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ABSTRACT

Mercury forms emitted from coal combustion via air pollution control devices are speculated to carry
different Hg isotope signatures. Yet, their Hg isotope composition is still not reported. Here, we present
the first onsite Hg isotope data for gaseous elemental Hg (GEM) and gaseous oxidized Hg (GOM) of flue
gases from a typical lignite-fired power plant (CFPP). Significant mass dependent fractionation (MDF) and
insignificant mass independent fractionation (MIF) are observed between feed coal and coal combustion
products. As compared to feed coal (3292Hg = —2.04 + 0.25%,), bottom ash, GEM and GOM in flue gases
before and after wet flue gas desulfurization system significantly enrich heavy Hg isotopes by 0.7-2.6%. in
3292Hg, while fly ash, desulfurization gypsum and waste water show slight but insignificant enrichment
of light Hg isotopes. GEM is significantly enriched heavy Hg isotopes compared to GOM and Hg in fly ash.
Our observations verify the previous speculation on Hg isotope fractionation mechanism in CFPPs, and

E-mail addresses: tangshunlin@hpu.edu.cn (S. Tang), ruoyu.sun@tju.edu.cn (R. Sun).

http://dx.doi.org/10.1016/j.jhazmat.2017.01.014
0304-3894/© 2017 Elsevier B.V. All rights reserved.


dx.doi.org/10.1016/j.jhazmat.2017.01.014
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2017.01.014&domain=pdf
mailto:tangshunlin@hpu.edu.cn
mailto:ruoyu.sun@tju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2017.01.014

S. Tang et al. / Journal of Hazardous Materials 328 (2017) 90-97 91

suggest a kinetically-controlled mass dependent Hg isotope fractionation during transformation of Hg
forms in flue gases. Finally, our data are compared to Hg isotope compositions of atmospheric Hg pools,
suggesting that coal combustion Hg emission is likely an important atmospheric Hg contributor.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Mercury (Hg) is a toxic pollutant, which is released from both
natural and anthropogenic sources [1-3]. Hg emitted from natural
sources is thought to be mainly in the form of gaseous elemental Hg
(GEM), whereas anthropogenically emitted Hg has a large portion
of gaseous oxidized mercury (GOM) and particle-bound mercury
(PBM) [4]. GEM has a relatively long atmospheric residence time
(~1year), and can be transported globally [4,5]. GOM and PBM
are readily scavenged from atmosphere, and deposit in the vicinity
of emission sources [4,6]. Modern industrialization has increased
Hg loading into the surface environment by a factor of 2-5 [7,8].
Coal combustion is the main anthropogenic Hg source, reaching
700-900 tons/year into atmosphere [ 1,2,9]. Coal-fired power plants
are considered to be the largest point Hg sources in most countries.
However, the identification and quantification of Hg emitted from
coal-fired power plants are still challenged.

Mercury stable isotope has a potential in tracing sources of
Hg and geochemical processes [10-13]. A series of physicochem-
ical reactions involving Hg, such as biotic and photochemical
reduction [14-18], methylation [19-21], demethylation [22,23],
volatilization [24], evaporation [25,26], and adsorption [27,28] can
systematically seperate Hg isotopes via mass dependent fraction-
ation (MDF) and mass independent fractionation (MIF). Previous
studies have shown >10%. variations in both MDF (indicated by
8292Hg) and MIF of odd Hg isotopes (indicated by A'99Hg) in nat-
ural samples [10,29-33].

Biswas et al. [34] first showed that the MDF and MIF signatures
of Hg isotopes in coal could be used as a diagnostic tool for “finger-
printing” Hg emissions from different coal sources by using a step
heating combustion procedure to preconcentrate Hg in an oxidiz-
ing solution of 1% KMnO4 and 1.8 M H,S04. The distinguishability
of different world regional coals by Hg isotope composition is fur-
ther explored in Sun et al. [35] However, the air pollution control
devices(APCDs)and speciated Hg conversion process possibly shifts
the isotope composition of emitted Hg relative to combusted coal
[35,36]. This would obscure the source tracing of Hg emissions from
coal combustion [37,38]. By measuring Hg isotope composition in
feed coal and its combustion products (i.e., bottom ash, fly ash and
desulfurization gypsum), Sun et al. [36] estimated that the emit-
ted total Hg from a typical CFPP enriched heavy Hg isotopes by
~0.3%. in 8202Hg relative to feed coal, and suggested that different
Hg species in CFPP flue gasses might carry contrasting MDF sig-
natures. Further, Sun et al. [35] developed a double-Rayleigh MDF
model for Hg species in CFPP flue gasses, and predicted that GEM
is enriched heavy isotope compared to GOM and PBM. Similarly,
significant isotope fractionation is also observed in CFPP for other
elements like S and Zn [39,40]. Direct Hg isotope measurement on
different Hg species in CFPP flue gases is still lacking, which limit our
ability to trace the contribution of coal combustion in atmospheric
Hg pools [41-43].

In this study, we present the first onsite Hg isotope measure-
ment on gaseous Hg (GEM and GOM) in flue gases of a CFPP from
Inner Mongolia, North China. Our aims are to: (1) examine speciated
Hg isotope shifts of coal combustion emissions relative to feed coal;
(2) understand Hg isotope fractionation mechanisms during coal
combustion and transport of flue gases through post-combustion

APCDs; (3) testif the previous CFPP Hg isotope fractionation models
can correctly predict our observations on Hg forms.

2. Experimental section
2.1. Configuration of CFPP and sampling sites

The sampling was carried out in a typical 300 MW subcritical
CFPP fed by pulverized lignite in a power plant, Mongolian, China.
The studied CFPP is installed with a selective catalytic reduction
system (SCRs) to control NOx emissions, followed by electrostatic
precipitators (ESPs) to remove particles and wet limestone flue gas
desulfurization systems (WFGD) to control SO, emissions. During
the sampling period, the studied CFPP was operated under nor-
mal conditions. The configuration of the studied CFPP and sampling
sites are showed in Fig. 1.

2.2. Sampling and processing

A C-5000 source sampling system (Environmental Supply Com-
pany, USA) was used to sample Hg forms in flue gases at the inlet
and outlet of WFGD according to the Ontario Hydro Method [44]
in the field because of high percentage of PBM in flue gas before
the ESPs that can be absorbed on the filter and seriously affected
mercury forms of the sampling flue gas and frequently blocked
the sampling device. The Hg forms in coal combustion flue gases
were withdrawn iso-kinetically into the sampling train through
a probe/filter system maintaining at 120°C. PBM was recovered
from the particle captured in the filter. However, due to >99.6%
particle removal efficiency of ESPs for the studied power plant[45],
we did not collect enough particle samples on the filter for Hg iso-
tope measurement. Gaseous Hg was collected in the sampling train
composed of a series of impingers in an ice bath at the inlet (i) and
outlet (o) of WFGD. The first three impingers filled with 1.0 mol/L
KClI solution were used to collect GOM. GEM is collected in the sub-
sequent impingers including one impinger containing a mixture
of 5% HNO3 and 10% peroxide H,0,, and three impingers, each
containing a mixture of 4% KMnO4 and 10% H,SO4 [34,37]. After
each sampling campaign, the three combined KCl solution, one
HNO3;—-H,0, solution and three combined H,SO4 + KMnOg4 solu-
tion were immediately transferred into three 250 ml pre-cleaned
boron silicon glass bottles as GOMi/o (KCIl), GEMi/o (HNO3-H;0;)
and GEMi/o (KMnO4-H,S0,), respectively. The Hg concentrations
in collected solutions were initially measured in the field by Lumex
R915 M. According the results, we adjusted appropriate sampling
flow rates and sampling time to collect enough Hg for isotope mea-
surement.

Feed coal was sampled from the pneumatic conveying duct con-
nected to the CFPP. Limestone and fresh processing water were
collected from the inlet of WFGD. Bottom ash from the grate below
the boiler, fly ash from all hoppers of ESPs, desulfurization gyp-
sum and desulfurization recycling waste water for WFGD, were
collected shortly after combustion of feed coal. The solid sam-
ples were stored in polyethylene bags, and water samples were
stored in 11 PTFE bottles. The sampling frequency of solid and water
samples (generally 2-3 times a day) was determined by the sam-
pling arrangement of the flue gases. The total sampling duration is
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Fig. 1. Configuration of the studied CFPP and sampling sites (@®).

4-5 days. All the solid samples including feed coal, bottom ash, fly
ash and gypsum were dried in a fume hood to a constant weight,
and then milled and sieved to 200 meshes. Appropriate amounts
of powdered solid samples were weighted into 45 ml centrifugal
tubes, and digested using the mixture acid. We used 10 ml aqua
regia (HNO3: HCl=1:3,v:v)todigest solid samples except coal sam-
ples. For coal digestion, we used 10 ml reverse aqua regia (HNO3:
HCl=3:1,v:v)because of the high content of organic matters in coal.
The centrifugal tubes of digested samples were shaken overnight
before placing them in a water bath. The water bath is first kept
at 50°C for half an hour, and then heated to 95 °C holding for 2 h.
Following cooling down to room temperature, sample digests were
filtrated into new 45 ml centrifugal tubes using disposable syringes
and syringe-driven 0.45 wm PVDF filters (Millex, OD = 33 mm). The
filtered sample digests were capped, labeled and stored in a refrig-
erator. For the desulfurization recycling waste water, ~10ml of
sample was transferred into a 45ml centrifugal tube, and then
digested using 100 1 BrCl for 2 h. The GEMijo (KMnO4-H,S04)
solutions were reduced with appropriate quantities of NH, OH-HCl
(30%, w/v) to dissolve purple Mn precipitates prior to subsequent
analysis.

Two-stage combustion furnaces with a custom-made continu-
ous quartz glass combustion [46] were connected to the front of the
C-5000 source sampling system for testing mercury recovery of our
field sampling system and method in laboratory. Quartz boat with
NIST SRM 3133(5 ml, 100 ppb) solution and a coal sample from this
study with known Hg concentration were placed within the first
furnace, and were heated from 25°C to 750°C over 7 h during a
series of ramp and the decomposition furnace was held at 1000°C
for the duration of the procedure, respectively. A flow of ~6 L/min
Hg-free air (gold trapping at the inlet of quartz tube) was intro-
duced into the combustion tube furnace. The solutions recovered
as same as the field sampling were analyzed for Hg concentration
and Hg isotope ratio.

2.3. Hg concentration analysis and Hg isotope ratio measurement

The Hg concentrations in sample solutions of GOMi/o (KCl), GEM
i/o (HNO3-H,05) and GEMi/o (KMnO4-H,S0,4) sample, and in sam-
ple digestions of feed coal, bottom ash, fly ash, gypsum and waste
water were analyzed with a CV-AFS (Brooks Rand Model III) and
has been reported previously [45].

In view of the analyzed Hg concentration, the sample solu-
tions/digestions were diluted to 1 and 2ngmL-! using Milli-Q
water (18.2 M2 cm~1) to match the concentrations (1 and 2 ng/ml)
of NIST SRM 3133 Hg standard solutions within 5%. Mercury isotope
ratio was determined by a MC-ICPMS (NEPTUNE Plus) at the State
Key Laboratory of Ore Deposit Geochemistry, CAS, China. The sam-
ple Hg"' was reduced into Hg® vapor by SnCl, (3%, w/w, in 20% HCl)
in a continuous flow cold vapor generator (CV) (HGX-200, CETAC),

and then introduced into plasma sources with Tl aerosol generated
by a desolvation unit (Apex-Q, Elemental Scientific Inc). Instrumen-
tal mass bias was corrected using internal Tl standard by assuming
an exponential fractionation law and a reference 295T1/203T] value of
2.38714, and standard-sample-standard bracketing method. Data
were acquired by monitoring voltage signals of 198Hg, 199Hg, 200Hg,
201Hg, 202Hg 203T] and 295T] for a period of 10 min (1 block, 100
cycles, 6 s integration time). Instrument blanks were measured fol-
lowing each sample and bracketed NIST SRM 3133 standard, and
subtracted online. Typical blank values were <10mV for 202Hg
which is insignificant compared to typical sample and standard
202Hg signals. The sample solutions of 1 and 2 ng mL~! gave typical
202Hg signals of 0.8-0.9V and 1.7-1.8V, respectively.

Mercury isotope ratios are reported in delta (6) notation rep-
resenting per mil deviations of samples from NIST SRM 3133 Hg
standard [47]:

sample

202 oy 198 198
0" "Hg (%) = [("X"Hg/ Hg) / (“Hg/"**HE) 1155 — 1}

%1000 (1)

Where xxx is the mass of Hg isotopes between 199 and 202. MIF is
reported in capital delta notation (A***Hg), which represents the
deviation of measured §*** Hg from that theoretically predicted by
8202Hg using the mass dependent law [47]:

A®*Hg (%o) = 8 Hg — B x 5°*’Hg (2)

The mass dependent scaling factor Bxxx is 0.2520 for 199Hg, 0.5024
for 200Hg, 0.7520 for 201Hg and 1.4930 for 204Hg.

2.4. Recovery and uncertainty

Acid digestion of coal standards (NIST SRM 2692C and 2693) sat-
isfied >80% Hg recovery. The ratio of Hg input/output of the tested
combustion is 92% for Apr. 25 and the Hg mass balance during our
sampling period is 110% for mean Hg after passing through SCR,
ESP and WFGD [45]. Typical internal precision of Hg isotope ratio
(e.g. 292Hg/198Hg) measurement was below 0.05%. (1 SE) for indi-
vidual sample analysis. The long-term analytical uncertainty of the
method was determined by repeated analyses of the UM-Almadein
standard solutions of 1.0 or 2.0ng/g Hg. The average values are
—0.57 +0.08%, (2SD, n=9) for §202Hg, —0.02 + 0.06%. (2SD, n=9)
for A199Hg and —0.05 +0.06%. (2SD, n=9) for A20THg (Table S1),
which are consistent with previously reported values [46,47]. The
combusted NIST SRM 3133 Hg recovery ranged from 92.8 to 113.4%
(103.0+9.1%, 1SD, n=4), among which 89.8-94.6% was absorbed
by the first impinge with mixture solutions of 4% KMnO,4 and 10%
H,SO4. The Hg recovery of the combusted coal in the two-stage
combustion furnace was 100.6%.

The Hg concentrations in GEM i/o (HNO3—H;0, ) solutions, PBM
digestions, limestone, process water and some bottom ash samples
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Fig. 2. Variations of 8202Hg (A, upper panel) and A'99Hg (B, lower panel)in feed coal
and its combustion products including bottom ash, fly ash, gypsum, waste water,
GEMIi and GOM i in flue gases before WFGD and GEMo and GOMo in flue gases after
WEGD in a lignite-fired utility boiler. The typical 2SD analytic uncertainty is 0.08%.
for 3292Hg and 0.06%. for A199Hg.

are too low, thus are not analyzed for Hg isotope ratios. Uncertain-
ties of Hg isotope ratios reported in this study correspond to the
larger value of either (1) the external 2SD uncertainty of repeated
measurements of the UM-Almadein or (2) the 2SD uncertainty of
replicate analysis of samples.

3. Results and discussion

3.1. Hgisotope MDF and MIF in coal and coal combustion
products

We observe as large as 3.5%. variation in §292Hg (—2.63%.
to 0.85%.) in feed lignite and its combustion products includ-
ing bottom ash, fly ash, desulfurization gypsum, desulfurization
recycling waste water, GEM and GOM in flue gases before and
after WFGD (Fig. 2A; Table S2). Relative to 8202Hg of the feed
lignite (—2.04 £0.25%., 1SD, n=12), a single bottom ash is signif-
icantly enriched in heavier Hg isotopes by 1.6%. (—0.41 £ 0.04%.,
1SD, n=1), while fly ash (-2.22 +0.13%., 1SD, n=6), desulfuriza-
tion gypsum (—2.18 +0.19%., 1SD, n=10) and one desulfurization
waste water sample (—2.09 4+ 0.04%., 1SD, n=1) show slight but
insignificant depletion (p>0.05) of heavy Hg isotopes (Fig. 2A,
Table 1). The GOM and GEM in the flue gases at inlet of WFGD
(GOM; =-1.34+0.42%., 1SD, n=7; GEM;=-0.59+0.31%., 1SD,
n=7) and outlet of WFGD (GOM,=-0.34+0.13%., 2SD, n=4;
GEM, =0.54 +0.25%,, 2SD, n=5) have the highest 8202Hg val-
ues, significantly enriching heavier Hg isotopes compared to feed
lignite and coal combustion products including fly ash, desulfu-
rization gypsum and waste water. Moreover, GEM is enriched
in heavier Hg isotopes by ~0.8%. in 8292Hg than GOM in flue
gases before (GEM;-GOM; =0.75 4+ 0.52%., p<0.01) and after WFGD
(GEM,-GOM,, =0.87 £0.28%., p<0.01). After the flue gases pass-
ing through the WFGD, both GEM (GEM,-GEM,; =1.13 £ 0.39%,,
p<0.01) and GOM (GOM,-GOM,; =1.00 £ 0.44%., p<0.01) show
>1.0%. enrichment of heavier Hg isotopes in 8202Hg (Fig. 2A,
Table 1). The statistical difference in mean 8202Hg between feed
coal and its combustion products, and between Hg forms in flue
gases suggest that significant MDF occurs during the combustion
of feed coal and the subsequent transport and conversion of Hg
forms in post-combustion flue gases. Sun etal. [36] also observed up
to 2%. variation in 8292Hg between feed coal and coal combustion
products (bottom ash, fly ash and gypsum).

Despite 0.7%. variation (—0.73% to 0.01%) in A!%°Hg
in feed lignite and its combustion products are observed,

0.05 t
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Fig.3. Regressionline of A2°"Hgvs. A1 Hgin feed coal and its combustion products
(bottom ash, fly ash, gypsum, WW-waste water, GEM and GOM in flue gases before
and after WFGD) in a lignite—fired utility boiler.

there are no significant difference in mean A'99Hg (p>0.05)
between feed lignite and its combustion products except gyp-
sum and fly ash (A'9Hggypsum — A199Hgjignice = 0.10 4 0.08%o,
A199Hgq h — A1Hgjignite = 0.06 £ 0.08%, 1SD, p<0.05) (Table 1).
Nearly all of the studied samples are characterized by signif-
icant negative MIF values (Fig. 2B, Table S2), with A199Hg as
low as —0.7%.. The feed lignite samples have a mean A'99Hg of
—0.34+£0.07%- (1SD, n=12), varying from —0.40%. to —0.16%.. A
linear regression of A199Hg vs. A201Hg for all samples yield a slope
0f 0.95+0.12 (2SE, r2=0.91, p<0.01) (Fig. 3), which is comparable
to the slope of world coal deposits (1.07 & 0.04, 2SE) [29]. It suggests
that the MIF signatures in coal combustion products are probably
inherited from feed coal rather than generated by combustion Hg
transformation processes [36]. The small MIF difference (<0.10%o
in A199Hg) between fly ash/gypsum and lignite (Table 1) might
relate to the natural variation of A199Hg in lignite that is not fully
accounted in our lignite samples. In the following, we first evaluate
the MDF Hg isotope balance of the studied CFPP, and then discuss in
detail the combustion physicochemical processes that control MDF
in feed coal and its combustion products.

3.2. Mercury and Hg isotope mass balance

Mercury and Hg isotope mass balance of the studied CFPP are
calculated at both inlet and outlet of WFGD to evaluate our sam-
pling protocols and analytic accuracy. The calculation details are
presented in supporting information. The Hg mass balance at inlet
and outlet of WFGD and the input/output Hg ratio is 864 25%
(1SD) at the inlet of WFGD and is 1104+ 31% at the outlet of WFGD
[45]. Mercury isotope mass balance is evaluated by comparing
the calculated 8'99Hg and A199Hg values of feed coal with those
materials measured by MC-ICPMS. The calculated feed coal 3202Hg
and A'99Hg are —1.92 4+ 0.58%. (1SD) and —0.36 & 0.58%. (1SD) for
Hg isotope mass balance before WFGD, and —1.47 +0.43%. (1SD)
and —0.29 £ 0.10%. (1SD) for Hg isotope mass balance after WFGD.
These values are statically same as those measured by MC-ICPMS
for feed coal (8292Hg=—2.04=+0.25%., A199Hg=—0.34+0.07%.,
1SD, Table 1) except 8292Hg calculated using Hg isotope mass bal-
ance after WFGD (See supporting information for explanation).

3.3. Hg isotope composition in feed coal (lignite)

The feed lignite samples of studied CFPP were from Xilin-
guole, Inner Mongolia, one of the two largest lignite producing
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Table 1

Summary of 82°2Hg (%.) and A'9°Hg (%) of feed coal and coal combustion products, and their distinguishability based on t-test.

S. Tang et al. / Journal of Hazardous Materials 328 (2017) 90-97

3202Hg 1SD p value(t-test) AHg 1SD p value(t-test)
Lignite -2.04 0.25 -0.34 0.07
Bottom ash -0.41 0.04 -0.06 0.03
Fly ash -2.22 0.13 -0.28 0.04
Gypsum -2.18 0.19 -0.24 0.04
Waste water -2.09 0.04 —0.26 0.03
GEMi -0.59 0.31 -0.39 0.07
GOMi -1.34 0.42 -0.30 0.11
GEMo 0.54 0.25 -0.46 0.25
GOMo -0.34 0.13 -0.49 0.16
Bottom ash- Lignite 1.63 0.25 0.28 0.07
Fly ash- Lignite -0.18 0.28 0.06 0.06 0.08 0.03
Gypsum- Lignite -0.14 0.31 0.14 0.10 0.08 0.00
Waste water- Lignite —-0.05 0.25 0.08 0.07
GEMi-Lignite 1.45 0.39 0.00 -0.05 0.10 0.15
GOMi-Lignite 0.70 0.49 0.00 0.04 0.13 0.45
GEMo- Lignite 2.58 0.35 0.00 -0.12 0.26 0.34
GOMo- Lignite 1.70 0.28 0.00 -0.15 0.17 0.14
GEMi-GOMi 0.75 0.52 0.00 -0.09 0.14 0.11
GEMo-GOMo 0.87 0.28 0.00 0.03 030 0.83
GEMo-GEMi 1.13 0.39 0.00 -0.07 0.26 0.57
GOMo-GOMi 1.00 0.44 0.00 -0.19 0.19 0.08

regions in China. Lignite samples are characterized by slightly
negative A199Hg (—0.34+0.07%., 1SD, n=12, from —0.40%. to
—0.16%,) and moderately negative 8202Hg(—2.04 +0.25%., 1SD,
n=12, from -2.35% to —1.54%.). Relative to the world lig-
nite (3202Hg = —1.43 4 0.74%,, A199Hg = —0.19 4+ 0.23%,, 1SD, n = 18)
[29], our lignite samples are significantly (p <0.02) depleted heavy
and odd Hg isotopes. Large variations in 8292Hg (—3.90%. to 0.77%.)
and A'99Hg (—0.63%. to 0.34%.) have been found across global
coal deposits, and are interpreted to be controlled by biogenic Hg
from terrestrial plants (37%-46%) and geogenic Hg from sediment
sources (54%-63%)[29]. As suggested by Yin et al. [48], the low-rank
coal from northwestern China mainly inherited biogenic Hg from
coal-forming plants due to their low metamorphism.

3.4. Hg isotope composition in bottom ash

Our one single bottom ash sample exhibits high $292Hg
of —0.41+0.04% (1SD, n=1) and insignificant A99Hg of
—0.06 +£0.03%. (2SD, n=1). Relative to feed coal, 82%2Hg and
A99Hg are positively shifted by 1.6%. and 0.3%. (Table 1). Dur-
ing coal combustion, the vast majority (>99.5%, Table S3) of Hg in
feed lignite is volatilized, leaving trace amounts of Hg in bottom
ash. As shown previously, no MIF occurs during the high tempera-
ture industrial combustion and smelting processes [30,36,49-51].
The significant MIF shift of bottom ash relative feed coal indicates
that there are at least two Hg pools in feed lignite. As proposed
by Sun et al. [29] Hg in coal is broadly controlled by two sources:
coal-forming plants characterized by lower and negative 8292Hg
and A199Hg and source sediments characterized by higher 8202Hg
and near-zero A199Hg. The source sediments are assigned with a
8202Hg of —0.78 +0.51%. (1SD) and A19°Hg of 0.00 + 0.08%. (1SD)
based on bulk crustal rock [29]. Both values are comparable to the
Hg isotope composition of our bottom ash. Therefore, we spec-
ulate that the Hg retained in the bottom ash might represent
trace amounts of source sediment Hg (possibly incorporated into
refractory minerals) that are not totally volatilized during coal com-
bustion.

3.5. Hgisotope MDF in fly ash from ESPs

Mercury volatilized from coal under the high temperature
(1200-1500°C) of the boiler is mainly in form of GEM. The gen-
erated GEM is then transported downward along the flue gas duct

where it is converted into GOM and PBM with the participation of
various oxidants (e.g., Cl, Br, SOx) and fly ash due to the decrease
of temperate in the flue gases [52,53]. After entering into SCR, Hg
forms are transformed again by the catalysts in the SCR. Subse-
quently, the coal flue gases are transported through ESPs and WFGD
before emitting into atmosphere.

The fly ash collected in ESPs shows slight but insignificant
enrichment of light Hg isotopes in §202Hg relative to the feed coal
(Table 1). Sun et al. [36] found that relative to the feed coal, fly
ash is significantly enriched light Hg isotopes by ~0.8%. in 3202Hg,
with the enrichment trend decreasing with the decrease of particle
size and collection temperature of fly ash. Our bulk fly ash samples
are a mixture of fly ash collected from six ESPs hoppers, thus, we
can not compare Hg isotope composition of fly ash with different
particle size and collected at different temperature. The insignifi-
cantly small negative shift of 8292Hg in our fly ash samples possibly
relates to characteristics of feed coal (lignite) and the configura-
tions of APCDs. Our studied CFPP was installed with SCR to control
NOx emissions, which is absent in Sun et al. [36]. When the coal
combustion flue gases pass through the SCR, varying proportions
of GEM from 5% to 95% have been reported to convert into GOM
[54,55]. Besides, the ammonia injection into flue gases before SCR
might promote gaseous Hg adsorption onto fly ash [56,57]. These
processes potentially fractionate Hg isotopes among different Hg
species in SCR.

Sun et al. [35] developed a CFPP kinetic MDF model for Hg
species in flue gases before APCDs by treating Hg isotope fractiona-
tion between Hg species as two independent, consecutive Rayleigh
fractionation systems: homogeneous gaseous oxidation of GEM to
GOM, and heterogeneous gas-particle conversion of GOM to PBM.
This model assumes all transformation and isotope fractionation
between Hg forms happen in flue gases before APCD, and predicts
that GEM in the flue gases is significantly enriched in heavy Hg
isotopes compared to GOM and PBM. §292Hg values of GEM, GOM
and PBM can be calculated if the ratio of GEM:GOM:PBM in flue
gases before APCD and 8202Hg of feed coal are known. However,
due to technic constrains (e.g., high temperature, high percent-
age of PBM that affect the Hg forms of the sampling flue gas and
frequently blocked the sampling device), we can not sample the
Hg forms in flue gases before ESPs. Lignite is commonly lacked of
halogen elements (Cl, Br), most of Hg in flue gases before APCD is
in the form of GEM [53,55]. Using the previously reported mean
GEM:GOM:PBM =79%:13%:7% in the flue gases before APCD(same
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combination as this study) from one CFPP that fed by Chinese lignite
[55], we calculated that the 8292Hg values of GEM, GOM and PBM
are higher than feed coal (—2.04 +0.25%., 1SD) by +0.13 & 0.02%.
(1SD), —0.27 £0.17%0 (1SD) and —0.83 +0.28%. (1SD) using the
CFPP kinetic MDF model of Sun et al. [35]. The predicted 3202Hg
value of PBM is —2.87 £ 0.38%. (1SD), which is slightly lower than
observed value of fly ash (—2.22 4 0.13%., 1SD). This small discrep-
ancy might relate to equilibrium speciated Hg isotope fractionation
in flue gases before APCDs. Both kinetic and equilibrium reactions
between Hg species could occur in CFPP flue gases [58,59]. In con-
trast to kinetic reactions, equilibrium reactions between Hg forms
tend to enrich heavy Hg isotopes in oxidized Hg species [58-60].
Alternatively, speciated Hg transformation in flue gases of SCR (e.g.,
oxidation of GEM to GOM, GOM sorption onto ammonia aerosols
and fly ash) possibly fractionate Hg isotope as well. Lastly, Hg iso-
tope composition of fly ash might not only represent that of PBM.
Small fractions of GEM and GOM might adsorb onto the surface of
fly ash [55]. All these processes possibly increase the 8292Hg value
of fly ash, and make the fly ash and feed coal indistinguishable in
8202Hg.

3.6. Hg isotope MDF of Hg forms (GOMi, GEMi) in flue gases
before WFGD

Relative to feed coal, GOMi (—1.34+0.42%., 1SD) and GEMi
(—=0.5940.31%., 1SD) in the flue gases at inlet of WFGD are sig-
nificantly enriched heavy Hg isotopes by 0.70 +0.49%. (1SD) and
1.45+0.39%. (1SD) in 8202Hg, respectively. As discussed above,
the CFPP kinetic MDF model of Sun et al. [35] only predicts a
8202Hg shift of —0.27 +0.17%. (1SD), +0.13 + 0.02%. (1SD), respec-
tively, for GOM and GEM in flue gases before APCDs relative to
feed coal, using a GEM:GOM:PBM ratio of 79%:13%:7%. This implies
that significant Hg isotope MDF might happen in SCR and/or ESPs.
Regardless of exact mechanisms, if we assume speciated Hg iso-
tope fractionation in flue gases before WFGD also follow the CFPP
kinetic MDF model of Sun et al. [35] our measured GEM:GOM:PBM
ratio (19%:29%:52%, assuming Hg in fly ash as PBM) would give
a 3202Hg shift of +0.88 +0.18%. (1SD), +0.26 + 0.34%. (1SD) and
—0.47 £0.19%. (1SD) for GEM, GOM and PBM, respectively, rela-
tive to feed coal. These predicted §202Hg shifts for Hg species are
slightly lower (0.3-0.5%. in mean values) but are indistinguishable
from those measured in samples, suggesting similar kinetic Hg iso-
tope fractionation occurs in flue gases of SCR and/or ESPs as well.
As reported previously, Hg transformation in coal combustion flue
gases are dominantly kinetically controlled [58,59].

3.7. Hgisotope MDF of WFGD products and Hg forms(GEM, GOM)
of flue gases after WFGD

After passing through WFGD, 8292Hg in GEMo (0.54 + 0.25%.,
1SD) and GOMo (—0.34 +0.13%., 1SD) are elevated by 1.13 + 0.39%.
(1SD) and 1.00 4 0.44%. (1SD), respectively, relative to GEMi and
GOMi before WFGD. It suggests that Hg forms incorporated into the
desulfurization gypsum and waste water are significantly enriched
in light Hg isotopes. As expected, our ten WFGD gypsum sam-
ples (-2.18+£0.19%., 1SD) and one WFGD waste water sample
(—2.09 £ 0.04%., 1SD) have very negative 8202Hg values. Gypsum
is slightly depleted (0.15%. in 8202Hg, p >0.10) in the heavy Hg iso-
topes compared to feed coal, similar to the study of Sun et al. [36]
WEFGDs are thought to predominantly sequestrate GOM in the flue
gases into desulfurization products (gypsum and waste water). The
amounts of Hg in the flue gases at the inlet of WFGDs are 165 kg/y
(1SD) containing 64 kg/y (1SD) of GEM, 101 kg/y (1SD) of GOM
and 0.11kg/y (1SD) of PBM. After desulfurization of flue gases in
WEFGD, the amounts of Hg in the flue gases are reduced to 60.3 kg/y
(1SD) containing 53.6 kg/y (1SD) of GEM, 6.7 kg/y (1SD) of GOM and

0.05 kg/y (1SD) of PBM (Table S3). Therefore, 16% of GEM (10 kg/y),
93% of GOM (95 kg/y) and 55% of PBM (0.06 kg/y) were removed.
Hg in limestone and fresh processing water are very low, and their
Hg contributions to the whole CFPP is therefore negligible.

The dissolution of GOM into limestone slurry enriches heavy
Hg isotopes in residual GOM. The outlet residual GOMo increases
by 1.0%. relative to inlet initial GOMi at 95% dissolution of GOMi.
GEM is hardly soluble in water, its 16% reduction in WFGD might
relate to the absorption and/or oxidation at the surface of lime-
stone slurry aerosols. These observations support the dominantly
kinetic Hg isotope MDF for GOM dissolution and GEM absorption
and/or oxidation in WFGD, with reaction products enriching faster,
lighter Hg isotopes. If we assume both GEM absorption and/or
oxidation and GOM dissolution follow Rayleigh isotope fraction-
ation, the fractionation factors for both reactions (0tgemoxidation and
OlGoMmdissolution) €an be calculated, which are 0.9934 +0.0023 (1SD)
and 0.9996 + 0.0002 (1SD). Fig. S1 show that modeled 82%2Hg val-
ues of outlet residual GEM (reactant) and cumulative oxidized Hg
(product) during GEM absorption and/or oxidation (A), and out-
let residual GOM (reactant) and cumulative GOM (product) during
GOM dissolution (B) using the above calculated ogemoxidation @and
QGoMmdissolution Values. The gypsum and waste water in WFGD likely
represent cumulative products of both GEM oxidation and GOM
dissolution. The 8292Hg values of cumulative products of GEM oxi-
dation at 16% transformation of GEMi is —6.7 + 2.1%, (1SD), and the
8202Hg cumulative products of GOM dissolution at 93% dissolution
of GOMi is —1.4%. + 0.4%. (1SD). According to Hg amounts of GEM
(10kgly) and GOM (95 kg/y) retained in WFGD, we calculate that
the weighted 3202Hg of cumulative products is —1.9 = 0.4%. (1SD).
This value is statistically same to the measured gypsum 8202Hg of
—2.18%0+0.19%0 (1SD) within the uncertainty.

3.8. Comparison with atmospheric observations

Mercury isotope composition of atmospheric samples including
air, rainfall and snowfall has been measured in North Amer-
ica, Europe and China [37,38,42,43,61-66]. In general, the total
gaseous Hg (TGM = GEM + GOM, GEM > 90%) is enriched in the heavy
isotopes (8202Hg=0.51 +0.41%., 1SD) and depleted odd isotopes
(A199Hg=-0.21+0.06%,, 1SD)[37,43,61,62,64] compared to pre-
cipitation Hg (mainly GOM and PBM) (8292Hg=—0.87 & 1.07%,
A199Hg =0.36 + 0.30%., 1SD) (Fig. 4) [38,42-63,65,66]. GEM in coal
combustion flue gases is consistently enriched heavy Hg isotopes
than GOM and PBM in our case study of CFPP equiped with
SCR+ESP+WFGD. This fractioantion trend is also predicted by
kinetic MDF model of Sun et al. [35] for CFPP equipped with
ESP + WFGD. Using the world coal average 8292Hg (—1.16 + 0.79%o,
1SD) as a benchmak [29], the emitted GEM, GOM and PBM would
be around 1.4%,, 0.5%. and —1.3%., respectively, using our observed
MDF shifts between feed coal and speciated Hg emissions. Mean-
while, the CFPP kinetic MDF model of Sun et al. [35] predicts a
8202Hg value of around —0.2%., —1.1%. and —1.7%., respectively,
for emitted GEM, GOM and PBM (Fig. 4). The 8202Hg fractionation
ranges of both GEM (—0.2%. to 1.4%.) and GOM/PBM (-1.7%. to
0.5%.) overlap most of global atmospehric Hg isotope observations.
However, atmopsheric transformation of Hg species (e.g., oxida-
tion, reduction, deposition) could fractionate speciated Hg as well.
For example, Demers et al. [62] and Enrico et al. [67] observed
>2.0%. fractionation between forest foliage/vegetation and ambient
air TGM. The large A199Hg difference between coal Hg emissions
and atmospheric samples might be attributed to photoreduction of
atmospheric oxidized Hg species [12,43,66].
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Fig. 4. Comparison of 32°2Hg and A'99Hg between Hg species in coal combustion
flue gases and previously reported atmospheric samples. Black square represents
the world coal, which is used as a benchmark to calculate 82°2Hg of Hg species
emitted from CFUB. The gray ellipse indicates the mean 4 1SD variation ranges of
3292Hg and A'®°Hg in world coal. The red arrows show the 82°2Hg shifts of GEM
(+2.6%0), GOM (+1.7%0) and PBM (—0.2%., represented by fly ash) relative to world
coal, assuming they have the same 8202Hg shifts as in the present study. The green
arrows show the 8202Hg shifts of GEM (+1.0%.), GOM (+0.05%.) and PBM (—0.5%.,)
relative to world coal, using the CFUB kinetic MDF model of Sun et al. [35]. TGM:
Great lake regions, USA [43]; Alaska, USA [64]; Wisconsin, USA [62]; France [61];
Florida, USA [37]. Precipitation Hg: Great lake regions, USA [42,43]; Florida, USA
[38]; Canada [66]; Wisconsin, USA [61]; San Francisco, USA [63]; China [65]. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

4. Conclusions

In this study, we present the first speciated Hg isotope data of
coal combustion flue gases from a typical Chinese CFPP fed by lig-
nite. We confirm the speculations of Sun et al. [35,36] that different
Hg forms have distinguishable 8292Hg values and GEM is enriched
heavy Hg isotopes relative to GOM and PBM. This information is
critically important for near-field (GOM and PBM) and far-field
(GEM) tracing of Hg emitted from coal-fired power plants. Relative
to feed lignite, the emitted GEM and GOM are shifted by as large
as 1.7-2.6%. in 8292Hg. These shifts should be considered in linking
isotope composition of environment Hg receptors to coal combus-
tion Hg emissions. Following Hg emissions from CFPP, atmospheric
Hg transformation and Hg exchange at the critical boundaries (e.g.,
atmosphere and land) could fractionate Hg forms as well [43,62,66].
Reliable source Hg tracing should take into account of all underlying
Hg isotope fractionation occurring pre- and post-Hg emissions.

While our study only concerns lignite-fed CFPP equipped with
SCR +ESP+WFGD, CFPPs that fed by other types of coal (bitumi-
nous coal, anthracite) and equipped with other common APCD (e.g.
ESP + WFGD, fabric filter + WFGD) combinations are needed to mea-
sure speciated Hg isotope as well in the future. We expect several
widely applicable CFPP Hg isotope fractionation models can be con-
structed, in a similar way as Rayleigh isotope fractionation [35,36].
These models could be used to predict Hg isotope signatures of
emitted Hg species of CFPPs using only coal Hg isotope composition
and other traditional parameters (e.g., APCD Hg removal efficiency,
ratio of Hg species in flue gases). Finally, apart from coal combus-
tion flue gases, Hg isotope analysis of co-located ambient air and
precipitation would be necessary to understand the Hg isotope frac-
tionation pathways from feed coal to coal combustion flue gases
and finally to atmospheric Hg.
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