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Abstract: Western Australia is a semi-/arid region known for saline lakes with a wide range of
geochemical parameters (pH 2.5–7.1, Cl− 10–200 g L−1 ). This study reports on the haloacetones chloroand bromoacetone in air over 6 salt lake shorelines. Significant emissions of chloroacetone (up to
0.2 µmol m−2 h−1 ) and bromoacetone (up to 1. 5 µmol m−2 h−1 ) were detected, and a photochemical
box model was employed to evaluate the contribution of their atmospheric formation from the
olefinic hydrocarbons propene and methacrolein in the gas phase. The measured concentrations
could not explain the photochemical halogenation reaction, indicating a strong hitherto unknown
source of haloacetones. Aqueous-phase reactions of haloacetones, investigated in the laboratory
using humic acid in concentrated salt solutions, were identified as alternative formation pathway by
liquid-phase reactions, acid catalyzed enolization of ketones, and subsequent halogenation. In order
to verify this mechanism, we made measurements of the Henry’s law constants, rate constants for
hydrolysis and nucleophilic exchange with chloride, UV-spectra and quantum yields for the photolysis
of bromoacetone and 1,1-dibromoacetone in the aqueous phase. We suggest that heterogeneous
processes induced by humic substances in the quasi-liquid layer of the salt crust, particle surfaces
and the lake water are the predominating pathways for the formation of the observed haloacetones.
Keywords: chloroacetone (1-chloropropan-2-one); bromoacetone (1-bromopropan-2-one); salt lakes;
natural halogenation
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1. Introduction
Sources of organohalogens include emissions from plants, bacteria, sponges, fungi, insects,
higher animals and humans [1]. Abiotic formation of halogenated volatile organic compounds (VOX)
contributes significantly to the global VOX emissions; occurring in volcanoes, biomass burning,
subsurface geothermal processes, soils, wetlands, oceans, the atmosphere and particularly in and
above salt lakes and saline soils [2–6]. Saline soils cover ~3.6 × 106 km2 of the terrestrial surface
and are substantial sources of halogens to the troposphere [7]. As saline soils are increasing over
Western Australia, it is necessary to study their emissions and atmospheric impact. In previous studies,
a multitude of halogenated compounds were found (e.g., chlorofuran), that were abiotically formed
in Australian salt lakes [8–10]. The salt lakes are well characterized and show marked geochemical
differences within a small area. Lakes with pH 2.7 are located close to lakes with pH 7.1, five orders of
magnitude difference in acidity, providing a real world laboratory for the investigation of different
emission rates and mechanisms.
However, only few studies report on halogenated acetones in an environmental context, and most
measurements to date are from water samples. Halogenated acetones (haloacetones) and, especially
1,3-dibromoacetone (CH2 BrCOCH2 Br) and trichloroacetone (CCl3 COCH3 ) are known by-products
in the degradation of organic compounds during water chlorination [11,12]. Effluents from pulp
mills do contain tri-, tetra-, penta-, and hexachloroacetones with tetra- and pentachloroacetone to
be the most abundant [13]. Chloro- and bromocetones can be formed in the aqueous phase by the
acid or base-catalyzed enolization of ketones. It has been proposed [14] that there are three distinct
pathways that form halogenated acetones: i) acid catalyzed, ii) weak base catalyzed and iii) strong base
catalyzed. Depending on pH, it is either the enol or enolate that reacts with Br2 , HOBr or BrO in the
solution [15]. The acid catalyzed mechanism favors the formation of monohalogenated products due to
the electron withdrawing inductive effect of the halogen substituent that hinders the enolization [16,17].
A detailed kinetic analysis of the aqueous chlorination of acetone is available in the literature [18],
and the haloform reaction kinetics of bromination of acetone, bromoacetone, and 1,1-dibromacetone
have been studied by Cox and Warkentin [19]. Haloacetones in water undergo rapid hydrolysis at
alkaline pH that is more effective with increasing chlorine number and pH [20]. Reaction rate constants
for hydrolysis of chloroacetone have been determined by Osterman-Golkar [21], and the Arrhenius
expression yields a calculated lifetime of half a year for the hydrolysis of chloroacetone at 293 K.
So far, atmospheric chloro- and bromoacetone formation was only observed in the springtime
Arctic troposphere and at low mixing ratios (1 to 10 pptv) [22]. The reactions between propene and
atomic chlorine (Cl) or bromine (Br), respectively, were identified to be a major source of atmospheric
haloacetones. Their formation occurs according to the following reaction scheme where X can be Cl
or Br [23]:
X + CH2 = CH-CH3 → XCH2 -CH· -CH3
(1)
XCH2 -CH· -CH3 + O2 → XCH2 -CHOO-CH3

(2)

XCH2 -CHOO· -CH3 + NO → XCH2 -CHO-CH3 + NO2

(3)

XCH2 -CHO· -CH3 + O2 → XCH2 -CO-CH3 + HO2

(4)

The rate constant for the reaction of propene with atomic Cl has been determined to be kC3H6+Cl =
2.71 × 10−10 cm3 molecule−1 s−1 at 298 K [24] and the rate constant for the reaction with atomic Br to be
kC3H6+Br = 2.85 × 10−12 cm3 molecule−1 s−1 [25,26]. Other known possible atmospheric sources for
haloacetones are the reactions of the halogen atoms Cl and Br with methacrolein [27] with yields of
60–70% where X can be Cl or Br [28]:
H2 C = C(CH3 )CHO + X → XH2 C-C· (CH3 )CHO

(5)

XH2 C-C· (CH3 )CHO + O2 → XH2 C-C(O2 )(CH3 )CHO

(6)
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XH2 C-C(OO· )(CH3 )CHO + RO2 → XH2 C-C(O)(CH3 )CHO + RO + O2

(7)

XH2 C-C(O)(CH3 )CHO + O2 → XCH2 COCH3 + HO2 + CO

(8)

The rate constant of the reaction with methacrolein has been determined to be kmethacr+Cl =
3.3 × 10−10 cm3 molecule−1 s−1 for atomic Cl at 298 K [29] and kmethacr+Br = 2.33 × 10−11 cm3 molecule−1
s−1 for atomic Br [30]. The reactions of 1-chloro- and 1-bromopropane with OH radicals contribute to
the formation of haloacetones with yields for bromoacetone of 56% [31]:
BrH2 C-CH2 -CH3 + OH → BrH2 C-C· H-CH3 + H2 O

(9)

with kC3H5Cl+OH = 8.61 × 10−13 cm3 molecule−1 s−1 [32–34] kC3H5Br + OH = 5.75 × 10−12 cm3 molecule−1
s−1 [35]. Zetzsch and Behnke [36] observed the formation of chloroacetone and 1,1,-dichloroacetone
in a smog chamber from the photochemical degradation of a hydrocarbon mixture in the presence
of particulate sodium chloride (NaCl). Behnke and Zetzsch [37] monitored bromoacetone and
1,1-dibromoacetone in a similar aerosol smog chamber study, where chloride, sulfate and bromide
were present. However, it was not determined whether the halogenated acetones were formed from
organic secondary aerosols (SOA) or from the gas-phase photochemistry of the hydrocarbons.
Burkholder et al. [31] determined the UV absorption cross sections of chloro- and bromoacetone in
the gas phase between 200 and 360 nm and observed the photolytic quantum yields to be high (Φ ≈ 0.5
for chloroacetone and Φ ≈ 1 for bromoacetone). This leads to short lifetimes in the troposphere that
range from a few hours to days. Due to their short atmospheric lifetimes, chloro- and bromoacetones
do not reach the stratosphere. The photolysis of haloacetones leads to the formation of HCl/HBr and
the acetonyl radical CH3 C(O)CH2 which is an intermediate in the OH + allene reaction and can lead to
secondary organic aerosol (SOA) formation [38].
The main focus of this study is the investigation of a potential strong source for chloro- and
bromoacetone that explains the high measured mixing ratios above Australian salt lakes. In addition,
rate constants for hydrolysis of bromoacetone and the nucleophilic exchange reactions of chloride ions
with bromoacetone and Henry’s Law constants have been determined, to investigate the partitioning
between the gas and the liquid phase.
2. Experimental Section
The salt lakes of Western Australia are part of the Avon River catchment with an area of about
120,000 km2 [39]. The lakes are situated in the Lockhart sub catchment. Topography is undulated
with elevation drops from Lake Biddy to the Camm River confluence of about 28 m over 78 km and
from Lake King to the confluence of about 48 m over 197 km [39,40]. The shallow ephemeral lakes
are surrounded by sandflats, sand dunes and occasionally rocky outcrops. The surface is heavily
weathered and contains calcretes and calcareous soils as well as acid sulfate soils and sediments [41,42].
Deep rooted native vegetation, mainly eucalyptus species, was replaced with pastures and winter
growing annual crops. As a consequence, groundwater recharge by precipitation has increased while
mean evaporation through plants has decreased leading to a rise of the groundwater table [43–46].
The rising groundwater extends to mineral rich layers, takes up salts and transports these ions close
to the surface, causing secondary salinization [47]. In the same process of rising groundwater, Fe2+
oxidation and hydrolysis, or ferrolysis lead to an acidification [47–51]. Additionally, the oxidation of
iron sulfides in acidic sulfate soils could be responsible for acidification [42,52].
The measurements presented here were conducted on 6 lakes with diverse pH characteristics.
A thin salt crust covered the sediment around Lake Bean. The lake has a water inlet and drainages
from crop fields. Lake Bean represents a neutral lake with a pH of 7.1. Lake Boats, the most acidic
salt lake under investigation with a pH of 2.3, has a diameter of about 0.3 km and is surrounded by
eucalyptus trees and bushes. A thick hard salt crust covers anoxic sandy sediment. The salt crust on
Lake Kathleen covered the sediment with a thin layer and floated on the water (pH = 7). Lake Orr is
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0.6 km in diameter, but is intersected by shallow sand dunes giving the lake a shape form. Surface
water was below a pH of 4. The salt crust on Lake Shot showed small cubic NaCl crystals. The pH
was 3.5. Lake Strawbridge is a remote round salt lake with a 0.6 km diameter and a closed, soft and
partly reddish salt crust. The lake is surrounded by a broad belt of Salicornia and other low growing
halophytes. Exoskeletons of crayfish indicate occasional flooding of the lake, probably through the
main inlet in the south with a catchment area that expands through native vegetation and fields. The
lake sediment is anoxic with sulfate reducing conditions. The pH was measured to be around 7.3
(see Table 1 for an overview of lake characteristics). Sampling locations were selected in the context of
SOA formation events [53,54] and to cover a broad range of geochemical characteristics. For a detailed
site description refer to Krause [9].
Table 1. Overview of the sampling sites with position, diameter, pH of lake water, and amount of
air samples.
Site

Latitude
(◦ ) S

Longitude
(◦ ) E

Diameter
(km)

pH

Amount of
Air Samples

Lake Boats
Lake Bean
Lake Kathleen
Lake Orr
Lake Shot
Lake Strawbridge
Lake Dune

−33.068538
−33.161294
−32.984241
−33.148051
−33.047973
−32.848018
−33.084896

119.636983
119.744744
119.694444
119.161199
119.610159
119.396998
119.637903

0.3
0.6
0.6
0.3

2.3
7.1
7
4
3.5
7.3
2.9

12
8
8
4
13
4
15

The measurements were performed using Teflon chambers to concentrate the released stable
gas-phase products to detectable amounts [55]. Teflon is UV-transparent [56] and allows photochemistry
to proceed at comparable rates to the surrounding environment. The 2.35 m3 Teflon chamber (fluorinated
ethylene propylene–FEP 200A, DuPont, Wilmington, DE, USA, 140 cm depth and length and 120 cm
height) was installed on the shore of seven salt lakes (Table 1) covering both water and sediment
(Supplement S11 and S12). Gas samples were collected inside 2 L electropolished stainless steel
canisters. The canisters were evacuated (< 10−3 mbar) in the laboratory by a rotary vane pump and a
turbomolecular high vacuum pump and sealed with a metal bellow valve (Swagelok, SS-4H). At the
sampling site, the valve was opened and the gas from the Teflon chamber (6 L in total) was pumped
into the evacuated canister with a flow of 30,000 sccm up to 2 bar by a battery powered compressor
pump with a Teflon®membrane (N814KTDC, KNF, Germany).
The collected samples were analyzed with a multi-detector GC/MSD/FID/ECD instrument (Agilent
7890 GC/5973 MSD) interfaced to a Markes Unity II Thermal Desorption Unit that included an Air
Server and Canister Interface Accessory (CIA). A 0.8 L sample was introduced to the system at 80 cm3
min−1 after an initial flush of 0.16 L. The sample was directly concentrated on an adsorbent trap
(Markes UT17O3P-2S, ozone precursor trap) held at −37 ◦ C. Prior to adsorption on the trap, the air
sample was dried by passing through a 15” × 0.25” (38.1 cm × 0.635 cm) stainless steel trap held at
−18 ± 1 ◦ C, with additional drying by the use of a Nafion drier (24” × 0.05” (60.96 cm × 0.127 cm),
MD-050-24-FS-2; Perma Pure, Toms River, NJ, USA). During injection, the analytes were desorbed at
300 ◦ C using a backflush flow. The sample was split into 2 analytical columns: a 20 m × 0.2 mm ×
1.12 µ DB-624 (128-1324, Agilent Technologies) which was directed to the MS and EC detector and a
30 m × 0.25 mm × 5 µm Al2 O3 -PLOT column (HP-AL/S, Agilent Technologies) which was directed to
the FID. A 1 m section of GS-GASPRO (Agilent Technologies) column (0.32 mm) was added to facilitate
the separation of ethyne from a co-eluting compound. The total sample flow was split approximately
2/3 to the FID column (525 cm3 ) and 1/3 to the MSD/ECD (275 cm3 ). The effluent of the MSD/ECD
column was connected to a capillary splitter (Agilent G3183B). Approximately 70% of the sample
(192 cm3 ) was sent to the MSD, while 30% (83 cm3 ) was directed to the ECD. The temperature program
of the GC started at −20 ◦ C and was heated after 3 min to 200 ◦ C with a rate of 10 ◦ C min−1 where it
was held for 4 min. Quantification of the samples was done by comparison to a working whole air
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standard that was calibrated against known mixtures, either directly or by dynamic dilutions from the
standard gas (Apel and Riemer Environmental Inc. USA). Every canister was measured twice, and the
multi-detector GC/MSD/FID/ECD system was run with an internal standard. The detected differences
were lower than 7% for all compounds.
To investigate the contribution of the gas-phase sources for haloacetones, kinetic box modeling
software (FACSIMILE) was employed, including the relevant gas-phase reactions [57]. The reactions
were complemented by halogen reactions [58–60], and by the degradation reactions of propene and
methacrolein with Cl, Br [29,30] and OH [61,62]. The photolysis rates depend on the diurnal actinic
flux at the measurement site. Therefore, the photolysis rates of all relevant species, including chloroand bromoacetone, proprnr, methacrolein, photolabile halogen compounds and important (radical)
intermediates, were calculated based on the time dependent actinic flux for clear sky conditions for
every 30 min beginning with sunrise by the Quick TUV calculator [63] for the measurement sites
(S13). The mean daily O3 concentrations were measured in situ in the chamber with negligible diurnal
variations, and the albedo was assumed to be 0.6, representing the albedo of a dry salt crust [64].
Multiplying the absorption cross sections and quantum yields (both taken from the UV/VIS Spectral
Atlas of Keller-Rudek et al. [65], MPI Mainz [66]) with the actinic flux for every 30 minutes, a time
profile of the photolysis rate for each species was obtained. The FACSIMILE files including the applied
photolysis functions, reaction pathways and rate constants can be found in the Supplemental Material.
The measurement results of chloro- and bromoacetone, propene and methacrolein were
implemented into the model by fixing the mixing ratios obtained and by fitting unknown sources
and sinks between each measurement point to reproduce the changes of the measured gas-phase
concentrations. Hence, the necessary unknown source/sink strengths give hints at additional unknown
production or degradation pathways not included in the model.
To evaluate the processes involved in the emissions from lake water, the aqueous-phase formation
of chloro- and bromoacetone from humic acid (HA) in the presence of ozone, chloride and bromide was
studied in a semi-batch (continuously stirred tank) reactor in the presence and absence of simulated
sunlight [67,68]. As model compounds, we chose the well characterized HA from Sigma-Aldrich
(Merck KGaA, Germany). As this HA has been extracted from lignite with sodium hydroxide, it has
to be purified before use. We followed the cleaning procedure outlined in the literature [69]. As the
purified HA is less soluble, it was initially dissolved in 10 mL 0.1 mol L−1 NaOH and placed for
10 min into an ultrasonic bath. The solution was then diluted with ultrapure water or the respective
buffer solution (see below). Afterwards it was re-placed into the ultrasonic bath for another 10 min.
Finally, the HA solution was filtrated into the reaction vessel through a 0.45 µm syringe filter unit
(CME 0.45 µm, Carl Roth GmbH + Co. KG, Karlsruhe, Germany). Concentrations of dissolved humic
acid ranged from 30 to 40 mg L−1 . The concentrations of the Br− (KBr, p.a., Merck KGaA, Darmstadt,
Germany) were either 8.5 × 10−3 mol L−1 or 17 × 10−3 mol L−1 , whereas Cl− solutions (NaCl, p.a., Carl
Roth GmbH + Co. KG, Karlsruhe, Germany) contained 8.6 × 10−2 mol L−1 to 8.6 × 10−1 mol L−1 . The
pH was adjusted by addition of HCl/NaOH to buffer solutions, prepared from Na2 HPO4 , NaH2 PO4 ,
and H3 PO4 , and was checked during the experiments by a pH meter pH-197-S (Xylem Analytics GmbH
& Co. KG. Germany) with a pH-electrode SenTix 41 (WTW, Germany), calibrated against commercial
buffer solutions (Xylem Analytics GmbH & Co. KG.) at pH = 4.01 and 7. In the absence of buffer, the
pH was typically observed to decrease from 6.9 to 6.7. The temperature of the solutions was monitored
by the built-in thermistor of the pH meter. Some experiments were performed with bromide in the
absence of chloride. Mixtures were filled into a 500 mL quartz-glass round-bottom flask. Halogenation
was initiated by a bubbling air stream of 45 mL min−1 O3 (~ 2.4 × 1016 molecules cm−3 ) in pure
oxygen through the solution that was constantly mixed by a magnetic stirrer. Ozone was produced by
photolysis of oxygen at 185 nm with a Hg lamp (Pen-ray, UVP, Upland, Canada), a technique known to
avoid contamination/acidification by nitrogen oxides. With pure water (in the absence of reactants), this
semi-batch reactor was characterized with a rise time of ozone of 35 min to a steady state at an O3 level
of 2.5 µmol L−1 , limited by the surface decomposition lifetime of 74 min of O3 at room temperature.
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A standard of bromoacetone in cyclohexane was commercially available (10 mg L−1 ; Ehrenstorfer,
Augsburg, Germany) and the purity was checked by headspace gas chromatography (HS-GC) and
found to be 90.5%. The method of Levene [70] was used to synthesize a purer sample of bromoacetone
(>99%) and 1,1-dibromoacetone. The raw product was purified by vacuum distillation, leading to
fractions with up to 95% of 1,1-dibromoacetone and 22% of 1,3-dibromoacetone. A microliter syringe
(Hamilton, 50 µL) was employed to determine the liquid density, ρ = 2.087 g ml−1 at 294 K [71] and to
obtain an analytical standard of 1,1-dibromoacetone volumetrically. In this setup, O3 oxidizes Br− and
Cl− to form the reactive species Br2 , HOBr and OBr− and BrCl, Cl2 , HOCl and OCl− respectively.
Organohalogen formation was investigated in the dark and under irradiation. For irradiation,
a 500 W xenon arc lamp (Osram GmbH, Munich, Germany), placed in a water cooled housing
(Messtechnik AMKO GmbH, Tornesch, Germany), was used. Light was focused by mirrors through a
water filter equipped with quartz windows and an optical glass-filter with known absorbance and a
cut-off at λ < 285 nm. Reaction products were measured by HS-GC with an electron capture detector
(Perkin-Elmer, Auto System XL, Waltham, Ma, USA), using a 50 m × 0.5 mm × 1.8 µ Permabond SE-54-DF
column (Macherey-Nagel, Oensingen, Switzerland) for separation and 1-bromo-4-fluorobenzene as
internal standard. For some samples, a liquid–liquid extraction method was used instead of the HS
sampling. The method was adapted from US-EPA method 511 for a lower sample volume (15 mL
instead of 35 ml), extracting the 15 mL sample volume from the reaction vessel with 2 mL methyl-t-butyl
ether (MTBE). About 1–1.5 mL of the MTBE-phase were analyzed after drying with sodium sulfate by
the above described GC-ECD setup with liquid injection instead of head space sampling. Absorption
spectra were recorded by a UV/VIS spectrophotometer (Lambda 45, Perkin-Elmer) at 2 nm resolution
in 1 nm steps, using quartz cuvettes (d = 1 and 5 cm). Additional experimental details and calibration
curves, chromatograms and mass spectra can be found elsewhere [67,68].
For the determination of the Henry’s law constant of bromoacetones, the vapor phase calibration
method introduced by Kolb [72] was applied. Briefly, by measuring a known amount of a volatile
compound in a headspace vial (without solvent) via HS-GC, the gas-phase concentration of the analyte
can be calibrated. Further, the mixture of analyte and solvent is measured, and the partitioning
coefficient (Kp ) is calculated from the measured concentration in the gas phase and the known volumes
of liquid and gas phase [73,74].
Henry’s Law constants (H) were calculated from the partitioning coefficient according to
H=

Kp
RT

(10)

where, R is the universal gas constant and T the absolute temperature. The temperature dependence of
H can be described according to the van-t-Hoff equation.
∆ H
d lnH
= sol .
R
d (1/T )

(11)

where, ∆sol H is the enthalpy of dissolution that was obtained by fitting the experimental data (H, T).
By integrating Equation (11) and using H at 298 K as a reference:
H (T ) = Hθ exp (

∆sol H 1
1
( − θ ))
R
T T

(12)

The temperature-controlled headspace auto-sampler allowed determination of partitioning
temperature dependencies (i.e., 277 K to 373 K for this study).
3. Results
3.1. Lake Measurements
Chloro- and bromoacetone were measured at maximum mixing ratios of ca. 15 ppb and 40 ppb
respectively (Figure 1, S13). In general, higher mixing ratios were observed for bromoacetone over

Atmosphere 2019, 10, 663

7 of 21

chloroacetone. Only monohalogenated acetones were detected over the salt lakes. At acidic lakes
higher mixing ratios (Lake Boats (chloroacetone 14.6 ppb; bromoacetone 20.7 ppb), Lake Dune
(chloroacetone 8 ppb; bromoacetone 36.3 ppb), Lake Shot (chloroacetone 11 ppb; bromoacetone
40.4 ppb)) were measured compared to the less acidic to neutral lakes (Lake Orr (Cl-Acetone 1.5 ppb;
Br-Acetone 10.8 ppb), Kathleen (Cl-Acetone 3.5 ppb; Br-Acetone 12.2 ppb), Bean (Cl-Acetone 3.5 ppb;
2019,
10, x FOR PEER
REVIEW
7 of 21low
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(several ppb) afterwards (Figure 2). Methacrolein and propene showed less pronouncedand
variations
without
a uniform
time pattern.
The mostlower
acidicconcentrations
lakes (Boats andand
Dune)
emitted
the
propene
while the
less acidic
to neutral
lakes showed
fewer
differences
highest
amount
of methacrolein
and propene
while the less
acidic
to neutral
lower
over the
sampling
period
(see Supplementary
Information).
The
neutral
lakes lakes
(Lakeshowed
Kathleen,
Lake
concentrations
and
fewer
differences
over
the
sampling
period
(see
supplementary
information).
Bean, and Lake Strawbridge) were sampled with a higher frequency, but no samples were taken after
The neutral lakes (Lake Kathleen, Lake Bean, and Lake Strawbridge) were sampled with a higher
13:00. At the acidic lakes, two or three different days were used for sampling to investigate whether
frequency, but no samples were taken after 13:00. At the acidic lakes, two or three different days
the diurnal behaviour is reproducible. Lake Boats is used for a brief comparison between the two
were used for sampling to investigate whether the diurnal behaviour is reproducible. Lake Boats is
sampling
days.
Lake Boats
from
March
8th, 2013
(Figure
1A) Lake
and Lake
from March
used
for a Between
brief comparison
between
the
two sampling
days.
Between
Boats Boats
from March
8th,
13th, 2013
only
minor
mixing
ratio
differences
could
be
observed.
Temperature,
relative
humidity
2013 (Figure 1A) and Lake Boats from March 13th, 2013 only minor mixing ratio differences could beand
solar radiation
similar on
thesehumidity
two days,
the
diurnalwere
mixing
ratio
were
also
very
observed.were
Temperature,
relative
andand
solar
radiation
similar
on trends
these two
days,
and
similar.the
On
March
8th, haloacetone
mixing
ratios
wereOn
slightly
and didmixing
not decrease
much
diurnal
mixing
ratio trends were
also very
similar.
March higher
8th, haloacetone
ratios were
slightly
not decrease
much betweenbromoacetone
8 and 10 a.m. showed
In comparison
to methacrolein,
between
8 and higher
10 a.m.and
In did
comparison
to methacrolein,
anticorrelating
temporal
bromoacetone
showed
anticorrelating
temporal
behaviour,
so
highest
methacrolein
mixing
ratios
behaviour, so highest methacrolein mixing ratios (Figure 1A) were found during the bromoacetone
(Figure
1A)
were
found
during
the
bromoacetone
minimum
between
8
and
10
a.m.
Propene
andand
minimum between 8 and 10 a.m. Propene and methacrolein were found with lower mixing ratios
methacrolein were found with lower mixing ratios and did not exhibit a distinct diurnal variation
did not exhibit a distinct diurnal variation (Figure 1A).
(Figure 1A).

Figure 1. Measured propene, methacrolein, chloro- and bromoacetone mixing ratios. The measured

Figure 1. Measured propene, methacrolein, chloro- and bromoacetone mixing ratios. The measured
solar radiation is shown on the second y-axis. For every lake (A–C) two different days are plotted.
solar radiation is shown on the second y-axis. For every lake (A–C) two different days are plotted.
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3.2. Source and Sink Balance Model
3.2. Source and Sink Balance Model
Based on the measured mixing ratios, the physical and chemical parameters inside the chamber
Based on the measured mixing ratios, the physical and chemical parameters inside the chamber
were simulated using the FACSIMILE box model which was used to estimate the atmospheric sources
were simulated using the FACSIMILE box model which was used to estimate the atmospheric
of chloro- and bromoacetone. Atmospheric sinks (photolysis and reaction with OH, Cl and Br atoms)
sources of chloro- and bromoacetone. Atmospheric sinks (photolysis and reaction with OH, Cl and
were included. The model was applied to Lake Boats, Lake Shot and Lake Bean. Here we discuss Lake
Br atoms) were included. The model was applied to Lake Boats, Lake Shot and Lake Bean. Here we
Boats. The other lakes show a similar beahaviour, and the corresponding figures can be found in the
discuss Lake Boats. The other lakes show a similar beahaviour, and the corresponding figures can be
Supplementary Information (S2 to S9). The fast reaction of the halogenated acetones with chlorine and
found in the supplementary information (S2 to S9). The fast reaction of the halogenated acetones
bromine atoms play an important role in the system. The quasi-stationary Cl and Br concentration
with chlorine and bromine atoms play an important role in the system. The quasi-stationary Cl and
in the chamber was assumed to be in the range of 104 to 107 Cl atoms4 cm−37 and 104 to 10−37 Br atoms
Br concentration in the chamber was assumed to be in the range of 10 to 10 Cl atoms cm and 104 to
cm7−3 to estimate a−3 lower, realistic and an upper limit (based on the assumption of extremely high Cl
10 Br atoms cm to estimate a lower, realistic and an upper limit (based on the assumption of
concentrations [75,76]). The first model run with variable chlorine atom concentrations was set to a
extremely high Cl concentrations [75,76]). The first model run with variable chlorine atom
stationary Br concentration of 108 atoms cm−3 (Figure 3) and 8the model −3
run with variable bromine
concentrations was set to a stationary Br concentration of 10 atoms cm (Figure 3) and the model
atom concentrations was set to a stationary Cl concentration of 104 atoms cm−3 (Figure 4). The variable
run with variable bromine atom concentrations was set to a stationary Cl concentration of 104 atoms
model
output is the amount of chloroacetone (or bromoacetone) molecules produced by atmospheric
cm−3 (Figure 4). The variable model output is the amount of chloroacetone (or bromoacetone)
reactions of propene (Figures 3 and 4 black bars), methacrolein (Figures 3 and 4 red bars) and the
molecules produced by atmospheric reactions of propene (Figure 3 and Figure 4 black bars),
additional source that is needed to reach the measured concentrations (Figure 3 blue bars and Figure 4).
methacrolein (Figure 3 and Figure 4 red bars) and the additional source that is needed to reach the
The bars and corresponding shaded area represent an upper and lower limit, dependent on the Cl-atom
measured concentrations (Figure 3 blue bars and Figure 4). The bars and corresponding shaded area
(Br-atom) concentration. The blue bars in Figures 3 and 4 represent an unknown atmospheric formation
represent an upper and lower limit, dependent on the Cl-atom (Br-atom) concentration. The blue
reaction or a different, not atmospheric, source. Quantifying the total missing sources and sinks
bars in Figure 3 and Figure 4 represent an unknown atmospheric formation reaction or a different,
allows the determination of the respective contribution for each source in molecules per cm3 and hour
not atmospheric, source. Quantifying the total missing sources and sinks allows the determination of
between each measurement. The lower and upper margins of the bars in Figure
3 represent the values
the respective contribution for each source in molecules per cm3 and hour between each
for 107 and 104 Cl cm−3 respectively. In general, at high Cl concentrations, propene (black bars)7 and
measurement. The lower and upper margins of the bars in Figure 3 represent the values for 10 and
methacrolein
(red bars) source is increasing while the missing source decreases. At 8:00 and 10:00
104 Cl cm−3 respectively. In general, at high Cl concentrations, propene (black bars) and methacrolein
(Figure 3), the three sources have the same range in order of magnitude. At 12:00 and 14:00, the missing
(red bars) source is increasing while the missing source decreases. At 8:00 and 10:00 (Figure 3), the
source is clearly one order of magnitude stronger than the atmospheric production of chloroacetone.
three sources have the same range in order of magnitude. At 12:00 and 14:00, the missing source is
clearly one order of magnitude stronger than the atmospheric production of chloroacetone. At 16:00,
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Considering the source and sink balance of the various Br concentrations (105 –108 Br cm−3 ),
the missing source appears to be more important than the formation from propene and methacrolein.
At every time step, bromoacetone concentrations cannot be explained by the atmospheric reactions of
propene and methacrolein. The unknown sources (Figure 4 blue bars) at 12:00 and 14:00 are even two
orders of magnitude higher than the known atmospheric reactions.
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Figure 7. Time series observed in photochemical experiments inside a semi-batch reactor with an O
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3.4. pH-Dependent Bromoacetone Formation
3.4. pH-Dependent Bromoacetone Formation
formation from irradiated
irradiated salt
salt solutions
solutions containing
containing HA,
HA,
The pH dependence of bromoacetone formation
was measured with two different methods a) the HS-GC
HS-GC and
and b)
b) the
the extraction
extraction method.
method. The HS-GC
measurements
wereperformed
performedat at
3 and
7 whereas
the measurements
by the extraction
measurements were
pHpH
3 and
pH 7pH
whereas
the measurements
by the extraction
method
method
(see
Figure
8) werein conducted
in pH
the 2range
from
pH 2 ofto1,1-dibromoacetone
pH 5. Formation[68]
of
(see
Figure
8) were
conducted
the range from
to pH 5.
Formation
1,1-dibromoacetone [68] was about a factor 3 to 4 lower than for bromoacetone at pH 3 and pH 7,
while the formation was similar in the pH range between 2 and 3. At pH 5, a change can be observed
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determined
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Figure
8. Concentration
time time
profiles
for 1,1-dibromoacetone,
determined
withwith
the extraction
method
method in the pH range from 2 to 5 in a semi-batch reactor under constant irradiation and an O3 dose
in the pH range from 2 to 5 in a semi-batch reactor under constant irradiation and an O3 dose of
of 3.1∙10−6 mol min−1. Concentrations in the liquid phase were: c(HA) = 33 mg L−1−1
, c(Cl−) = 0.86 mol L−1
3.1·10−6 mol −min−1 . Concentrations
in the liquid phase were: c(HA) = 33 mg L , c(Cl− ) = 0.86 mol L−1
−1 corresponding to bromide/chloride ratio of 1/50. An experiment at pH 7 (not
and −c(Br ) = 0.017 mol
and c(Br ) = 0.017 mol−1 corresponding to bromide/chloride ratio
of 1/50. An experiment at pH 7
shown) with a bromide/chloride ratio of 1:100 (c(HA) = 40 mg L−1, c(Cl−) = 0.86 mol L−1), c(Br−) 8.5 ×
(not shown)
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of irradiation.
1,1-dibromobenzene after 1400 min of irradiation.
3.5. Hydrolysis and Nucleophilic Substitution of Bromoacetone
3.5. Hydrolysis
and Nucleophilic
Substitution
of Bromoacetone
The stability
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The additional observations for the nucleophilic substitutions of the bromoacetone and
1,1-dibromoacetone in the presence of a three-times lower level of chloride (0.58 mol L−1) at 336.5 K
were found to be in agreement. The hydrolysis of the bromoacetones in pure water was too slow for
a determination at 336.5 K. Values obtained at 353 K are shown for comparison. In lack of a
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dependence one may speculate for room temperature that they are slower
than the reaction between chloroacetone and water (Figure 9 and Table 2).
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3.6. Photolysis Rates of Bromoacetone
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The spectrum of bromoacetone in aqueous solution resembles the gas-phase spectrum reported
by Burkholder et al. (2002) [31] who observed two absorption bands centered at 210 and 300 nm.
3.6. Photolysis Rates of Bromoacetone
Photolysis rates of the brominated acetones were determined in water with and without 2-propanol
(2%) as a radical scavenger for OH and Br. The decay of bromoacetone was monitored for up to 52 h.
The concentration range changed by a factor of 5, that results in a photolysis lifetime of 26 h. The decay
of 1,1-dibromoacetone was observed for 10 h and changed more than a factor of 50 in concentration
with a resulting lifetime of 2.7 h. Bromide was observed to increase with the same time as the
1,1-dibromoacetone decreases. UV absorption spectra of bromoacetone and 1,1-dibromoacetone were
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determined in aqueous solution and in n-hexane between 250 and 365 nm (shown in the supplement
(S10)).
The spectrum of bromoacetone in aqueous solution resembles the gas-phase spectrum reported
by Burkholder et al. (2002) [31] who observed two absorption bands centered at 210 and 300 nm.
Starting from 250 nm, the extinction coefficients of bromoacetone decreased slightly to a flat minimum
at 250 nm and increased again to a broad absorption maximum of 40 L mol−1 cm−1 at 285 nm,
extending inAtmosphere
a parabolic
fashion
to more
than 342 nm, where the extinction coefficient decreased
2019, 10,
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Table 3. Henry’s Law constants, HT (M atm−1 ), determined for different temperatures, T (K), based on
the partitioning coefficients measured by the vapor-phase chromatographie (VPC) method.
Compound

H313

H323

H333

H343

H353

H363

H373

Bromoacetone
1,1-Dibromoacetone

47.4 ± 7.6
17.1 ± 2.5

19.9 ± 5.7
9.09 ± 1.15

15.3 ± 3.0
5.63 ± 0.31

7.7 ± 1.5
3.20 ± 0.32

7.0 ± 0.5
2.38 ± 0.15

3.4 ± 0.5
1.38 ± 0.15

2.7 ± 0.4
1.11 ± 0.14

4. Discussion
Diurnal variations of haloacetones demonstrated a link to photochemical processes over the
Western Australian salt lakes. Maximum concentrations of chloro- and bromoacetone were found
around 2 p.m. (Figure 2). The formation of chloro- and bromoacetone, however, is not exclusively
influenced by gas-phase chemistry as high haloacetone MRs could not be explained by known gas-phase
formation reactions alone. Our findings point towards the contribution of an unknown source.
Model simulations indicated a significant gap in our knowledge concerning the sources of
halogenated acetones. Gas-phase photochemistry provides an adequate source for the haloacetones
only if the chlorine and bromine radical concentration is extremly high. At 4 p.m. at Lake Shot and at
8 a.m. at Lake Bean the model output shows an unknown sink. In general, the high bromoacetone MRs
are dominated by the unknown source, while the chloroacetone MR is more sensitive to atmospheric
photochemical reactions with methacrolein and propene. In view of the sampled area, only the lake
water/lake sediment can provide enough organic substrate to emit high amounts of haloacetone. Fulvic
and humic acids (FA and HA) have been proposed to contain keto groups which produce halogenated
ketones in the presence of reactive halogen species (predominantly Br, Cl) [82]. An additional source
from the HA could be the formation of acetone, that is halogenated in later stages. The photolytic
degradation of HA in marine waters was observed and showed an enhanced acetone formation [83,84].
Monohalogenated acetones are favored, as the enolization is very slow under low pH conditions.
Westerhoff et al. (2004) [85] observed approximately 10 times higher rates for the bromination reaction
of pre-ozonized natural organic matter compared to the chlorination reaction, partly outweighing the
lower abundance of bromide. Bromide even enhances the haloacetone formation as already observed
for drinking water chlorination processes [82]. This could be explained by the weaker reactivity of
HOCl compared to HOBr [83], which were the dominant reactive halogen species in the pH range
from 5 to 7. Highest mixing ratios were measured at even lower pH, where Br2 becomes the dominant
bromine species (below pH 5) [15,86].
The temperature of the salt lakes showed diurnal cycles with a high amplitude, ranging from 15 to
35 ◦ C in the lake water and up to 45 ◦ C inside the chamber. Within this temperature range (15 to 35 ◦ C)
the Henry’s Law constant of bromoacetone drops from around 150 to 50 M atm−1 . This enhances the
release of haloacetones from the water phase with increasing temperature over the day. Additionally,
the complete dry out of surfaces will release bromoacetone into the gas phase [87] because of its vapor
pressure (at 20 ◦ C) of 120 Pa [88]. The emissions in the chamber were calculated on the assumption
of no leaks, based on the measured mixing ratios and known losses. For example, chloroacetone
concentrations in the FEP chamber on Lake Bean increased to about 3.5 ppb between 6 and 7 a.m. This
relates to 0.34 µmol in the 2350 L chamber, taking into account the molar volume at 20 ◦ C and 101.3 kPa
of 24.1 L mol−1 (for every time step molar volume was corrected for the temperature). In respect
to the covered surface (1.96 m2 ), the overall emission relates to 0.17 µmol m−2 h−1 chloroacetone
between 6 and 7 a.m. In general, emissions for chloroacetone were 0.01 to 0.17 µmol m−2 h−1 and
for bromoacetone 0.01 to 1.45 µmol m−2 h−1 . The overall production of Lake Shot (pH 3.5) between
6 a.m. and 1 p.m. was 0.1 µmol m−2 h−1 for chloroacetone and 0.36 µmol m−2 h−1 for bromoacetone.
Compared to the neutral lakes (e.g., Lake Bean 0.01 µmol m−2 h−1 chloroacetone and 0.09 µmol m−2 h−1
bromoacetone), a clear trend towards higher emissions at more acidic lakes was observed.
In contrast, a minor source of haloacetones might be provided by the gas-phase reaction (9) of
1-chloro- and 1-bromopropane with OH radicals. While they were not measured in air samples, small
amounts of these compounds were produced by some lake sediments under laboratory conditions.
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The dihalogenated 1,3-dichloropropane and the monohalogenated 1-iodopropane was found in water
samples from Lake Strawbridge and Lake Boats, respectively. These compounds could be precursors
for 1,3-dibromoacetone and iodoacetone. Freeze-dried sediment samples, that were incubated with
ultrapure water (1 g and 10 mL in a 20 mL headspace vial) and shaken in darkness on a rotary table at
40 ◦ C for 24 h, produced 2.9 to 8.8 ng/g 1-chloropropane and 0.7 to 4.8 ng g−1 1,3-dichloropropane.
Samples from Lake Boats emitted 0.4 ng/g 1-iodopropane. For detailed results of the compounds
released from the samples in the laboratory experiments under these conditions, refer to Krause
(2014) [9].
The mass ratio of bromide to chloride in the Australian salt lakes was found to be about 1/500
(bromide ranging from 0.23 to 0.6 g L−1 according to Krause, 2014 [9]). The rate constant for the
nucleophilic substitution of bromide by chloride yields a lifetime of 2 h in a saturated solution of
NaCl at 293 K and cannot be neglected as a sink of bromoacetone and a source of chloroacetone in
the diurnal cycle. At the elevated temperatures of the hypersaline soil, the nucleophilic substitution
will be even stronger. The photolytic lifetime of bromoacetone is several days and therefore plays no
significant role in the loss. The laboratory experiments on HA were conducted at elevated O3 levels
(~5 orders of magnitude higher than in the troposphere) and ozone was directly bubbled through the
solution leading to a well-mixed solution by constant stirring. Nevertheless, if the uptake of reactive
halogen species formed in the gas phase serves as a source for reactive halogen species (Br2 , HOBr,
Cl2 and HOCl) the amount of O3 would not be limiting. Furthermore, the reactions are expected to
occur at lower ozone concentrations, due to the high reactivity of ozone towards halides [89], the
photochemical activation of chlorine by aerosol surfaces [90] and the iron(III)-induced activation of
chloride and bromide on the lakes and on aerosols [91,92]. A potential uncertainty is the conditions of
the photochemical experiments with dilute solutions that may differ from those of the salt lakes and
saline soils. However, the varied molar ratio of chloride to bromide between 3 and 100 (as compared
to 500 in the salt lakes), and the range between 200 and 600 was covered in deliquescent aerosol
(saturated solution) experiments of Behnke et al. (1999) [93], where bromide catalyzed the release of
atomic Cl, even more at lower relative humidity (79% compared to 60%). Nevertheless, the laboratory
experiments proved the existence of an alternative formation mechanism that would be consistent
with the measurements.
5. Conclusions
Haloacetones were measured in the complex transition interface of Australian salt lakes using
a Teflon chamber. The advantage of the static Teflon chamber is that it confines the emissions and
prevents dilution through mixing, leading to the accumulation of compounds over time, so that smaller
emission rates can be observed while allowing for photochemical reactions. The main gas-phase source
of haloacetones in the troposphere is the reaction of propene and methacrolein with atomic chlorine
and bromine. These atmospheric reactions could not explain the measured values in the chambers.
Therefore, an alternative reaction pathway was considered. According to laboratory observations,
these formation pathways are the acid catalyzed enolization of acetone and the direct halogenation
of organic matter in the water phase and the quasi-liquid phase and on the salt crust. Particles are
assumed to be a potential source of these halogenation processes and may have contributed to their
formation inside the chamber. It could be shown in laboratory experiments that the encountered lake
conditions (pH 2–7, high salinity) favor the formation of monohalogenated acetones and brominated
species are favored over chlorinated as reaction products, which is in line with the measurements on
the lakes.
The salt lakes of the Australian wheat belt have been identified to be a source of ultrafine particles
which were measured in elevated numbers over the agricultural land by airborne, car-based and
stationary instruments [53,54]. This raised the question of the underlying aerosol formation process
and whether the salt lakes have a significant impact on the local climate that unambiguously changed
over the last decades. Photolysis of haloacetones leads to the formation of HCl/HBr and the acetonyl
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radical CH3 C(O)CH2 which is an intermediate in the OH + allene reaction and which participates
in the secondary organic aerosol (SOA) formation [38]. Therefore, we recommend more research
on the aerosol formation efficiency of haloacetones and, in view of increasing salinization due to
anthropogenic impacts, more research on possible reactions of organic matter with halogens. Despite
the high Henry’s Law constants of chloro- and bromoacetone, the liquid phase is considered to be the
main source of these compounds.
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