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ABSTRACT: Soot and mercury (Hg) are two notorious air pollutants, and the fate and
transport of Hg may be affected by soot at various scales in the environment as soot may
be both a carrier and a reactant for active Hg species. This study was designed to quantify
photoreduction of Hg(II) in the presence of soot and the associated Hg isotope
fractionation under both atmospheric aerosol and aqueous conditions (water-saturated).
Photoreduction experiments were conducted with diesel soot particulate matter under
controlled temperature and relative humidity (RH) conditions using a flow-through
semibatch reactor system. Mass-dependent fractionation resulted in the enrichment of
heavier Hg isotopes in the remaining Hg(II) with enrichment factors (ε202Hg) of 1.48 ±
0.02‰ (±2 standard deviation) to 1.75 ± 0.05‰ for aerosol-phase reactions (RH 28−68%) and from 1.26 ± 0.11 to 1.50 ± 0.04‰
for aqueous-phase reactions. Positive odd mass-independent fractionation (MIF) was observed in aqueous-phase reactions, resulting
in Δ199Hg values for reactant Hg(II) as high as 5.29‰, but negative odd-MIF occurred in aerosol-phase reactions, in which Δ199Hg
values of reactant Hg(II) varied from −1.02 to 0‰. The average ratio of Δ199Hg/Δ201Hg (1.1) indicated that under all conditions,
MIF was dominated by magnetic isotope effects during photoreduction of Hg(II). Increasing RH resulted in higher reduction rates
but lower extents of negative MIF in the aerosol-phase experiments, suggesting that the reduction of soot particle-bound Hg(II) was
responsible for the observed negative odd-MIF. Our results suggest that mass-independent Hg isotope fractionation during Hg(II)
photoreduction varies with soot aerosol water content and that Hg-stable isotope ratios may be used to understand the
transformational histories of aerosol-bound Hg(II) in the environment.
KEYWORDS: mercury, mass-independent fractionation, aerosol photoreaction, relative humidity, magnetic isotope effects

1. INTRODUCTION

Redox transformations of mercury (Hg) are of major
importance to the regional distribution and global geochemical
cycling of Hg through their influence on atmospheric Hg
deposition and re-emission from surface environments. Photo-
reduction of Hg(II) takes place in aerosols and clouds,1 where
high irradiance and large aerosol surface areas are available for
physicochemical interactions among gaseous and particulate-
bound species.2 Indeed, Hg(II) photoreduction in aerosols has
been observed in controlled laboratory experiments3,4 and in
the environment.5,6 Although the effects of aerosol chemical
composition (e.g., anions, trace elements, and carbon
concentrations) and water content on Hg(II) photoreduction
have been examined,3,4 due to the complexity of aerosols in the
environment, the heterogeneous chemistry of Hg(II) in the
atmosphere is not well-understood and the impact of
photoreduction on the fate of Hg in the environment has
not been fully assessed.7

As one of the major components of urban air pollution, soot
is an efficient sorbent for various environmental pollutants due
to its surface structure and unique physicochemical proper-
ties,8 which facilitates multiphase photochemical processes
through direct reactions with other species or as a catalytic
surface.9 Prior studies have shown that soot plays an important

role in photochemical reactions not only in clouds and
aerosols9−11 but also in aquatic environments including marine
surface waters.11 While the results of laboratory and field
studies show that elemental carbon particles have a high
capacity to adsorb Hg, especially Hg(II), in the atmosphere,12

the role of soot in the photochemical transformation of Hg in
the atmosphere is unknown.
This study was designed to quantify the effects of soot on

the photoreduction and isotope fractionation of Hg in the
atmosphere. Stable isotopes of Hg exhibit both mass-
dependent fractionation (MDF, represented by δ202Hg) and
mass-independent fractionation (MIF) during Hg trans-
formations under various environmental conditions.13−19

MIF includes odd-mass-number MIF (odd-MIF), represented
by Δ199Hg and Δ201Hg, and even-mass-number MIF (even-
MIF), represented by Δ200Hg and Δ204Hg. Prior studies have
shown that MDF is induced by several Hg transformation and

Received: April 23, 2021
Revised: September 23, 2021
Accepted: September 24, 2021
Published: October 8, 2021

Articlepubs.acs.org/est

© 2021 American Chemical Society
13783

https://doi.org/10.1021/acs.est.1c02679
Environ. Sci. Technol. 2021, 55, 13783−13791

D
ow

nl
oa

de
d 

vi
a 

C
H

E
N

G
D

U
 D

O
C

U
M

 A
N

D
 I

N
FO

 C
T

R
 o

n 
D

ec
em

be
r 

8,
 2

02
1 

at
 0

2:
31

:0
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiang+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoshuai+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weilin+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+R.+Reinfelder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.1c02679&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02679?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02679?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02679?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02679?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02679?fig=abs1&ref=pdf
https://pubs.acs.org/toc/esthag/55/20?ref=pdf
https://pubs.acs.org/toc/esthag/55/20?ref=pdf
https://pubs.acs.org/toc/esthag/55/20?ref=pdf
https://pubs.acs.org/toc/esthag/55/20?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.1c02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf


transport processes,15,20−28 but large values of odd-MIF result
primarily from photochemical reactions under various environ-
mental conditions.15,29,30

Variations in Hg-stable isotope ratios have been used to
trace reactions of Hg in the environment and to track sources
of Hg in food webs and across boundaries of atmospheric and
aquatic systems.31,32 Previous results show that Hg-stable
isotope ratios in atmospheric fine particles were correlated with
elemental carbon concentrations33 and that photochemical
reactions cause major daily swings in MDF and MIF of Hg
isotopes in urban fine aerosols.5 However, the patterns and
environmental controls of Hg isotope fractionation in aerosols
are still not clear. Indeed, Hg isotope ratios of aerosols are
typically explained as being controlled by aqueous-phase
photoreduction.5,34−36 Such practice is predicated on the
hypotheses that photoreduction of Hg(II) would follow the
same reaction mechanisms and similar Hg isotope fractiona-
tion patterns in both aerosol and aqueous phases.
We tested the abovementioned hypotheses regarding Hg

photoreduction in a laboratory study with both dry aerosol and
aqueous phases. Atmospheric photoreduction of Hg was
examined under controlled temperature and relative humidity
(RH) conditions using a flow-through, semibatch reactor
system with diesel soot particulate matter (DSPM) as the
stationary phase and an inert gas (argon) as the mobile phase.
For comparison, aqueous-phase experiments were also
conducted with DSPM suspensions and filtrates. We refer to
the filtrate of DSPM as water-soluble diesel soot (WSDS) due
to the dissolution of soot fractions including macromolecular
humic-like substances and aromatic polyacids,37,38 which may
act like dissolved organic carbon with respect of Hg isotope
fractionation during Hg photoreduction.39 We expected
isotope fractionation of Hg during photoreduction of soot-
bound Hg(II) to follow the same patterns in both aerosol and
aqueous phases. Our aims were therefore to (1) determine the
rate of photoreduction of Hg(II) bound to DSPM in the
aerosol phase at four different RHs and in aqueous systems
with DSPM suspensions and filtrates (WSDS) and (2)
investigate Hg isotope fractionation during Hg photoreduction
in aerosol and aqueous phases. Our results illustrate the effects
of RH on the photochemical reduction of soot-bound Hg and
show that the direction of odd-MIF of Hg isotopes depends on
whether reactions occur in aerosol or aqueous phases.

2. EXPERIMENTAL SECTION
Reagents, Chemicals, and Solutions. Mercury chloride

(HgCl2, >99.5%, Alfa Aesar), stannous chloride (SnCl2·2H2O,
98.0−103.0%, Alfa Aesar), hydroxylammonium chloride
(NH2OH·HCl, >99.0%, Sigma-Aldrich), potassium bromide
(KBr, >99.0%, Sigma-Aldrich), and potassium bromate
(KBrO3, >99.8%, Sigma-Aldrich) were all of ACS reagent
grade. Trace metal-grade nitric acid (HNO3) and hydrochloric
acid (HCl) were purchased from Fisher Scientific. Ultrapure
water (18.2 MΩ cm) through a Barnstead water purification
system was used for preparing all solutions with precleaned
glassware. A standard reference material of DSPM (SRM
2975) was purchased from The National Institute of Standards
and Technology (NIST). The NIST SRM 2975 has been well-
characterized and widely used as a representative soot
particulate matter in prior studies of pollutant fate and
transport under atmospheric or aquatic conditions.8,40 Briefly,
its certified characteristics include a mean diameter of 1.62 ±
0.01 μm (number distribution), a specific surface area of 114

m2/g, an extractable organic material of 6.0 wt %, an elemental
carbon content of 75.0 wt %, and a total carbon content of 89.5
wt %.8

A bromine chloride (BrCl) solution (0.2 M) was prepared
by mixing concentrated HCl (11.3 M) with prebaked (250 °C,
12 h) KBr and KBrO3 powders. Aqueous SnCl2 solutions at
both 100 and 30 g/L used for on-line reduction of Hg(II) for
concentration and isotope analyses, respectively, were prepared
by dissolving the solid in 1 M HCl. A 100 g/L NH2OH·HCl
solution was prepared for BrCl neutralization. Before use, the
SnCl2 and NH2OH·HCl solutions were bubbled for 6 h with
Hg-free N2 to remove trace levels of Hg vapor. A stock
solution of HgCl2 (0.8 M) was prepared by dissolving the solid
in 0.01 M HCl. A mixture of 4 M HNO3 and 1.5 M HCl
prepared by mixing 11.3 M HCl, 15 M HNO3, and ultrapure
water in the proportions 2:4:9 by volume was used as the
trapping solution.
All glass and plastic containers and connectors used in the

experiment and for sample storage and analysis were soaked
with 4 M HCl solution for 1−2 days and rinsed with ultrapure
water. They were air-dried in a laminar flow hood equipped
with a class 100 high-efficiency particulate air filter and stored
in plastic bags.

Photoreaction Systems. The rates of photoreduction of
DSPM-bound Hg(II) were investigated under both aerosol
and aqueous conditions using two home-made photoreaction
systems. The photoreaction system for aerosol experiments
was tailored specifically for carrying out the experiments using
commercially available components and equipment. It is
described in greater detail in the Supporting Information and
is schematically shown in Figure S1. In brief, four reactors
made of quartz tube (I.D. 20 mm, 150 mm length) were
positioned vertically at equal distances surrounding a lamp.
Each reactor was fitted with a Hg-free argon gas supply line on
the bottom and outflow line to an acid trap on the top. The
trapping system consisted of a 20 mL borosilicate glass culture
tube (O.D. × L: 16 × 150 mm) with a screw cap, which
contained 5 mL of a solution (4 M HNO3 and 1.5 M HCl) for
trapping all Hg as aqueous Hg(II) and a gas dispersion tube
(height 220 mm approx., I.D. 3 mm, O.D. 6 mm) with a 12
mm-diameter coarse-porosity (20−50 μm) fritted cylinder for
dispersing mercury gas in the trapping solution. The trapping
method used here was adapted from a prior study which
showed its high efficiency.33 The Hg-free argon gas was used to
control the humidity for the aerosol reaction and to purge
Hg(0) out of the reactor. The flow was controlled by mixing a
dry argon gas flow with a water-saturated argon flow which was
bubbled through a water bath at room temperature (about 23
°C). For each reactor, the total inlet argon flow was set at 45 ±
1 mL/min and the desired constant humidity was achieved
with two adjustable gas flow meters (Cole Parmer, USA).
Simulated solar radiation was supplied using a xenon lamp with
light intensities of 2600 mW/cm2 in the visible range (400−
700 nm, measured with a model LI-250 m, LI-COR, NE, USA)
and 7 mW/cm2 and 0.18 mW/cm2 in the UV-A and UV-B
ranges, respectively (PMA2200, Solar Light, PA, USA).
Multiple reactors were used simultaneously to run duplicate
or triplicate experiments under identical conditions. The xenon
lamp was surrounded with a hollow quartz cylindrical jacket
about 2 cm thick. The jacket contained 5 °C water from a
recirculating chiller to absorb heat. The reactors and lamp were
placed in the dark, and the lamp was the only source of light
during the experiments.
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For aqueous experiments, the photoreaction system
consisted of a 45 mL quartz reactor with a gas outlet and a
fritted cylinder of 12 mm diameter and coarse porosity (20−50
μm) as the gas inlet, and the same xenon lamp as was used in
the aerosol system. Water-saturated argon gas was used for
purging, and a trapping system identical to that in the aerosol
system was connected to the gas outlet. Both photoreaction
systems were kept in the dark, so the xenon lamp was the only
source of light.
Photoreaction Experiments. A DSPM suspension stock

solution at 2.79 mg/mL was prepared by suspending DSPM in
ultrapure water. A fraction of the stock solution was filtered
through a 0.2 μm cellulose membrane filter (4 mm, Corning
syringe filter, Sigma-Aldrich) and the filtrate having a WSDS
carbon content of 13.1 μg/mL was retained for aqueous-phase
photoreduction tests. Both the DSPM and WSDS solutions
were stored in 20 mL brown glass bottles at 5 °C before use.
Before each photoreduction test, 0.50 mL of Hg(II)-DSPM or
Hg(II)-WSDS solution was prepared by mixing 0.01 mL of
HgCl2 working solution (164 μg/mL of Hg) with 0.49 mL of
DSPM or WSDS solution, yielding a final Hg/C molar ratio of
7.8 × 10−5 or 1.5 × 10−2. The Hg(II) mixture was
ultrasonically agitated for 15 s and then placed on a shaker
at 150 rpm for 15 min. After mixing, an aliquot (50 μL) of the
Hg(II)-DSPM was sampled and filtered, and the filtrate was
analyzed for the concentration of dissolved Hg(II). The results
showed that less than 5% of the total Hg introduced to the
DSPM suspension was in the dissolved phase, indicating that
nearly all of the Hg(II) was bound to DSPM.
For aerosol experiments, 100 μL of a Hg(II)-DSPM

suspension was transferred with a pipette and spread evenly
over the entire frosted surface of a quartz plate (17 × 100
mm). After being dried in a dark hood for 10 min, the plate
was immediately placed into the quartz reactor with the frosted
side facing the lamp. Before irradiation, the reactor was purged
with Hg-free and constant-humidity argon gas for 20 min to
remove any small amount of Hg(0) and to achieve equilibrated
humidity. The temperature inside each reactor, which was
monitored during irradiation, rose from 23 to 28 °C within the
first 10 min and remained relatively constant between 28 and
30 °C thereafter. Experiments with DSPM aerosols were run at
four different RH levels, 28, 48, 68, and 75%, as measured in
the reactor using a digital psychrometer (RH300, Extech
Instrument), which was calibrated against salt-saturated
aqueous solution-vapor standards. At a designated time, the
trapping unit was replaced, and the trapping solution and a
water rinse were combined in a 15 mL culture tube, which was
spiked with 50 μL of 0.2 M BrCl to preserve trapped Hg and
sealed with a PTFE-lined cap. At the end of each experiment,
the entire reactor, including the quartz plate and inside walls,
was rinsed with 10 mL of trapping solution and 10 mL of
ultrapure water for recovering the residual Hg in the reactor.
The aliquots were combined and then spiked with 0.5 mL of
0.2 M BrCl.
For aqueous experiments, the quartz reactor contained 20

mL of ultrapure water and 100 μL of Hg(II)-DSPM or Hg(II)-
WSDS, yielding a Hg concentration of 16.4 ng/mL. The
contents of each treatment were allowed to equilibrate for 20
min in the dark with purging Ar gas. At this dilution, the
equilibrated aqueous phase of Hg(II)-DSPM treatments
accounted for about 23% of total Hg. During irradiation, the
trapping unit was replaced at preset times, and trapping
solutions were preserved as described above. At the end of

each experiment, the remaining solution was transferred into a
50 mL glass bottle, and the reactor was rinsed with the
trapping solution (10 mL). The solutions were combined and
0.5 mL of 0.2 M BrCl was added.
Dark control experiments with aluminum foil-wrapped

reactors were also carried out under identical conditions. All
the trapping samples and the residual samples listed in Table
S1 were stored at 4 °C before subsequent analyses for Hg
concentration and isotope composition.

Analytical Methods. The concentrations of Hg in all
aqueous samples were measured by cold vapor atomic
fluorescence spectrometry (Brooks Rand Labs MERX
automated systems with Model III Atomic Fluorescence
Detector) following EPA method 1631 revision E. The relative
standard deviation (SD) was ≤5% based on repeated analysis
of samples (n = 4).
A total of five sets of reaction solutions were chosen for Hg

isotope measurements, two sets from aerosol experiments at an
RH of 28 and 68% and three sets from aqueous experiments
including one for Hg(II)-DSPM and two for Hg(II)-WSDS.
The Hg isotope ratios were measured by multicollector
inductively coupled plasma mass spectrometry (MC-ICPMS,
Thermo Scientific Neptune Plus) at the Department of Earth
and Planetary Sciences, Rutgers University, using the method
described elsewhere.41,42 In brief, 10 μL of a 100 g/L NH2OH·
HCl solution was added to all samples to neutralize excess
BrCl before analysis. The MC-ICPMS was coupled to a cold
vapor generation system (HGX-200, Cetac, Omaha, NE,
USA), where Hg(II) was converted to Hg(0) vapor by inline
mixing with a 30 g/L SnCl2 solution and subsequently
combined with thallium (Tl) aerosol generated using a Cetac
Aridus II Desolvating Nebulizer System. Tl solution at 20 μg/L
was prepared from a Tl standard (10 ppm in 2% HNO3,
Elemental Scientific), which was used for isotopic mass bias
correction. Faraday cup detectors were positioned to measure
five isotopes of mercury (198Hg, 199Hg, 200Hg, 201Hg, and
202Hg) and two isotopes of thallium (203Tl and 205Tl). Mass
bias was corrected using the 205Tl/203Tl internal standard and
standard bracketing with a 2 μg/L Hg standard (NIST 3133).
The sample was diluted to a Hg concentration of 2 μg/L and
was introduced to the cold vapor generation system at 0.75
mL/min, which typically gave an instrumental sensitivity of 1.5
V on 202Hg. All isotope ratios of samples and secondary
standards were measured relative to NIST-3133. Results are
reported as δxHgNIST in units of per mil (‰) as defined using
the following equation

Hg (‰) ( Hg/ Hg) /( Hg/ Hg)

1 1000

x x x
NIST

198
sample

198
NIST3133δ = [

− ] × (1)

where x = 199, 200, 201, or 202. MIF is reported as ΔxHgNIST,
which is the difference between observed and theoretically
predicted kinetic MDF values according to the equation

Hg (‰) Hg Hgx x
NIST NIST

202
NISTδ β δΔ = − × (2)

where β values are 0.252, 0.5024, and 0.752 for 199Hg, 200Hg,
and 201Hg, respectively.
A well-known reference material UM-Almaden standard was

regularly measured between samples and reproduced at
δ202HgNIST = −0.54 ± 0.12‰ and Δ199HgNIST = −0.03 ±
0.04‰ (2 SD, n = 10), which are in agreement with published
values.33,43 Multiple measurements of the mercury (II)
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chloride solution used in the reaction experiments resulted in
values of δ202HgNIST = −0.47 ± 0.12‰ and Δ199HgNIST =
−0.03 ± 0.06‰ (2 SD, n = 11). The uncertainties of isotope
ratios of samples listed in Table S2 used the abovementioned 2
SD values for the laboratory HgCl2 solution since the average
standard error (2 SE) of samples calculated based on repeated
analyses was lower than the 2 SD of the laboratory HgCl2
solution.
Data Analysis. The time-dependent mass fraction ( f i) of

Hg(0) formation, the accumulative mass fraction ( f P) of
Hg(0) production, and the fraction ( f R) of residual reactant
Hg(II) were calculated (see Table S1) based on a mass balance
approach using the total Hg (Hgtotal) of each reaction system
calculated from the analyses of the purged-out mercury (Hgi)
and the residual mercury (Hgre) after completion of the
reaction.

f f (Hg /Hg )
i

n

i
i

n

iP
0 0

total∑ ∑= =
= = (3)

The initial Hg isotope compositions of total Hg in each
photoreactor (i.e., δ202Hginitial) were calculated from measured
isotope compositions of purged-out Hg(0) (i.e., δ202Hgi) and
residual Hg(II) present at the end of each incubation (i.e.,
δ202Hgre)

fHg ( Hg ) Hg Hg /Hgx

i

n
x

i i
x

initial
0

re re total∑δ δ δ= × + ×
=

(4)

The resulting average values of δ202Hginitial = −0.42 ±
0.10‰ and Δ199Hginitial = −0.06 ± 0.10‰ (2 SD, n = 5) were
consistent with the isotope compositions of the mercury(II)
chloride salt (δ202Hg = −0.47 ± 0.12‰ and Δ199Hg = −0.03
± 0.06‰, n = 11), indicating that preparation procedures had
little or no effect on the isotope ratios of added Hg. Because
the initial Hg(II) used for experiments had nonzero δxHg and
ΔxHg values and to simplify subsequent data analysis and
presentation, Hg isotope ratios of all samples are reported
relative to the isotope composition of the mercury(II) chloride
salt.
The isotope ratios of cumulatively produced Hg(0) (i.e.,

δ202HgP) were calculated from the isotope compositions of
interval samples (i.e., δ202Hgi) and their fractions ( f i)

f fHg ( Hg / )x

i

n
x

i ip
0

p∑δ δ= ×
= (5)

The isotopic ratios (i.e., δ202HgR) of residual reactant Hg(II)
were calculated using the isotope compositions of the
cumulative produced Hg(0) (i.e., δ202HgP) and their fractions
( f P)

f f

Hg ( Hg Hg ) 1

Hg /

x x x

x

R initial mercury(II)chloride salt

p p R

δ δ δ

δ

= [ − ×

− × ] (6)

Calculated δxHgP and δxHgR and associated MIF values
referred to in the Results and Discussion are presented in
Table S3. Since our experimental design included an inert
mobile phase and continuous purging to prevent Hg oxidation,
kinetic isotope fractionation was examined. The kinetic
fractionation factors (α) between the reactant Hg(II) and
product Hg(0) are defined as αx/198 = RR/RP, where R is the
isotope ratio xHg/198Hg (x = 199, 200, 201, and 202). The

following equations,44 which are based on the Rayleigh
distillation model, were used to evaluate the kinetic
fractionation factor of MDF

f

10 ln (10 Hg )/(10 Hg )

( )10 ( 1) ln

x x

x

3 3
R

3
initial

3
MDF

/198
R

δ δ

α

× [ + + ]

= − × − × (7)

where δxHginitial is the calculated initial δxHg value of reactant
Hg(II) when f R = 1, and the slope, (−)103 × (αMDFx/198 −
1), is also defined as an enrichment factor for MDF (εxHg).
The left side of eq 7 can be replaced with δxHgR, since the
initial isotope composition was normalized to zero. The
enrichment factors calculated by linear regression are
presented in Table S4.

QA/QC. During the photochemical experiments, Hg(II) was
reduced to Hg(0), which was purged out of the reactor by
argon. The Hgtotal calculated for each run ranged from 292 to
442 ng, which equaled an average of 95 ± 6% (±1 SD, from 81
to 104%) of the total Hg estimated from the volume and the
Hg concentration of the Hg(II)-DSPM solution added to each
reactor. This variance likely resulted from the complex
experimental procedures involved and propagation of un-
certainty in Hg measurements. Nevertheless, the triplicates of
each reactor system exhibited a very similar trend of
photoreduction rate and consistent time-dependent changes
in f R under irradiation (see Figure S2). In dark control
experiments (see Figure S2), f R values were linearly correlated
with reaction time in both aerosol and aqueous phases, and the
rate of Hg(II) reduction was a factor of 5 lower than that of
photoreduction over 17.5 h in aerosol-phase experiments at
RH 68% and a factor of 12 lower over 10.5 h in aqueous-phase
experiments with DSPM suspensions. It is likely that the dark
reduction of Hg(II) might follow a zeroth-order rate model
and should have limited contribution to the reduction of
Hg(II) during the photoreaction.
Hg isotope values were measured for samples from five

reactors, including two for aerosol experiments at an RH of 28
and 68%, respectively, and three for aqueous experiments (one
Hg(II)-DSPM and two Hg(II)-WSDS systems). As shown in
Figure S3, the duplicates of Hg(II)-WSDS exhibited the same
pattern of Hg(II) photoreduction rates and consistent isotope
fractionation trends, demonstrating experimental repeatability.

3. RESULTS AND DISCUSSION
Mercury Photoreduction Rates and Their Relation-

ship with RH. RH had a strong effect on the photoreduction
of Hg(II) with DSPM aerosols as the observed rate was clearly
faster and the extent of the reaction was greater at higher
humidity (Figure 1). In triplicate experiments, an average of 23
± 4.7, 45 ± 3.3, 59 ± 1, and 66 ± 1.4% of initial Hg(II) was
reduced to Hg(0) over 13 h at RH values of 28, 48, 68, and
75%, respectively. In all experiments, Hg(II) followed an
exponential decline (Figure 1) and results (Table S5) were fit
to a two-compartment, pseudo-first-order rate model (0.991 <
R2 < 1.000)

f A k t A k texp( ) (1 ) exp( )R 1 2= × − × + − × − ×
(8)

where A and 1 − A are the fractions of Hg(II) in each
compartment and k1 and k2 are their respective rate constants.
A single compartment first-order model gave weaker
correlations (adj R2 < 0.98) than the two-compartment
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model. The photoreduction of Hg(II) in compartment 1 was
much faster (k1 = 0.26 to 0.50 h−1) than compartment 2 (k2 =
0.005 to 0.047 h−1). The increase in the proportion of Hg(II)
in compartment 1 from 0.08 to 0.40 as RH increased therefore
largely accounts for the higher rate of Hg(II) photoreduction
at higher water levels. A smaller portion of this effect is due to
the increase in the rate constant for the photoreduction of
Hg(II) in compartment 2 (k2) with increasing RH.
While the coordination of Hg(II) to different sites on the

surface of DSPM particles could account for the presence of
two different reactive forms of Hg(II), the observed increase in
the rates and extents of Hg(II) photoreduction, as well as the
proportion of Hg(II) in compartment 1, with higher humidity
in the soot aerosol experiments suggests that compartment 1
represents water-soluble forms of soot. This hypothesis is
supported by our observation of a higher rate and extent of
Hg(II) photoreduction in incubations with WSDS particles in
which the fast reacting compartment accounted for nearly all
(95%) Hg(II) than in experiments with DSPM suspensions in
which Hg(II) was evenly divided between the two compart-
ments. The presence of suspended soot particles apparently
slowed the photoreduction of Hg(II) by binding half of the
Hg(II) in less-reactive compartment 2 in the aerosol
experiments. Photoreduction rate constants for compartment
1 were significantly lower (p < 0.05) at intermediate RHs of 48
and 68% than those at both the lowest RH and at higher RH
and in aqueous experiments. This may reflect changes in the
structure of soot particle surfaces or the partitioning of Hg(II)
between aqueous and particle-bound forms with different
reactivities as water content increased.
Hg-Stable Isotope Fractionation. Both MDF and odd-

MIF were observed in all experiments, but even-MIF was not
observed within analytical uncertainty for most samples. Thus,
only MDF and odd-MIF are discussed hereafter.
Hg(II) photoreduction in both aerosol- and aqueous-phase

experiments exhibited MDF. Figure 2a presents the δ202Hg
values of both the reactant and product as a function of the
remaining mass fraction of Hg(II) ( f R). Lighter Hg isotopes
accumulated in product Hg(0) to a greater extent, as indicated
by negative δ202Hg values, and heavier Hg isotopes remained in
reactant Hg(II) to a greater extent, as indicated by positive
δ202Hg values. The mass-dependent Hg isotope fractionation
we observed in both aerosol- and aqueous-phase experiments is
comparable with that in previous studies of Hg(II) photo-
reduction with dissolved organic matter (DOM) in aquatic
systems (−0.49 ± 0.32 to −1.73 ± 0.23‰).15,39,45

Since product Hg(0) was instantaneously removed, isotope
enrichment factors for 202Hg (ε202Hg) were obtained from
linear regression of eq 7, assuming Rayleigh fractionation. For
the aerosol experiments, the estimated reactant/product
ε202Hg had a slightly less positive value at an RH of 68%
(1.48 ± 0.02‰, R2 = 0.997) than at an RH of 28% (1.75 ±
0.05‰, R2 = 0.994). The ε202Hg value of Hg(II) at RH 68%
was statistically very similar (p > 0.05) to that of the aqueous
DSPM suspension experiments (1.50 ± 0.04‰, R2 = 0.996).
However, the ε202Hg values for the aqueous WSDS experi-
ments (1.35 ± 0.11‰, R2 = 0.956 and 1.26 ± 0.11‰, R2 =
0.948) were significantly smaller (p < 0.05) than that for the
aqueous DSPM suspension experiments.
Although δ202Hg values were strongly correlated with

reaction extents when fitted using the Rayleigh model (R2 >
0.95, see Table S4), as shown in Figure 2a, in many cases,
calculated δ202Hg values of the cumulative Hg(0) product are
lower than model-fitted curves. For example, δ202Hg values of
the Hg(0) product for the soot aerosol experiment at an RH of
68% cross-fitted fractionation curves defined by ε202Hg values
of 1.75, 1.48, and 1.35 (‰). In fact, isotope enrichment factors
calculated for individual time points varied progressively (see
Table S6). In the soot aerosol experiment at an RH of 68%, for
example, ε202Hg values trended toward less positive values,
from 1.81 to 1.40 (‰), as the reaction progressed [lower
ln( f R) values]. This trend, which was observed in all
experimental results, indicates that the isotope fractionation
factor decreased as the Hg(II) photoreduction reaction
progressed, which may have resulted from different rates of
reduction of Hg(II) in the two compartments identified in the
kinetic analysis.
The fractionation of 199Hg in the two aqueous-phase

experiments also resulted in the enrichment of the heavier
isotope (higher δ199Hg) in the reactant. However, in the

Figure 1. Photoreduction of Hg(II) with DSPM aerosols at various
RHs and in aqueous-phase experiments with DSPM suspensions and
filtrates (WSDS). Plotted values are the fractions of the remaining
Hg(II) ( f R = 1 − Hgproduct/Hgtotal) at each time. Lines are for two-
compartment, pseudo-first-order rate model fits to the results (see
text). Error bars represent the range of f R values for duplicate reactors.

Figure 2. Fractionation of mercury-stable isotopes during photo-
chemical reduction of Hg(II) with DSPM aerosols at two RHs and in
aqueous-phase experiments with DSPM suspensions and filtrates
(WSDS). (a) δ202Hg values of the reactant (R) and cumulative
product (P) and (b) Δ199Hg values of the reactant (R) and
cumulative product (P). The fractions of the remaining Hg(II) ( f R)
were calculated as 1 − Hgproduct/Hgtotal.
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aerosol-phase experiments, the remaining reactant Hg(II)
became depleted in 199Hg. As a result, for the aerosol-phase
experiments, Δ199Hg values of reactant Hg(II) decreased
progressively as the reactions proceeded (Figure 2b and Table
S2). In contrast, Δ199Hg values of reactant Hg(II) in the
aqueous-phase experiments (DSPM and WSDS) increased
during the reduction of Hg(II). Reactant/product enrichment
factors for 199Hg (ε199Hg) (Table S4) increased with water
content from 28 to 100% in the aerosol and DSPM
experiments and became even more positive in the WSDS
experiments with only soluble soot components. Our results
therefore show the unexpected finding that water content is a
critical factor controlling not only the magnitude but also the
direction of odd-MIF during the photoreduction of Hg(II)
with soot aerosols. Toward the end of the DSPM and WSDS
experiments, the direction of MIF changed sign (Figure 2b,
Table S2). This is examined below.
Factors Contributing to Observed Hg Isotope

Fractionation. Variation in MDF of Hg-stable isotopes in
our diesel soot aerosol and aqueous-phase experiments can be
explained based on the observed two-compartment kinetics of
Hg(II) photoreduction. In the aerosol experiment with the
lowest RH, the slow reacting form of Hg(II) in compartment 2
was dominant (91%) and Hg MDF was the highest. Increasing
RH from 28 to 68% leads to a higher proportion of the fast
reacting form of Hg(II) in compartment 1 (40%), a higher
overall reduction rate and a lower extent of MDF than at low
RH. The rate of Hg(II) photoreduction and the proportion of
the fast reacting form of Hg(II) increased even more in
experiments with soot suspensions and extracts, while the
extent of MDF continued to decline (Table S4). These
observations are consistent with theoretical and observed
effects of reaction kinetics on MDF during kinetic fractiona-
tion.31 The magnitude of mass-dependent Hg isotope
fractionation during the photochemical reduction of Hg(II)
with soot aerosols therefore depends on water content under
the control of RH and temperature, which controls the relative
abundances of two different forms of Hg(II) with different
reaction rates. The coexistence of two forms of Hg(II) with
different reaction rates on the aerosols, hypothesized soot
particle-bound and dissolved forms of Hg(II), is consistent
with our observation that within each experiment, isotope
enrichment factors for MDF varied as the reactions proceeded.
Adsorption−desorption reactions may fractionate Hg-stable

isotopes in both aerosol and aqueous phases. In our
experiments, about 23% of total Hg(II) was present in the
pre-equilibrated aqueous phase of the Hg(II)-DSPM suspen-
sion experiment prior to irradiation. As this was less than the
fraction of total produced Hg(0), the desorption of Hg(II)
from soot particles may have occurred as Hg(II) photo-
reduction progressed. Hg isotopic fractionation has been rarely
studied in inhomogeneous systems. However, the adsorption/
desorption of Hg(II) was shown to result in small extents of
MDF (up to 0.62‰) and MIF (<0.1‰) of Hg isotopes.26,46

Adsorption and/or desorption processes may therefore have
affected MDF by at most 0.62‰26,46 but probably had a
limited effect on MIF in these experiments. While isotopic
exchange due to aqueous-phase Hg(II)−Hg(0) equilibration
has been observed in nonpurged, closed-system experiments,28

such Hg isotope fractionation is unlikely to have exerted a
major influence in our purged reactor experiments in which
Hg(0) was continuously removed.

In both aerosol- and aqueous-phase experiments, Δ199Hg
was linearly correlated with Δ201Hg (R2 > 0.97 for all sets) and
across all experiments, a Δ199Hg/Δ201Hg ratio of 1.15 ± 0.01
was obtained by linear regression (Figure S4). The Δ199Hg/
Δ201Hg ratio we observed is similar to those previously
reported (range of 1.19−1.31) for Hg(II) photoreduction in
aqueous media with different Hg/DOC ratios.39 In contrast,
the thermal (non-photochemical) reduction of Hg(II) has a
Δ199Hg/Δ201Hg ratio of 1.6, which has been linked to MIF
arising from the nuclear volume effect.47 This indicates that the
magnetic isotope effect (MIE) dominated MIF observed in
this study.
MIE arises from differences in the rates by which spin states

of excited radical pairs undergo intersystem crossing (ISC) by
hyperfine coupling in atoms with magnetic (odd mass) and
nonmagnetic (even mass) nuclei.48 Radical pairs with magnetic
nuclei generated in the triplet state during photochemical
reactions undergo ISC to the excited singlet state faster than
radical pairs with nonmagnetic nuclei. The excited singlet-state
radical pair can then recombine to form the original compound
in the ground singlet state, thus increasing the ratio of odd
isotopes in the reactant (for Hg, this is referred to as positive
MIE). Radical pairs with magnetic nuclei initially in an excited
singlet state will undergo ISC to an excited triplet faster than
pairs with nonmagnetic nuclei and will dissociate into products
leading to the depletion of odd isotopes in the reactant
(negative MIE). Excited spin states and rates of ISC depend on
the structure of the solvent cage surrounding radical pairs.
Even at the lowest RH in our experiments, the soot aerosol
particles would be coated with a layer of physically adsorbed
liquid water.49 Radical pairs of Hg(II) might then be
surrounded by a solvent cage formed by water and perhaps
functional groups on soot particle surfaces. For Hg(II), factors
that affect the solvent cage are not entirely understood but
include the coordinating ligand and pH.50

The odd-MIF of Hg isotopes we observed during the
photochemical reduction of Hg(II) in the experiments with
soot suspensions (DSPM, Δ199Hg(II) up to 0.79‰) and
extracts (WSDS, Δ199Hg(II) up to 5.54‰) is similar to that
reported previously for Hg(II) photoreduction with DOM in
aquatic systems.15,39,47 In those experiments, as in ours,
reactant Hg(II) became enriched in 199Hg as the reaction
progressed and MIF was attributed to positive MIE. However,
in our aerosol experiments, we observed enrichment of 199Hg
in the Hg(0) product, consistent with negative MIE. Negative
MIF was observed during the photoreduction of Hg(II)
complexed by reduced sulfur organic compounds (e.g.,
cysteine)29,50 and Hg(II) accumulated by marine algae51 and
was attributed to the initial production of a singlet excited state
of thiol-complexed Hg(II).29,50 Thiols are present in soot,52

and negative MIF may occur under conditions of low humidity
when Hg(II) interacts primarily with surface sites on soot
particles. Since the photochemical reduction of oxygen-
complexed Hg(II) produces positive MIE,29,50 with higher
water content, Hg(II) may increasingly become complexed
with hydroxide ions and water, rather than thiols, leading to
greater extents of positive MIE.
Negative MIF was also observed by Sherman et al.24 during

Hg(II) photoreduction on Arctic snow. Sherman et al.
hypothesized that the negative MIF they observed was due
to multistep heterogeneous redox reactions occurring in the
quasi-liquid surface layer of snow crystals.24 Similar conditions
exist on the surfaces of soot aerosols, which include a layer of
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liquid water on the solid soot particles.49 The amount of water
associated with soot particle surfaces could alter the structure
of the solvent cage surrounding Hg-ligand radical pairs, which
in turn is expected to lead to changes in the rates of spin
interconversion by ISC and the magnitude and direction of
MIE.48,53 In addition, the pH of the layer of liquid water
covering soot particles would be controlled by acidic functional
groups on soot particle surfaces.54 In our aerosol experiments
with low water content, low pH may have further altered the
structure or polarity of the solvent cage55 favoring the initial
formation of singlet radical pairs and negative MIE, as
observed by Motta et al.,50 for Hg(II) complexed by sulfur
or nitrogen ligands at low pH. As water content on soot
particle surfaces increased with RH in our aerosol experiments,
pH likely increased lowering the extent of negative MIE,
leading ultimately in our aqueous-phase experiments to the
initial formation of triplet radical pairs and positive MIE.
As was the case for δ202Hg, differences between observations

and fitted curves suggest that 199Hg enrichment factors
(ε199Hg) estimated by Rayleigh model fits over all time points
do not completely capture the effects of changes in the
microscale chemical environments and multiple stages of
Hg(II) photoreduction on odd-mercury isotope fractionation
in our experiments. To better understand these differences,
Δ199Hg of the instantaneous Hg(0) product was plotted as a
function of the fraction remaining ( f R, Figure 3). In our

aerosol-phase experiments, positive Δ199Hg values of the
instantaneous product increased progressively as the reactions
proceeded. This indicates that the magnitude of negative MIF
increased as the aerosol-phase reactions progressed, perhaps as
a result of a continuous change in pH or other property of the
water layer on soot particle surfaces (DOM concentration and
viscosity) over time. In our aqueous-phase experiments, in
contrast, negative Δ199Hg values of the instantaneous product
first decreased and then increased. Thus, there was a change in
the direction of MIF in both aqueous-phase experiments.
Interestingly, the change in the direction of MIF occurred after
about 50% of Hg(II) had been reduced in the DSPM
experiments and about 90% of Hg(II) had been reduced in the
WSDS experiments. These fractions correspond to the sizes of
compartment 1 in each case (51 and 95%, respectively)
indicating that the photochemical reduction of aqueous-phase
Hg(II) in compartment 1 resulted in positive MIF, while
photochemical reduction of soot particle-bound Hg(II) in
compartment 2 resulted in negative MIF. This provides
additional evidence that the physical and chemical conditions

associated with soot surface-bound Hg(II) favor the initial
formation of a singlet radical pair and negative MIF during
photochemical excitation, while aqueous complexes of Hg(II)
with soot-derived soluble ligands initially produce a triplet
radical pair and positive MIF.
In a recent study, photochemical reduction of Hg(II) with

plant biochar-derived dissolved black carbon in aqueous-phase
experiments resulted in no odd-MIF, while those with whole
(non-demineralized) plant biochar-derived black carbon
resulted in negative MIF.56 Differences in the organic carbon
source and conditions of production (temperature, oxygen
content) of diesel soot and plant biochar may account for
differences in the observed patterns of odd-MIF during the
photoreduction of Hg(II) in the presence of these two
materials. In addition, the presence of nitrate (from added
mercuric nitrate) in the experiments with plant biochar black
carbon may have resulted in the indirect photolysis of Hg(II)
complexes by the reaction with nitrate-produced free radicals
and negative-MIF due to the nuclear volume effect.47

Our results suggest that the rate of the photochemical
reduction of Hg(II) associated with diesel soot particles is
dominated by water-soluble components of soot and that the
MDF and MIF of Hg isotopes vary with aerosol water content.
The observed negative odd-MIF associated with dry soot
aerosols could be important in environments with low RH
such as deserts or at high altitude. Such areas may be a source
of the reported significantly negative odd-MIF values of
atmospheric particulate Hg in urban areas such as Beijing,
China, where elevated levels of soot particles may exist due to
residential, municipal, and commercial combustion activ-
ities.33,34 In urban areas with higher humidity and where
elevated levels of soot particles may exist due to residential,
municipal, and commercial combustion activities, photo-
chemical reduction of soot-bound Hg(II) would be expected
to result in positive odd-MIF. Photoreduction of Hg(II) in
high water content urban aerosols may, for example, contribute
to generally higher Δ199Hg values of fine aerosols collected in
Beijing during the day than at night.5 However, we should keep
in mind that Hg isotope ratios in nature are dynamic and are
affected by multiple sources and complex physicochemical
processes, such as adsorption, oxidation, and volatilization.
While the contributions of such processes to the isotope
composition of atmospheric Hg are not fully characterized, the
effects of such processes may be superimposed over those due
to the photoreduction of Hg(II) in aerosols and surface waters.
Therefore, we do not suggest applying our experimental results
to natural conditions alone, as their effects on the fractionation
of Hg isotopes in the environment should be evaluated
together with other important processes.
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Additional experimental details including photoreactor
design, Hg(II) photoreduction rates, Hg isotope
composition (δ202Hg) for duplicate Hg(II)-WSDS
experiments, Δ199Hg versus Δ201Hg of the remaining
Hg(II) and cumulative product Hg(0) for all samples,
reacted fractions of Hg(II), measured and calculated
isotope compositions of products and the remaining
reactants, parallel pseudo-first-order rate model fits for

Figure 3. Measured Δ199Hg values of the instantaneous product
Hg(0) as a function of the fraction of the remaining Hg(II) ( f R = 1 −
Hgproduct/Hgtotal) in soot aerosol- (RH 28 and 68%) and aqueous-
phase (DSPM, WSDS) experiments.
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