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Abstract

The aim of this paper is to assess the Zn isotopic variabilty in feed materials and in
combustion by-products collected from three different coal-fired power plants and to
develop a generalized model that accounts for the Zn isotopic fractionation occuring
during coal combustion processes. Partitioning of Zn between combustion residues and
the isotopic composition of feed materials and by-products were determined to
furthermore calculate the isotopic signature of gaseous stack emissions using mass
balances. We show that the §°°Zn signature of the fly ash samples produced from coal
combustion plants can be explained by a Rayleigh fractionation model and propose that
the enrichment of heavy isotopes in fly ash is due to condensation in an open system.
Rayleigh isotope fractionation models using ocoal-fiy ash 0f 1.0003 and 1.0007 account for
the observed isotope signatures in fly ash. The isotopic signatures of Zn in the coals
(866Zn1RMM ranging between +0.73 and +1.18%o) fall within the previously determined
1sotope range for peat (+0.6 — +2.0%0). The Zn isotopes in the by-products (bottom ash
and fly ash) are highly fractionated relatively to the Zn ratios found in coals, reaching
8°°Znrmm values up to +1.66%o in the fly ash due to the preferential condensation of the
heavy isotopes in the electrostatic precipitators. The bottom ash collected in these power
plants, however, display lower 8°°Znryy (ranging between +0.26%o0 and +0.64%o). The
observed direction and magnitude of isotope fractionation in this study suggest that Zn
fractionation patterns follow the same pattern in coal-fired power plants but the isotope
signatures of the by-products depend on those of the fuels. Our model to predict the
8°Zn of the flue gas suggests that the isotopic composition of the flue gas becomes
more enriched in the lighter isotopes when more Zn is retained in the fly ash and the
fraction of Zn remaining in the bottom ash decreases. Since the percentages of Zn in the

gas stack of the coal-fired power plants studied here are lower than 10% of the total Zn
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that is evaporated, we predict that *®5Znrmw of the flue gas emitted through the stack
will be isotopically light and below -0.5%.. The relation between Zn isotopic
fractionation and the evaporation/condensation processes clearly demonstrates the
potential of Zn isotopes for tracing environmental pollution. Based on our Zn isotope
analysis in combination with previous published data for antropogenic materials, we
suggest that Zn isotopes are a powerful tool to discriminate the sources of Zn in the

atmosphere.

1. Introduction
The concentration of Zn in coal ranges typically between 5 and 300 pg g™.* When coal
is combusted at high temperatures (typically around 1500 °C), Zn is evaporated and
condense most likely as ZnO or ZnSO,4 onto the fly ash particles.? These are then
removed in electrostatic precipitators (ESPs). Although ESPs exhibit a very good
retention (~99%) for large particles, their efficiency is significantly decreased for
particles smaller than 0.8 um that remain in the flue gas.® Most of the particulate matter
(PM) emitted from the top of the stack are in the size range of inhalable PM (10 um or
less). Significant emissions of PM;o and PM; s and high concentrations of Zn have been
found in the flue gas that is released into the atmosphere.* ° This is leading to coal or
other hydrocarbon-based fuels combustion being an important source of Zn in the
atmosphere, particularly in countries where these fuels are the major energy source of
Zn and effective monitoring of pollution is paramount due to stringent emissions
standards.

The isotopic composition of Zn expressed as 5°°Znyyo, in natural sphalerites (ZnS)
and antropogenic materials produced through electrochemical processes range typically

between +0.1 and +0.3%..> * High temperature smelting and combustion in contrast
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seem to induce significant isotope fractionation with lighter Zn isotopes entering the
vapor phase and leaving the residual material enriched with the heavier isotope.”*® A
recent study for example found a strong isotope fractionation between Zn ores and
emitted dust through the stack in a Pb-Zn refinery.? Dust collected from the chimney of
this refinery displays 6°°Zniyon values as low as -0.67%o. The 8°°Zny o, of the largest
emitted dust particles (>10 um) range from +0.02 to +0.19%o, in line with the signatures
measured in ore dust and slag heaps. However, the PM;, showed negative 866ZnLyon
values, ranging between -0.52 to -0.02%o, attributed to evaporation within the refinery.®
'"Zn ore tailings in a smelter displayed heavier isotopic compositions relative to
sediments cores not impacted by the Zn-ore processing activities.'® These authors found
that Zn in industrial tailings are highly fractionated relatively to Zn ore
(8°°ZNLyon~0.16%o), reaching 5°°Zniyen values up to +1.49%.. Zn isotope variability
occurring during high temperature processes was subsequently supported by Borrok et
al, that tested the fractionation of Zn within a coal-fired power plant that employs coal
and tire-derived fuels.® A slight enrichment of the heavier Zn isotopes in fly ash
particles relative to the fuels is found. However, the isotopic variability of bottom ash is
unconsistent and this is explained by the different condensation or adsorption of Zn in
the plant. This lack of systematic variation would not allow distinguishing between
pollution sources.

While previous work clearly shows strong evidence that smelting and combustion
lead to significant Zn isotopic fractionation between input sources (coals, ores) and the
various output sources (fly ash and large particulate matter being isotopically heavy and
PMjo being isotopically light), there is to date neither a study that assesses if this pattern
holds in different coal-fired power plants fed with various fuels nor a generalized model

that could predict the isotopic composition of the flue gas. The latter would not only
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assist the interpretations of the fractionation mechanisms to calculate additional data but
also enable to predict the Zn isotopic composition of the stack emissions and hence
monitor Zn released into the environment.

The aim of this paper is to investigate the Zn isotopic variability during
combustion in three Spanish coal-fired power plants fed with different materials to
establish a model that accounts for the observed Zn isotope ratios in the residues and
enables to predict the Zn isotopic composition of the flue gas emissions. To this end, we
determined first the enrichment and partitioning of Zn among the combustion residues
(i) and then the isotopic composition of various feed materials and combustion by-
products, with a special focus on fly ash and bottom ash (ii). We tested possible
fractionation mechanisms of Zn isotopes during coal combustion and predicted the
isotopic variation of stack emissions (calculated by Zn isotopic mass balances) relative
to the feed materials (iii) to finally develop a model to predict the Zn isotopic

fractionation in coal-fired power plants (iv).

2. Experimental

2.1 Sample Collection

The sampling campaigns were performed in three Spanish pulverized fuel power
stations operating at maximum capacity, labeled power plant A, B and C (denoted
thereafter as PPA, PPB and PPC, respectively) with a total capacity between 350 and
600 MW. PPA and PPB were fed with bituminous coal while PPC used a mixture of
bituminous coal and pet coke produced by delayed coking (82:18). The samples of the
feed blend in PPA (denoted as C1A and C2A), PPB (denoted as C1B and C2B) and
PPC (denoted as CC) were obtained by sampling the mills feeding the boilers. Also,

bottom ash from each power station (denoted as BAA, denoted as BAB and denoted as
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BAC) and a representative sample of each fly ash were collected in the mills of the
ESPs of each coal-fired power station (denoted as FAA, FAB and FAC). FA1A and
FA1B were taken in the last hoppers of the ESPs of PPA and PPB where only the fly
ash particles of lowest particle size arrive. Due to technical reasons, FA1C was
collected in the first hopper instead of the last hopper of the ESP.

PPA and PPB operate without desulfurization systems while PPC has a scrubber
unit. A representative sample of the limestone (LC) and the gypsum (GC) were also
taken for analysis in PPC.

Combustion temperatures are in the range of 1200-1500°C in the boiler while the
ESPs of these power plants operate between 140°C and 160°C. The temperature of the
flue gas decreases up to approx. 60°C in the scrubber of PPC.

2.2. Concentration and isotope ratio determinations

Experimental work was carried out in a Class 1000 clean laboratory. Sample
preparation for trace element and isotopic analysis was performed in Class 10 laminar
flow hoods. HNOs, HCI and HF used were purified by sub-boiling distillation in quartz
and Teflon stills. Ultrapure water (>18.2 MQ) obtained by Milli-Q systems (Millipore,
USA) was used to prepare all solutions. The samples were digested in a microwave
(Milestone Ethos) in teflon vessels by using a mixture of concentrated HNO3 and HF
(3:1). The coal samples were previously ashed at 500°C according to the standard
ASTM D6357-04. The ash content of the samples was determined by combustion of the
organic matter at 815°C.

Digested solutions were evaporated to dryness in PFA vials (Savillex, MN, USA)

on a hot plate at 120°C. Samples were re-dissolved and re-fluxed, first in 300 pL of

concentrated HNOj3 to remove the excess of fluorides and then in 300 uL of 7 M HCI.
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The solutions were dried down and re-dissolved in 5 mL of 7 M HCI for subsequent
analysis.

An aliquot of the solutions was used for concentration analysis by ICP-AES
(Thermo iCap 6500 Duo) or ICP-MS (Agilent 7700x ICP-MS). The recovery of the
trace elements during the digestion was monitored using the certified values for
SARM20 (bituminous coal) from Mintek and 1633c (coal fly ash) from NIST.

Separation of Zn from the sample matrix was achieved using 1 mL of Bio-Rad
AG MP-1 resin (100-200 mesh).* The Zn fraction was collected in PFA vials, dried
down on a hot plate at 120°C and treated with 0.3 mL~16 M HNO; to digest any
organic column residue. The solution was dried again and redissolved in 2 mL 0.1 M
HNO; for isotopic analysis. Possible effect of isotope fractionation during the ion
exchange procedure was addressed by achieving complete recovery of Zn. Recovery of
Zn, that was monitored determining Zn contents in the solutions before and after the
column passage, varied between 96 and 108%.

Isotope ratios of Zn were determined using a multi collector ICP-MS (Nu
Instruments Limited, UK) equipped with a Nu DSN-100 Desolvation Nebulizer System
and a glass nebulizer. The isotopes ®“Ni, ®*Cu, *zn, ®cu, ®zn, *zn and *®zn were
measured simultaneously and the calculated isotope ratios were referenced to IRMM-
3702. Zinc isotope ratios in the literature referring to the JMC Lyon Zn standard were
recalculated to IRMM 3702 assuming an isotopic offset of 8°Zngmm-amc = +0.32%0,"
thereby allowing intercomparison. Isobaric interferences of %Ni were monitored by
measuring intensity measurements of ®’Ni and were negligible for all the analysis
performed in this study. Zinc isotope ratios are reported as 8°°Zn \gmm using the &-
notation relative to the average value of the bracketing standard analyzed before and

after each sample, according to Eq. 1:
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66
o -7Zn =
IR (662n/642n) IRMM average

Instrumental mass bias was corrected using an external dopant (Cu ERM-AE633) or
standard sample bracketing when the mass bias was too stable to develop a good
correlation between the fractionation factor of Cu and Zn.** * Standards and samples
were concentration matched within 10% and the Cu/Zn ratio was adjusted to 1.
Accuracy and precision of the analytical method were assessed using BCR-176
(incineration fly ash) and Zn single-element solutions. The 8°®Znjrmm determined for
BCR-176 is -0.17£0.13%o (n=45) (details of the reproducibility in the measuments can
be found in Figure S1-Sn). Also, multiple analysis of Romil Zn (industrial single
element standard) and Imperial Zn (in-house standard) displayed 8°°Znjrmm of -
9.13£0.15%0 (n=29) and -0.03£0.11%. (n=31) respectively, which are in good
agreement with previous published data.’®*’ The reproducibility for the analysis of the
samples has been quantified using the uncertainty associated with replicates of digestion

and 3 passages through the column, expressed as 2SD.

3. Results and discussion

Enrichment and partitioning of Zn among the combustion residues

Semi volatile elements like Zn tend to be enriched in fly ash generated from coal
combustion because they condense on the surface of the particles after evaporation.
more easily. Trace elements are known to undergo enrichment along the stream in coal-
fired power plants.’® In order to elucidate the behaviour of Zn during combustion in the
different combustion utilities studied here, the relative enrichment factor (RE) was
calculated. The partitioning of Zn among the bottom ash and fly ash fractions was

evaluated using the RE as defined by Meij:*®
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Figure 1a shows the RE of Zn for the the by-products collected in PPA, PPB and PPC.
The RE for the bottom ash collected in PPB is higher (1.3+0.4) than those collected in
PPA and PPB. Since chlorine has been shown to increase the volatility of trace elements
and their retention in fly ash,' this may be due to the lower concentration of chlorine in
the coal although an influence of the operational parametres can not be discarded. The
RE of the bottom ash collected in PPA and PPC (BAA and BAC) are <0.5. The bottom
ash is mostly depleted in Zn as high temperatures are reached in the boilers and most of
the Zn is released into the flue gas. However, Zn shows RE ranging between 0.9+0.6
and 4.8+0.4 for the fly ash collected in PPA, PPB and PPC. This may reflect the
significant enrichment of this element in the fly ash as a consequence of the
condensation of ZnO or ZnSO, onto these particles.

To assist the interpretations of Zn isotope variations in the coal combustion plants,
mass balances were calculated across the ESPs (Figure 1b). Further details of the mass
balance calculations across the ESPs can be found elsewhere.”* The retention of Zn in
the bottom ash collected in PPA, PPB and PPC ranges between 3.4 and 12% while the
proportion of Zn in the fly ash is higher than 87% of the Zn entering the boilers. As a
consequence, particles that are not captured in the ESPs and are emitted to the
atmosphere by the chimneys of these plants are significantly enriched in Zn relative to
the fuels. The mass balance calculations suggest that the fraction of Zn in the flue gas
out of the ESPs is lower than 2%. This might be due to the absence of ZnCly complexes
in the flue gas given the low concentration of chlorine in the feed materials and the
formation of Zn species that would condense onto the particles.'” ** Previous work
found a similar amount of Zn in the flue gas (1-7%), which is in good agreement with

the relative volatility of Zn and its enrichement in the fly ash particles.?
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Zn isotope variability in feed materials and combustion residues
Three isotope plots of °'Zn vs. §°°Zn and §°°Zn vs. §°°Zn for all all the samples define
straight lines with slopes of 1.503 + 0.009 and 1.965 + 0.007 and correlation
coefficients of 0.9953 and 0.9986, respectively (Figure S2-Sn). These data follow the
trend expected for a system undergoing mass-dependent fractionation resulting from
equilibrium and kinetic processes, i.e., plots of 8®'zZn vs. §°°Zn and §%zn vs. §°°Zn
define straight lines with slopes indistinguishable from 1.5 and 2.0, indicating that no
interferences occurred during the Zn isotopic measurements.

Figure 2 shows the isotope variability of the samples collected from PPA, PPB
and PPC. The 8°°Znjgmm Of the mixtures of coals that feed the boiler of PPA are +1.07 +
0.17 to +1.03 + 0.10%. (Figure 2a). For the bottom ash collected in PPA, 8°°Zngmwm is
+0.53 + 0.17%0. FAA and FA1A are enriched in the heavier isotopes relative to the feed

blend, with 8°°Zngmw of +1.48 + 0.14 and +1.58 % 0.16%o, respectively.

The 8%®Znrwm in the coals collected from PPB are +1.14 + 0.13 and
+1.18+0.14%0 (Figure 2b). These isotopic signatures are close to those of the coals that
feed the boiler of PPA. The bottom ash collected in this coal-fired power plant is

isotopically lighter (8°°Znirmm = +0.84 + 0.11%0) while the samples of fly ash are
isotopically heavier (8°°Znjrwmm = +1.66 + 0.15 to +1.61 + 0.11%o) relative to the coal.

Figure 2c illustrates the Zn isotopic composition of the feed blend and the by-
products collected in PPC. The fractionation of Zn between the fuel blend and the
bottom ash or fly ash in PPC follows the same pattern as in PPA and PPB. It has also
been found that gypsum is isotopically enriched in the heavier isotopes when compared
with the starting material (i.e. limestone). This might be due to the preferential

adsorption of the heavier isotopes onto the gypsum particles as previously found with
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other inorganic mineral surfaces.?* The isotopic ratio of the mixture of coal and petcoke
(8°°Znjrmm = +0.73 + 0.19%o) is slightly lower than that of the coals that feed PPA and
PPB (5°®Znjrmm = +1.11 + 0.30%o0, n=4 samples).

Zinc in coals usually is present as secondary sulfide phases, associated with
organic matter or as an impurity in pyrite, while porphyrins of Zn have been identified
in oil shales.”® % It might be suggested that not only the isotopic signature of the Zn
species, but also the the diagesis of peat could explain the heavy Zn found in the coals
and the pet coke. Since bituminous coal is fomed by diagenetic and metamorphic
processes of peat, we suggest that the Zn isotopic fingerprint of coal may be preserved
during the diagenesis of peat. Actually, the isotopic signatures of Zn in the coals that
feed the boilers of PPA, PPB and PPC fall within the previously determined isotope
range for peat collected from three different bogs (+0.6 — +2.0%0).%” Previous studies
reported 8°°Znirmm in coal and tire-derived fuels of +0.56 and +0.45%o, respectively.’
These values are significantly different from the coals and the coke/coal blend analysed
in this work but they are close to the range found for peat.

Isotopically heavy Zn in fly ash from coal combustion (6°°Znirmm = +1.04%0) and
tailings collected at a Zn refinery (8°°Znjrmm = +0.50 to +1.81%o) has been found in
previous work.®® The tailings signatures are supported by the fractionation produced
during metallurgical processes. Also, coal fly ash and tire-derived fly ash collected in
ESP were found to be enriched in the heavier isotopes.®

A significant isotopic variability is observed among the different by-products
collected in PPA, PPB and PPC. The similarity of the 8°Zn patterns (Figure 2) suggest
that Zn isotopic fractionation during combustion is controlled by the same chemical-
physical processes and not dependent upon the chemical form or concentration of Zn in

the fuel. Our results suggest that Zn in different feed materials will fractionate following

11
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the same pattern in coal-fired power plants but the isotope signatures of the by-products
depend on those of the feed material. This reflects the importance of the isotopic
characterization of the feed materials used in each coal-fired power plant for source
tracing purposes.

Figure 3 illustrates the relationship between the Zn isotopic composition and the
concentration of Zn in the coals, bottom ash and fly ash collected in PPA, PPB and
PPC. The concentration of Zn in the coals and the blend of coal and petcoke varies
between 10 and 53 pg g™*. The concentrations of Zn in the bottom ash (21-90 ug g™*) are
much lower than those in the fly ash (89-318 pg g™) due to the condensation of this
element onto the particles in the ESPs. We observe a clear correlation of the Zn isotopic
composition and the amount of Zn in the different by-products collected in all the coal-
fired power plants (Figure 3). This indicates that the heavier isotopes of Zn are
preferentially condensed onto the particles of fly ash while the lighter ones remain in the
flue gas. These results support the idea that the isotopic composition of the samples is
influenced by the condensation/adsorption processes occurring in the air pollution

control devices that operate at temperatures lower than 160°C.

Modelling Zn isotope fractionation during high-temperature combustion

a) Model for Zn isotope signatures in stack emissions
Several authors have studied the isotopic composition of residual gaseous Zn species
emitted with the flue gas and suggested that lighter isotopes are predominantly present.®
%28 7n isotopic mass balances across the ESPs were performed to estimate 8%Zn in the
flue gas (8°°Znee):

fc GGSch =fga 668211 at fea 668211 At feg 66821’1 FG [Eq 3]
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where %8Znc¢, ®°8Znga and *®5Znea are the isotopic compositions of Zn in the fuel blend,
bottom ash and fly ash, respectively. fc is the total mass of Zn in the feed material and
faa, fra and frg are the fractions of Zn in the bottom ash, fly ash and flue gas,
respectively. The sum of these fractions is 1:

fc=fea+tfra+fro=1 [Eq. 4]
By combining Eq. 3 and Eq. 4, the §°°Zngc can be calculated according to Eq. 5:

5% 7n,— 5% 7ng4— 5%zn
566anG _ c— fBa BA— fFA FA [Eq.5]

1-fBa—fFa

The mass balance calculations show that most of the Zn is captured in the fly ash

(Figure 1b). Based on our mass balances data and previous data,” »

our experimental
model to calculate 866anG assumed that fgs and fpg varies between 0.05—0.30 and
0.05-0.50, respectively. This leads to the largest fraction of Zn residing in the fly ash
(fra=0.20—0.90).

®08Znrc was calculated using the isotope data of the feed materials and the
combustion residues analyzed in this study. Figure 4 illustrates the variations of %88Zn in
the flue gas phase at PPA, PPB and PPC as a function of the fraction of Zn in the fly ash
relative to the fraction of Zn retained in the bottom ash (fz4/fz4). A significant variability
in the isotopic signatures of the flue gas is observed for different f=g and initial isotopic
signatures of the fuels (Figure 4). These calculations demonstrate that the ®°8Zne¢ is
substantially affected by the isotopic compositions of the fuel blend and the fraction of
Zn that remains in the flue gas. As fgg increases, fra and fga exert a smaller effect on
%05Znrc and °°8Zngc aproaches values close to those of the feed materials. The
variations in the ®®5Zngc become more significant at higher fz4/f34 ratios, i.e., when the
amount of Zn retained in the fly ash is high and fz, is low. This result suggests that

%05 Znrg is largely controlled by the total fraction of Zn emitted by the stack relative to

that of the fuel. The Zn isotopic composition of the flue gas becomes enriched in the
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lighter isotopes when fga increases and fga decreases (Figure 4). As a consequence, an
increase in the temperature of volatilization or a higher amount of Zn condensed onto
the particles of fly ash will produce lighter Zn in the flue gas emissions. The ®°8Zn ¢ is
lighter relative to the fuel blend for fz; below 0.2, i.e., at stack emissions of Zn lower
than 20% (Figure 4). This percentage is in good agreement with the calculated mass
balances for Zn (Figure 1b) and for other Zn stack emissions reported in the literature.”
 Since the percentages of Zn in the gas stack of PPA, PPB and PPC are lower than
10% of the total Zn that is evaporated (Figure 1b), ®®8Znrg of the Zn emitted through
the stack will be lower than -0.5%o.
b) Modelling Zn isotope composition in combustion residues
All the bottom ash samples show an enrichment in the lighter Zn isotopes while the fly
ash is enriched in the heavier Zn isotopes relative to the feed materials. The magnitude
of the fractionation during combustion (A66ZnC_BNFA) can be estimated by comparison
of the isotopic composition of the fuel blends (8°°Zn¢) and those of the combustion by-
products (8°°Zng, or 8°°Zng,):
A66ZnC_B A/FA= 6“ch - 666ZnBA/pA [Eq. 6]

The average A°°Znc is 0.41+0.25%0 and the shifts are similar for the bottom ash and the
fly ash analyzed in this study (Figure S3—Sr). This suggests that the processes affecting
the Zn isotopic fractionation in these coal-fired power plants are similar. Although the
evaporation-condensation processes are complex, it seems that these are the
mechanisms governing the isotopic fractionation of Zn during combustion.

For high temperature processes, isotopic fractionation during the evaporation of
Zn in smelters has been shown to follow a Rayleigh fractionation model,” * that
describes unidirectional mass transport processes like evaporation and condensation.

The main differences between Zn ore refining in a smelter and coal combustion are the
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concentration of Zn in the feed materials and the operating temperatures. Smelters
operate between 600 and 700°C and coal-fired power stations between 1200 and 1500°C
and the concentration of Zn in the feed ores (40-60%) is much higher than those in

1, 29, 30
coals.

The Rayleigh distillation process in an open system assumes that i) the
vapor is instantly removed from the system and ii) the residue is instantaneously re-
equilibrated. In this section, the theorethical kinetic fractionation factor, the Rayleigh
fractionation model and the variation of the Zn isotopic compositions in the fly ash are
used to ascertain the mechanisms involved in Zn isotope fractionation (kinetic or
equilibrium) in coal-fired power plants.

The theoretical kinetic fractionation factor (ogs.64) can be approximated as the

square-root of the atomic masses of each isotope. In the case of Zn, ag6.641s 1.0155.

Mge
— Eq.
Vies [Eq. 7]

Ao6—64 =
The Rayleigh distillation equation can then be used to determine the isotope

composition of the vapor fraction (5%°Zn,):

1

5%7Zn, = [(666vao +1000) % — 1000 [Eq. 8]

where f'is the solid residual Zn fraction and 866vao is the initial isotopic composition of
the wvapor. Various authors reported experimental fractionation factors (Osolid-
vapor="8Zn50ig/*®5Znyapor) between 1.0002 and 1.0012 by using the Rayleigh isotope
fractionation model.*!" Figure 5a shows the corresponding Rayleigh diagram for a coal
starting material with an isotopic composition of 1.05%o0 for PPA and 0.73%o for PPC.
Asumming an extraction of 50% (frc=0.5) from the starting material reflecting the
integration of the evaporation process (Figure 5a), the calculated fractionation factors
Osolid-vapor f0r PPA and PPB are 1.0007 and for PPC 1.0003. These correspond therefore

well with the alig.vapor reported on previously published literature.*'" The fractionation

15



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

factors are far lower than the theorethical value, suggesting that fractionation is not
governed only by a pure Kinetic process.
¢) General model for Zn isotope fractionation

Combining the experimental data of our work with the Rayleigh distillation model, a
conceptual model can be used to predict the fractionation of Zn in coal-combustion
systems (Figure 5b). During fuel combustion at temperatures higher than 1200°C in the
boiler, Zn evaporates. The Zn that remains in the bottom ash is isotopically lighter than
the feed blend since during evaporation the lighter isotopes are preferentially released to
the flue gas. As the flue gas containing fly ash particles is cooled down when it enters
the ESP at a temperature of about 150°C, a significant condensation of Zn onto the
particles occurs. The high oolid-vapor Would explain that 8%7n is heavier in the particles
that are collected in the ESP while the vapor becomes enriched in the lighter isotopes. It
can be assumed that the lower the temperature or the higher the contact time between
the particles and the vapor, particles of fly ash will be more enriched in the heavier

isotopes.

Implications of Zn isotopes for source tracing

In our ongoing efforts to better constrain Zn isotope signatures during combustion
processes, our findings demonstrate that the isotopic composition of the fuel influences
the 8°°Zn of the particles that are emitted to the atmosphere. Although coal-fired power
plants are designed for rather different operating conditions (fuel input and flue gas
rates, type of fuel, etc), evaporation and condensation within these plants are the
processes governing the Zn isotopic variations of the combustion by-products. Our
model suggests that fly ash are enriched in the heavier isotopes of Zn while the flue gas

is enriched in the lighter ones. A 866ZnIRMM value of +0.48+0.20%0 (2SD, n=54) has
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been proposed for the world average ore-grade sphalerite® and these values are similar
to the 8°Znryym of common metallic Zn products, ranging from +0.42%o to +0.62%o.”
During smelting, Zn vapor is processed to produce Zn metal that has an isotopic
composition similar to that of the ore.* '° This similarity suggests that there is no
isotopic fractionation between the Zn in the ore and that in the final product that is used
in the manufacture of tires and brakes. However, the GBSZnIRMM of the fly ash analysed
in this study (+1.39+0.40%0) and that predicted for the Zn emitted through the stack
(lower than -0.5%o) are significantly different from that of the metallic Zn products.
Since different anthropogenic and natural metal sources have distinctive Zn isotopic
fingerprints, we suggest that Zn isotopes are a powerful tool to discriminate between Zn
emitted during combustion or electrochemical refining and low temperature processes
(i.e. abrasion from tires and brakes). In addition, the significant difference between the
isotopic composition of Zn in fly ash and flue-gas emissions would provide valuable
information for predicting the behaviour of this element in coal combustion

installations.
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Supporting information

Figure S1 shows the long-term reproducibility for repeated measurements of ®zn/*zn
(BCR-176) and ®*Cu/®*Cu (ERM-AE633) over the course of this study. Figure S2
illustrates the Zn isotopic compositions of the samples analysed in this study: a) plot of
8%"Zn vs. 5°°Zn and (b) plot of 5°°Zn vs. §°°Zn. Figure S3 presents the magnitude of Zn
fractionation during combustion (A®Znc) estimated by the difference between the
isotopic composition of the fuel blend (8°°Znc) and that of bottom ash (§°®Znga) or fly

ash (8°°Znga).
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