways respectively). To achieve
a net fractionation of 0%0, 57 % of SOwould need to be Sulfur isotope fractionation factors for the oxidation of
oxidised by the alkalinity non-limited pathways, transition- SO, in water, synthetic sea water and concentrated NaOCI
metal catalysed and hypohalite oxidation. droplets were measured. A summary of the measured iso-

Field measurements ¢f*S in marine environments are topic fractionation factors in the marine boundary layer is
often lower than expected and many even fall below theshown in Fig.6. The fractionation factors for each step
three-source mixing region, while measurements for thisfrom SG (g) uptake to S@ (aq) formation were measured,
regime are rarely enriched i#'S compared to the three- showing an increase in isotopic fractionation at higher pH.
source mixing region/adleigh 2004. In some samples an Reactive uptake coefficients for NaOCI droplets were very
isotopically-light “continental” influence was seen although high, in agreement with the rapid rate of the reaction, while
the back trajectories showed a pure marine origin of the airn/gps for sea water reflected alkalinity limitations for oxida-
mass Patris et al. 2000. 534S of nsssulfate is lower in  tion by Oz and Cl catalysisxs4 for oxidation by Q in water
smaller particles, which has been attributed to a larger condroplets agreed with previous results for agueous oxidation
tinental influence in these particleSufekian et al. 2003, by O3 and with low pH measurements, whig, for oxida-
Patris et al. 200Q 2007). These observations could all be tion by Oz in sea salt aerosol also favoured the heavy isotope
explained by the influence of oxidation pathway on isotopic but with a lower magnitude. Oxidation in NaOCI droplets,
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