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risation and bioaccessibility of
manganese in particulate matter in silico- and
ferromanganese smelters†

Stine Eriksen Hammer, a Torunn Ervik, *a Dag G. Ellingsen,a Yngvar Thomassen,a

Stephan Weinbruch,ab Nathalie Benkerb and Balazs Berlinger ‡a

The aim of this study was to characterise particulate matter (PM) collected in the furnace area during SiMn

and high carbon (HC)–FeMn production in terms of single particle analysis and to determine the

bioaccessibility of Mn in the PM in a simulated lung fluid. Airborne PM was collected with Sioutas

cascade impactors and respirable cyclones in the breathing zone of tappers and crane operators.

Stationary samples were collected from the furnace area with a nanoMOUDI cascade impactor and an

ESPnano electrostatic particle collector. Individual particles were characterised by scanning and

transmission electron microscopy. Bioaccessibility of Mn was studied in terms of the dissolution of Mn in

Gamble solution (24 hours leaching at 37 �C) relative to total Mn. Slag particles, alloy fragments, Mn and

Fe oxides as well as carbonaceous particles were observed in the size fraction > 1 mm aerodynamic

diameter (dae). Thermally generated condensation particles dominated the dae size range of 0.18–1 mm

collected from the tapping fumes, while carbonaceous particles dominated the fraction below 0.18 mm.

Condensation generated particles from the furnace area of HC–FeMn production were coated with an

amorphous Si–O rich surface layer which seemed to hold primary particles together as aggregates. In

the same size range, the particles from the furnace area of SiMn production were dominated by

spherical condensation particles rich in Si, Mn and O, but without a Si–O rich surface layer. Instead, the

Mn oxides were enclosed in an amorphous Si–O rich matrix. The bioaccessibility of Mn was low to

moderate (<30%), but higher for SiMn furnace workers (highest median ¼ 23%) than HC–FeMn furnace

workers (highest median ¼ 12%). This difference in bioaccessibility was significant for PM with dae up to

2.5 mm, and most pronounced in the dae size range between 0.25 and 1.0 mm. Also, a significantly higher

bioaccessibility of Mn was found for PM larger than dae of 0.5 mm collected among crane operators

compared to tappers in the HC–FeMn smelter.
Environmental signicance

Adverse health effects on the central nervous system caused by manganese exposure depend on the exposure dose, chemical composition and bioavailability of
manganese. To investigate this in an occupational setting, the bioaccessibility of manganese in particulate matter has been investigated in terms of dissolution
in Gamble's solution. The particulate matter was collected and size fractionated in the breathing zone of workers in manganese smelters. Particle size is
important for deposition in the respiratory tract. In addition, individual particles collected using stationary equipment were characterised. Knowledge of
physical and chemical properties of particles combined with information on the bioaccessibility is fundamental to understanding exposure–response
associations.
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1 Introduction

Studies on rats have shown that exposure to soluble manganese
(Mn) results in higher Mn concentration in the brain than
exposure to less soluble Mn.1,2 In humans, exposure to Mn is of
health concern. Adverse health effects on the central nervous
system associated with Mn exposure have been reported in e.g.
welders,3–6 miners,7,8 battery industry workers9,10 as well as
workers in the Mn alloy producing industry.11–13 These adverse
This journal is © The Royal Society of Chemistry 2021
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health effects depend on the exposure dose, chemical compo-
sition and bioavailability of Mn.

Ferro- and silicomanganese (FeMn and SiMn) are essential
additives in steelmaking used to provide specic properties of
steel.14 High carbon (HC)–FeMn and SiMn are mainly produced
in electric submerged arc furnaces with coke to facilitate the
reduction of Mn oxide ores. Other raw materials include uxes
such as dolomite, calcite and quartz in SiMn production and
lime in FeMn production. In addition, Mn-rich slag from FeMn
production is recycled as feedstock in SiMn production.15

Thermally generated fumes are emitted during tapping,
rening and casting of the alloys.16

Previous studies on HC–FeMn and SiMn production showed
that the abundance of different particle types strongly depends
on the size fraction. HC–FeMn tapping fume particles larger
than 0.3 mm were dominated by slag particles, and generally
particles were composed of different mineral phases.17 A large
number of spherical potassium (K)-rich particles with sizes < 1–
2 mm as well as irregular fragments of Mn oxides or mixed
oxides > 1 mm were observed in HC–FeMn tapping fume.18 The
submicron fraction is dominated by agglomerated Mn oxides,
mainly MnO. Similar fume particles were reported by Kero et al.
(2015),20 where MnO, MnOx-FeOy, and Mn3O4 were identied
depending on the temperature and location during formation,
e.g. crucible and lter. According to Ervik et al.19 the predomi-
nant phase in the submicron fraction was Mn3O4. In SiMn
production, fume from the casting process is composed of slag
particles and slag mixed with C-rich particles dominating the
size fraction above 0.3 mm.17,18 The submicron fraction was
found to be dominated by agglomerated Mn–Si phases.18 Kero
et al.20 investigated the size distribution and found that
agglomerated spheres dominate the aerodynamic diameter (dae)
size range from 0.09 to 0.94 mm. The majority of the SiMn fume
particles consisted of Mn, Si and O. Furthermore, SiMn fume
thermally generated in a laboratory scale experiment was
studied by Ma et al.21 The particle types generated depended on
the melt temperature and on the collection position inside their
experimental furnace setup. Also, a mixture of Mn– and Mn–Si
oxides in both crystalline and amorphous states was observed
by X-ray diffraction.

Bioaccessibility is the fraction of a compound released from
its matrix becoming available for absorption in the body.22

Bioaccessibility of Mn in the respirable aerosol fraction is of
interest since it is a measure of the amount of Mn available for
absorption into the systemic circulation via the lungs. In labo-
ratory studies, the bioaccessibility depends on the choice of
simulated lung uid.23 In such studies, different simulated lung
uids have been used, with Gamble solution (pH 7.4) being the
most used simulated interstitial lung uid.24 Gamble solution25

consists of an electrolyte composition simulating the human
interstitial uid,26 but lacks phospholipids which are the most
abundant components of the alveolar lining uid.27

The bioaccessibility of Mn in airborne PM from HC–FeMn or
SiMn production has to our knowledge been sparsely investi-
gated. In a study of ambient air in a heavily industrialised area,
the bioaccessibility of metals in PM collected near an FeMn
smelter and steel making plant was moderate (20–40%) for
This journal is © The Royal Society of Chemistry 2021
Mn.28 Bioaccessibility of Mn at work places was studied for
welding fume29–31 and in PM from other hot processes.32 It was
shown that the bioaccessibility of Mn was generally low (<20%)
to moderate, depending on the origin of exposure and the
simulated lung uid used. Even when the bioaccessible fraction
of Mn was low in welding fume, a correlation with the Mn
concentration in the urine of the welders was found.30

Particle mass size distributions of workplace aerosols in Mn
alloy smelters were investigated by Berlinger et al.33 using
personal respirable cyclones and a 5-stage cascade impactor. As
a follow up study, the chemical composition and bio-
accessibility of Mn in terms of dissolution in Gamble solution
are investigated in the present paper. Special emphasis is
placed on the apparent dissolution of Mn as a function of the
production process, particle size distribution and work task.
Particles collected at different workplaces in the two smelters
were studied in detail by scanning and transmission electron
microscopy (SEM and TEM) to better understand the dissolu-
tion of Mn in size fractionated PM using Gamble solution.
2 Materials and methods
2.1 Production and work tasks

Air samples were collected in two different Mn alloy producing
smelters in Norway, each operating two furnaces. Smelter 1
produces SiMn and HC–FeMn, whereas Smelter 2 produces only
HC–FeMn. Every two to three hours molten alloy and slag are
tapped from the furnaces and poured into large ladles. The ladles
with molten alloy are transported with cranes to the casting area,
similar to what is described inOlsen et al.15Tapping and casting are
open processes which emit thermally generated fumes into the
furnace hall. The furnace workers included in this study were
tappers and crane operators. Depending on the tapping time,
tappers and crane operators worked 45–75 minutes on the tapping
oor, three to four times during an eight-hour shi, but the crane
operators' tasks were conducted further away from the taphole. The
crane operators included in this study operated the cranes near the
furnace with remote controllers xed to their shoulders with straps.
They were not expected to have signicantly different exposure
qualitatively than tappers, however, the level of their exposure
proved to be signicantly different than in the case of tappers.
Details on the work tasks have been published by Berlinger et al.33
2.2 Sampling

In a rst sampling campaign, 6–7 hour air samples were
collected by personal sampling in the breathing-zone of 19
tappers and 18 crane operators with ve-stage Sioutas cascade
impactors (SKC, Eighty Four, PA, USA) loaded with 0.5 mm pore
size 25 mm polytetrauoroethylene (PTFE) substrates and
a 2.0 mm pore size PTFE lter as an end lter, as well as respi-
rable cyclones (JS Holdings, Stevenage, UK) loaded with 5.0 mm
pore size PVC membrane lters (Millipore Corp., Billerica, MA,
USA). Leland Legacy model high ow (SJC, Eighty Four, PA, USA)
ensured an air sampling ow of 9 L min�1 for the Sioutas
cascade impactors, and in house-built PS103 sampling pumps
(National Institute of Occupational Health, Oslo, Norway) were
Environ. Sci.: Processes Impacts, 2021, 23, 1488–1499 | 1489
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operating at the ow rate of 2.2 L min�1 for the respirable
samples. Details have been published by Berlinger et al.33

Additionally, for Smelter 1, particles were collected on copper
(Cu) TEM grids with holey carbon lm with a hand-held
ESPnano model 100 electrostatic deposition sampler
(ESPnano Inc., Spokane, WA, USA) (Miller et al., 2010)34 with
sampling times between 10 and 200 seconds.

In a second sampling campaign conducted only in Smelter 1,
stationary air samples were collected for 10minutes with a 13-stage
nanoMOUDI cascade impactor (MSP Corporation, Shoreview,
Minnesota, USA) during tapping of both HC–FeMn and SiMn
furnaces. The samples were collected around eightmeters from the
tapping hole. The 50% dae cut-off for each stage was: 10, 5.6, 3.2,
1.8, 1.0, 0.56, 0.32, 0.18, 0.1, 0.056, 0.032, 0.018 and 0.010 mm.
Particles with dae < 0.010 mm are collected by ltration on an end-
lter. Cu TEM grids with holey carbon lms (EMresolution, Shef-
eld, UK) were affixed to the surface of polyvinyl chloride
membrane lters used as substrates in all impactor stages, except
for the end-lter. TEM grids were not attached to the end-lter
because the predominant mass on this stage is bounce off parti-
cles from the previous impaction stages.34 In addition, a TSI
Scanning Mobility Particle Sizer (SMPS) instrument (model 3034,
TSI Inc., Shoreview, MN, USA) with ow rate 1 L min�1 was
running for six hours for each furnace in Smelter 1 during the
second sampling campaign. The SMPS was placed next to nano-
MOUDI, around eight metres from the tapping hole.

2.3 Transmission and scanning electron microscopy

Particles collected with the electrostatic sampler were charac-
terised by SEM and TEM without coating. Individual particles
were investigated with a Hitachi SU6600 eld emission SEM
(Hitachi, Tokyo, Japan) equipped with a Bruker energy-
dispersive X-ray (EDX) detector (Bruker Nano GmbH, Berlin,
Germany) and an electron backscatter diffraction (EBSD)
detector (NORDIF, Trondheim, Norway). A minimum of 200
particles was investigated on each Cu TEM grid collected with
the electrostatic sampler. For the cascade impactor samples,
a minimum of 200 particles was investigated in the dae size
range 10–1.8 mm (stage 1–4), 1.0–0.18 mm (stage 5–8) and 0.1–
0.01 mm (stage 9–13). The phase composition of selected parti-
cles was determined by EBSD as described by Ervik et al.36 The
samples were also investigated by TEM using a Jeol 2100 F
(Tokyo, Japan) instrument (eld emission gun) equipped with
an EDX silicon dri detector X-Max (Oxford Instruments,
Abingdon, UK). The microscope was operated in scanning-TEM
(STEM) mode and in TEM modes. The acceleration voltage was
200 kV leading to a point resolution of approximately 0.22 nm.
Images were recorded with a charge-coupled device (CCD)
camera and treated with Digital Micrograph soware (Gatan
Inc., Pleasanton, United States) and FIJI image processing
soware.37

2.4 Leaching and digestion procedures of air lters and
impactor substrates

Gamble solution was prepared as described by Berlinger et al.29

All samples and blanks were added to 10 mL of Gamble
1490 | Environ. Sci.: Processes Impacts, 2021, 23, 1488–1499
solutusted with 0.1 M HCl and 0.1 M NaOH) in 15 mL poly-
propylene tubes (Sarstedt, Nümbrecht, Germany) and shaken,
before leaving for 24 hours in a laboratory oven set to 37 � 1 �C.
The samples were then ltered through 0.45 mm pore size
25 mm mixed cellulose ester membrane lters (Merck Milli-
pore, Billerica, MA, USA) xed in Disposable Funnel units
(Eichrom Technologies, Lisle, USA) sealed with Teon tape.
One mL nitric acid (puriss p.a., Sigma Aldrich – Merck, Darm-
stadt, Germany) and 100 mL internal standard solution
(germanium 25 mg L�1) were added to the ltrate before dilu-
tion to 25 mL with deionised water (18.2 MU cm, Merck Milli-
pore, Billerica, MA, USA). The membrane lters with the non-
dissolved PM were microwave digested (Multiwave PRO,
Anton Paar, Graz, Austria) in temperature controlled vessels
aer adding a mixture of nitric- (1.5 mL), hydrochloric (5 mL) -
and hydrouoric acid (0.6 mL) (puriss p.a., Sigma Aldrich –

Merck, Darmstadt, Germany). The digests were diluted to 50 mL
with deionised water aer adding 200 mL internal standard
solution (germanium 25 mg L�1).

2.5 Measurement of Mn in PM by mass spectrometry

The element concentrations in the solutions were determined
using an Agilent 8800 triple quadrupole inductively coupled
plasma mass spectrometer (ICP-MS) (Agilent Technologies,
Santa Clara, CA, USA). The instrument was tuned prior to each
run, and acid matrix matched standards were prepared for
calibration. Details of the ICP-MS setup are given in the ESI
(Table S1†).

Reproducibility of the leaching procedure was assessed by
use of SiMn and HC–FeMn in-house quality control material.
This material is dust collected from the furnace emission elec-
trostatic lters and sieved through 45 mm mesh to remove
coarse particles. The total Mn concentrations obtained with the
current method were comparable to results obtained by
a previously validated method.38 The precision of the method is
dened as the relative standard deviation of n ¼ 14 SiMn and n
¼ 16 FeMn in-house samples. The precision of Mn was on
average 22% for SiMn (�18% Mndissolved) and 13% for HC–
FeMn (�27% Mndissolved), respectively. All measured Mn
concentrations were above the limit of detection. The limit of
detection was calculated as three times the standard deviation
of ten blank samples, respectively, 40 ng per lter for acid
digested and 7.5 ng per lter for Gamble dissolved.

2.6 Limitations of the leaching method

The bioaccessibility of Mn was studied using Gamble solution.
Gamble solution was chosen because it is the most used
simulated lung uid in bioaccessibility studies and facilitates
comparison of the results. One alternative to Gamble solution is
Hatch solution which additionally contains proteins and
enzymes.29,30,32,39 Hatch solution is, however, more analytically
challenging in terms of pH stability, formation of precipitates
and ltration compared to Gamble solution.

Extraction time is important in PM dissolution testing.24

Berlinger et al.29 studied the solubility of Mn and other elements
using Gamble and Hatch solutions in different welding fumes
This journal is © The Royal Society of Chemistry 2021
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with extraction times between 30minutes and 24 hours. Further
dissolution ceased aer 8 hours. Caboche et al.40 suggested that
24 hours is sufficient for dissolution testing of Mn based on
ambient air PM of different origins. Based on these two studies,
a 24 hour extraction time was chosen in this study.

The solid-to-liquid ratio (S/L ratio) should not be too low in
order to avoid unnecessary agglomeration of the PM which may
result in a smaller surface area.39–41 Pelfrêne et al.41 concluded
that the S/L ratio inuences the PM dissolution when applying
Gamble solution. We used a somewhat higher ratio in our study
(average: 0.0003, min: 0.00005 max: 0.005 g/10 mL Gamble
solution) than what has been found to give the highest bio-
accessibility.39 As the ratio was higher, pronounced agglomer-
ation during the leaching procedure was not expected.

The air samples were collected according to size onto lters.
This may lead to increased uncertainty of the estimates of
dissolution as the particles are packed onto each other on the
lter, and the surface area available for the dissolution is hence
reduced. To minimize this effect, shaking of the samples is
applied in dissolution testing,24,39 but would most probably not
release all particles from the lters as they are incorporated
deep into the lter material or closely packed on the lter
surface. However, in our study this effect will most probably not
result in signicant relative differences in Mndissolved between
SiMn and HC–FeMn production (Smelter 1) or tapper and crane
operators (Smelter 2), as we discuss the same size fractions
separately. Also, the respirable samples (Table 3) are compared
between plant and occupational groups separately from the
cascade impactor samples (Fig. 4). The in-house standards of
SiMn and HC–FeMn were directly weighed onto the lters and
the PM is not packed as the air samples. These samples may
therefore have a larger surface area in contact with the Gamble
solution. Even in this case, a similar difference in the
percentage of Mndissolved as the collected air samples was
observed, 29% for SiMn and 5% for HC–FeMn, respectively.
2.7 Statistical analysis

The percentage of Mndissolved was calculated from the propor-
tion of the concentration of Gamble dissolved Mn to the total
Table 1 Summary of particle types collected with an electrostatic sampl
tappinga

Process

Tapping SiMn furnace

Tapping HC–FeMn furnace

a Categories of particle abundance: >50% ¼ dominating; >10% ¼ oen; <

This journal is © The Royal Society of Chemistry 2021
concentration of Mn (concentration of Gamble dissolved plus
acid digested). Differences in the dissolved Mn fraction between
crane operators and tappers as well as between the furnace area
of SiMn and HC–FeMn production were tested with the Wil-
coxon rank sum test. We dene p < 0.05 as statistically
signicant.

All statistical calculations were performed in R studio
version 4.0.4.,42 and all gures were produced with the package
‘ggplot2’ version 3.3.2.43 Wilcoxon rank sum test was calculated
with the package ‘ggpubr’ version 0.4.0.999.44
3 Results
3.1 Electron microscopy

The results from electron microscopy are divided in two
subchapters. The rst subchapter includes characterisation of
particles collected directly from the taphole by the electrostatic
precipitator. The second subchapter regards particles collected
further away from the taphole with the cascade impactor. The
two particle sampling procedures were separated to elaborate
the differences between particle sizes and particle types
collected in the surrounding area of the two work tasks, tapping
and crane operation. Particles for characterization were only
collected in Smelter 1 where both HC–FeMn and SiMn are
produced. The average number size distributions from SMPS
measurements in Smelter 1 are shown in Fig. S2† and illustrate
that a large number of nanosized (�30 nm) particles exist in the
workroom air.

3.1.1 Characterisation of particles collected during tapping
with an electrostatic sampler. Samples collected with the elec-
trostatic sampler directly from the taphole of the HC–FeMn and
SiMn furnace in Smelter 1 are considered to represent part of
the work exposure among tappers. Particle types observed in the
tapping fume are summarised in Table 1. Considerable varia-
tions in both, chemistry and morphology were found for the
condensation particles in the SiMn tapping fume (a summary is
given in Table 1). Examples of tapping fume particles collected
from the SiMn furnace area are shown in Fig. 1 and 2. Energy-
dispersive X-ray microanalysis in SEM and TEM showed that
many particles were rich in Si, Mn and O. Larger particles have
er from the taphole of SiMn and HC–FeMn furnaces, Smelter 1, during

Particle types

Dominated by condensation particles rich in Mn–Si–O (some particles
also have minor amounts of Mg, K and Na) and mixed particles of Mn–O
rich crystalline phases surrounded by a Si–O rich amorphous phase. The
particles occur as both, individual particles and agglomerates/
aggregates. The different particle types were oen found in the same
agglomerate/aggregate
Dominated by spherical condensation particles of crystalline Mn oxides.
These occur as single particles or as aggregates/agglomerates, with
primary particle sizes between a few nm and 500 nm. All particles were
coated with a few nm thick Si–O-rich surface layer (most likely SiO2),
which holds the primary particles as aggregates

10% ¼ some.

Environ. Sci.: Processes Impacts, 2021, 23, 1488–1499 | 1491
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Fig. 1 Secondary electron images of an agglomerate/aggregate (upper left) collected during tapping of the SiMn furnace, and enlargement of
the marked area with arrows pointing to holes from the electron bombardment from EDX point analysis (upper right). TEM images of an
agglomerate/aggregate (lower left) and the STEM-EDX elemental distribution images for Mn, O, Si (right).
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minor amounts of magnesium (Mg), K and sodium (Na). Mixed
particles from the SiMn fume consist of angular Mn–O rich
crystalline phases which seem to be enclosed in a Si–O rich
amorphous matrix (Fig. 1, lower right and Fig. 2). The Mn–O
rich phase was identied by SEM-EBSD as hausmannite in some
of these mixed particles. The mixed particles and the Si–Mn–O
particles oen co-existed in agglomerates/aggregates. Single
particles were also oen observed. Particles collected during
tapping of the SiMn furnace were less stable under electron
bombardment than particles collected from the HC–FeMn
fume, as seen from the two holes in the particles caused by EDX
spot analysis (Fig. 1, upper right). It was not possible to deter-
mine the phase composition of the Si–Mn–O particles by SEM-
EBSD or by TEM-SAED. However, according to TEM, the parti-
cles appear to be a mixture of both crystalline and amorphous
phases.

The HC–FeMn tapping fume was dominated by spherical
primary condensation particles of Mn oxides, which occur as
aggregates/agglomerates with sizes up to several mm, or as
single particles with a size range from a few nm up to 500 nm. A
selection of about 100 primary Mn oxide particles was investi-
gated by SEM-EBSD. Most particles were identied as Mn3O4

(hausmannite) and some particles were identied as MnO
(manganosite). The hausmannite phase was conrmed by
applying TEM-SAED on a few selected particles. Typical particles
collected during tapping of the HC–FeMn furnace are shown in
Fig. 3. An amorphous Si–O rich surface layer (presumably SiO2)
seems to hold the primary particles together as aggregates
1492 | Environ. Sci.: Processes Impacts, 2021, 23, 1488–1499
(Fig. 3 lower le and lower right). A STEM-EDX elemental line
scan for Mn, Si and O of such a particle is shown in Fig. S3.†
Please note that the term aggregate will be used for such
particles, as the primary particles are held together by chemical
forces. When discussing the ndings in general or the particles
collected from SiMn furnace area (i.e., without a surface layer
covering the primary particles), the term agglomerate/aggregate
is used. Agglomerates may consist of primary particles and/or
aggregates, and it is not always possible to discriminate
between agglomerates and aggregates.

3.1.2 Characterisation of particles collected during tapping
with the cascade impactor. The stationary cascade impactor was
placed around eight meters away from the respective furnaces
in Smelter 1. It is assumed that the particles collected here are
more representative of the exposure among crane operators
than tappers because the crane operators work further away
from the furnaces. An overview of the different particle types
observed by SEM-EDX in the SiMn and HC–FeMn furnace areas
is given in Table 2.

In the furnace area of SiMn production, the rst four stages
(dae cut size: 10.0–1.8 mm) were dominated by irregular mixed
slag particles, Mn and Fe oxides and coke particles. The slag
particles were rich in Si, calcium (Ca), aluminium (Al) and O,
with minor amounts of Mg and Mn. The slag particles in the
SiMn furnace area had much lower Mn contents than slag
particles in the HC–FeMn furnace area. Most particles are
inhomogeneous and consist of several phases. An example of
a typical particle is shown in the ESI (Fig. S4†).
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 TEM image of a particle collected from the SiMn tapping fume in Smelter 1 (left) and STEM-EDX elemental distribution images for Mn, O, Si
(right).
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The next four impactor stages (dae cut size: 1.0–0.18 mm) are
dominated by condensation particles, similar to the particles
from the tapping fume (chapter 3.1.1).

The smallest particles (stage 9–13; dae cut size 0.10–0.010
mm) were dominated by carbonaceous particles. In addition,
residues of volatile K and S rich particles were observed. The
exact composition of these particles was difficult to determine
because these particles were volatile under electron bombard-
ment. Some small agglomerates and single particles of Mn–Si
oxides were also observed in stage 9 and 10. Mn containing
particles were rare in the last four stages (dae cut size: 0.056–
0.010 mm).
Fig. 3 Secondary electron images of agglomerated/aggregated conden
furnace. A magnification of the marked area is shown in the upper r
magnification showing the primary particles held together by the Si–O l

This journal is © The Royal Society of Chemistry 2021
In the furnace area of HC–FeMn production, the rst four
stages (dae cut size: 10.0–1.8 mm) were dominated by spherical
shaped mixed particles with a high content of K, Na, Cl (oen
also Zn and Mn) and minor amounts of S and phosphorus (P),
as well as irregular shaped particles with a high Mn content.
The latter particles oen had considerable amounts of Si, Ca
and minor amounts of Fe, Al and Mg. The slag in HC–FeMn
production is MnO–SiO2–CaO based. An example of a typical
particle encountered can be found in the ESI (Fig. S5 and S6†).
Some alloy fragments rich in Mn and Si (minor Fe contents)
were observed. Large agglomerates/aggregates of Mn oxides
were oen found in stage 4 (dae cut size 5.6 mm).
sation particles (upper left) collected during tapping of the HC–FeMn
ight image. TEM images of an aggregate: overview (lower left) and
ayer (lower right).

Environ. Sci.: Processes Impacts, 2021, 23, 1488–1499 | 1493

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1em00243k


Table 2 Particle types collected by the cascade impactor in the production facility close to SiMn or FeMn furnaces in Smelter 1a

Stages (dae cut
size) Particle type

SiMn
1–4 (10.0–1.8 mm) Dominating: irregular mixed slag particles and Fe and Mn oxides

Some: slag particles mixed with coke
5–8 (1.0–0.18 mm) Dominating: condensation particles rich in Si and Mn oxides (larger condensation particles have minor amounts of Mg), which

may co-exist with angular Mn-rich phases identied as hausmannite (Mn3O4) and manganosite (MnO) enclosed in a Si–O rich
matrix
Oen: slag particles mixed with oxides of Mn and Fe in stages 5 and 6

9–13 (0.10–0.010
mm)

Dominating: carbonaceous particles (most likely soot)
Oen: volatile K and/or S rich particles
Some: single particles or small aggregates of particles rich in Si and Mn oxides in stage 9 and 10
Rare: single particles or small aggregates of Mn–Si oxides in stages 11, 12 and 13

HC–FeMn
1–4 (10.0–1.8 mm) Dominating: spherical particles with high content of K, Na, chlorine (Cl) and O oen with high zinc (Zn) and Mn contents, and

irregular slag particles with high MnO content
Oen: large agglomerates/aggregates of Mn oxides in stage 4
Some: large agglomerates/aggregates of Mn oxides stage 1–3
Some: alloy fragments of Mn, Si and Fe

5–8 (1.0–0.18 mm) Dominating: condensation particles of Mn oxides occurring as aggregates/agglomerates consisting primarily of Mn3O4 and
MnO. The MnO particles show a Si–O-rich surface layer of a few nm thickness
Oen: carbonaceous particles (most likely soot)

9–13 (0.10–0.010
mm)

Dominating: carbonaceous particles (most likely soot)
Some: single particles or small aggregates of Mn oxides were found in stage 8 and 9
Rare: single particles or small aggregates of Mn oxides in stage 10–13

a dae ¼ aerodynamic diameter. Categories of particle abundance were: dominating > 50%, oen > 10%, some < 10%, rare < 2%.
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The next three impactor stages (dae cut size: 1.0–0.32 mm)
were dominated by agglomerates/aggregates of spherical Mn
oxides. According to TEM-SAED and SEM-EBSD, these particles
primarily consist of hausmannite (Mn3O4) and manganosite
(MnO). The MnO particles were observed with a few nm thick
Si–O rich surface layer (Fig. 3).

In stage 8 (dae cut size: 0.18 mm) and below, carbonaceous
particles dominate and only someMn-rich particles were found.
Below stage 9 (dae cut size: 0.10 mm), Mn-rich particles were rare.
In stages 12 and 13 only a few particles were observed (<500).

3.2 Dissolution of Mn in Gamble solution

Total Mn air concentrations in the respirable aerosol fraction
and the percentage of Mndissolved are summarised in Table 3.
Table 3 Respirable Mn air concentration [mg m�3] and percentage of M
tappers working in SiMn and HC–FeMn smelters

Location

SiMn HC–Fe

Smelter 1 Smelte

Work task
Crane operators
n ¼ 5

Tappers
n ¼ 5

Crane
n ¼ 5

Minimum 7.2 (15) 6.8 (12) 17.0 (6
Lower quartile 11.3 (20) 21.5 (17) 31.7 (7
Median 14.6 (23) 23.5 (20) 39.5 (1
Upper quartile 14.8 (25) 26.9 (21) 43.2 (1
Maximum 17.0 (27) 65.0 (44) 43.5 (1

1494 | Environ. Sci.: Processes Impacts, 2021, 23, 1488–1499
The air concentrations among tappers were higher compared to
crane operators in both Smelter 1 and Smelter 2. The lowest air
concentration of total Mn was found among the SiMn produc-
tion workers.

The median percentage of Mndissolved among SiMn furnace
workers is somewhat higher than that among HC–FeMn
furnace workers (Table 3). The Mndissolved appears to be inde-
pendent of the work task in Smelter 1. In contrast, the
Mndissolved is signicantly higher (p ¼ 0.008) for crane operators
compared to tappers in HC–FeMn production of Smelter 2.

The percentage of Mndissolved in air samples collected with
the Sioutas cascade impactor was determined as a function of
particle size among tappers and crane operators in the SiMn
and HC–FeMn production (Fig. 4). In air samples collected from
ndissolved (in parenthesis) in the breathing zone of crane operators and

Mn

r 1 Smelter 2

operators Tappers
n ¼ 4

Crane operators
n ¼ 8

Tappers
n ¼ 10

) 21.4 (8) 12.2 (4) 26.0 (2)
) 46.3 (10) 15.6 (7) 35.0 (3)
1) 55.0 (12) 24.5 (10) 40.6 (4)
2) 56.3 (17) 29.7 (14) 53.8 (6)
8) 59.5 (30) 46.9 (18) 115.0 (7)

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Percentage of Mndissolved as a function of particle size (aerodynamic diameter) for HC–FeMn and SiMn workers in Smelter 1 and crane
operators and tappers in Smelter 2. In each size fraction, the number of samples was 10 for SiMn and 9 for HC–FeMn (Smelter 1), as well as 8
crane operator (7 in size fraction 1.0–2.5) and 10 tappers (Smelter 2). P-values between the respective groups are presented for each size bin.
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HC–FeMn workers in Smelter 1, the percentage of Mndissolved is
independent of dae particle size except for a small increase for
particles < 0.25 mm. In contrast, in air samples from SiMn
furnace workers, Mndissolved increases with decreasing particle
size (Fig. 4, Smelter 1). The percentage of Mndissolved is signi-
cantly higher for SiMn than in HC–FeMnworkers for particle dae
sizes up to 2.5 mm. The Mn air concentration in PM collected
with the Sioutas cascade impactor is given in the ESI (Fig. S1†).

In the air samples from the HC–FeMn workers in Smelter 2
(Fig. 4, Smelter 2), the percentage of Mndissolved is similar in all
size fractions for both crane operators and tappers. However,
the percentage of Mndissolved is considerably higher (by a factor
of 2–5) with a larger variation within the size fractionated
samples among crane operators compared to tappers. In
general, the percentage of Mndissolved is low for workers in
Smelter 2, and lowest for tappers (Table 3). Tappers have slightly
higher air concentrations of Mn in dae size fractions below 2.5
mm compared to crane operators (Fig. S1†).
4 Discussion

There were substantial differences in the morphology, chemical
composition and microstructure between particles collected in
the furnace area of SiMn production compared to particles
collected in the furnace area of HC–FeMn production in Smelter
1. Typically, the dominating Mn oxide particles in the HC–FeMn
furnace area were crystalline and had a thin amorphous Si–O
surface layer which seemed to hold the particles as aggregates.
Both crystalline and amorphous Mn and Si containing oxides
This journal is © The Royal Society of Chemistry 2021
were observed in the SiMn tapping fume, but a Si–O surface
layer was not observed. The Mn oxide particles observed in the
SiMn tapping fume were enclosed in an amorphous Si–O
matrix. Nanometre sized particles containing Mn were rarely
found in the size bins below 100 nm in any of the smelters.
Carbonaceous particles, most probably soot from combustion,
dominated the smallest size fraction (<180 nm).

In general, the percentage of Mndissolved was low to moderate
(<30%) in both type of smelters. A signicantly higher
percentage of Mndissolved was observed in the SiMn furnace area
compared to the HC–FeMn furnace area. In the size fractionated
samples, this difference was signicant for particles between
<0.25 and 2.5 mm.

4.1 Particle characterisation

Collection of particles for characterization was only performed in
Smelter 1. The particles collected in the tapping process of HC–
FeMn in Smelter 1 are considered to be representative of the fume
particles formed in Smelter 2 as the raw materials and the
production process are identical. However, the fact that some
contamination from the SiMn production process will occur
cannot be excluded. Slag particles and spherical particles rich in
K, Na, Cl, Zn and O dominated the fraction above dae of 1 mm in
fume collected from the HC–FeMn furnace (Table 2). Sourcesmay
be raw materials, which always contain Zn, K and Na that partly
evaporate in the smelting process. Particles below 2 mm rich in K
with various amounts of Na, S, Zn, Cl and O were reported by
Gjønnes et al.,18 and high mass concentrations of K in PM were
found by Gunst et al.17 In the present study, K rich particles with
Environ. Sci.: Processes Impacts, 2021, 23, 1488–1499 | 1495
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dae < 1 mm surround the larger spherical K, Na, Cl rich particles
(Fig. S5†). Additionally, Mn rich areas were oen found inside of
these larger particles (Fig. S5†). Larger particles of slag and
carbonaceous particles seem to be sintered together in the SiMn
furnace area which corresponds to the observations by Gunst
et al.17 In agreement with previous observations,17,18 particles with
dae > 1 mmwere generally inhomogeneous and irregular in shape.

Particles collected during tapping of HC–FeMn in the dae size
range 0.18–1 mm were dominated by crystalline Mn oxide
particles (MnO and Mn3O4). This is in accordance with the
results of Gjønnes et al.,18 except that they additionally observed
MnO bers during tapping of HC–FeMn. Furthermore, Ervik
et al.19 analysed particles by SEM-EBSD and identied haus-
mannite (Mn3O4) as the dominating Mn oxide. Agglomerated
spheres of Mn oxides dominated the dae size range from 0.09 to
0.94 mm in particles studied by Kero, Slizovskiy,45 which is in
good agreement with the results of our study (Table 2). Our SEM
and TEM observations indicate that the primary particles
collected in HC–FeMn tapping fume are held together by an
amorphous Si–O rich surface layer. The presence of such
surface layers may have implications for the behaviour and
toxicity of the particles, e.g. such as a higher resistance of
breakdown or collapse of the aggregate/agglomerate in the
lung.46 Additionally, micrometre sized particles are reported to
be phagocytized more easily than nanometre sized particles.47,48

In our study, a complex mix of condensation particles was
found in the SiMn fume (e.g.mixture of Mn3O4 and Si–O, as well
as amorphous and crystalline Si–Mn–O rich particles). Ma
et al.21 observed similar particles in SiMn fume from an exper-
imental setup and identied Mn2SiO4 as well as Mn3O4 in the
fume at melting temperatures of 1500–1700 �C. In accordance
with their ndings, we also observed angular Mn3O4 phases,
oen mixed with an amorphous Si–O phase. The molten metal
will react with oxygen in the air and the observation of various
MnSi phases in Gjønnes et al.18 (in, e.g., Mn3Si, Mn6Si and
Mn5Si2) from SiMn casting is therefore surprising. Some parti-
cles collected during tapping of the SiMn furnace consisted of
nanometre sized Mn rich phases enclosed in a Si–O rich matrix
(Fig. 1 and 2). A silica precursor has been used in previous
investigations as an additive in shielding gas in welding. The
resulting amorphous silica formed a coating that encapsulated
the welding fume particles49 leading to formation of larger
particles that may change the deposition efficiency in the lungs.
However, amorphous silica particles have earlier shown to have
a low retention in rat lungs explained by a high solubility.50

Considering this in our work, a high solubility of the Si–O rich
layer may expose the Mn rich phases.

Carbonaceous particles dominate the dae size fraction below
0.18 mm, both in HC–FeMn and SiMn furnace area, with some
single particles and small agglomerates of Mn oxides andMn–Si
oxides. The fact that few nanometre sized Mn containing
particles were observed, and instead seem to be bound in
aggregates/agglomerates, is an important nding. This is
because a change in particle size affects the deposition fate
upon inhalation. In addition, translocation of particles to other
organs is only relevant for the smallest particles. It should also
be noted that even though few particles were observed in the
1496 | Environ. Sci.: Processes Impacts, 2021, 23, 1488–1499
last two stages of the cascade impactor, it is likely that particles
of this size exist in large numbers as is shown in the particle size
distribution (Fig. S2†) and observed in this industry previ-
ously.20,33 Residues of secondary organic particles have been
found from combustion in high temperature industrial
processes, as was found, for example, in an Al plant.51 Such
small secondary particles evaporate under electron bombard-
ment in EM. Secondary organic particles might also exist in the
workroom air of Mn smelters. In addition, small soot particles
below dae of 30 nm are not easily detected in SEM.
4.2 Bioaccessibility

Our study shows that the percentage of Mndissolved is low to
moderate (<30%), which is comparable to what was reported
close to an FeMn production plant and steel making industry.28

However, the percentage of Mndissolved is higher in our samples
than in PM collected from different welding fumes dissolved in
Gamble solution29 indicating a lower bioaccessibility of the
latter. A higher Mn dissolution in Hatch than Gambles has been
reported for Mn in welding fumes.29

The percentage of Mndissolved was higher in PM collected
among SiMn furnace workers compared to HC–FeMn furnace
workers. The largest difference in the percentage of Mndissolved

was observed for PMwith dae between 0.25 and 1.0 mm. This size
range is dominated by agglomerates and agglomerates/
aggregates of primary particles. Gjønnes et al.18 suggested
a higher health risk for workers exposed to Mn in HC–FeMn
compared to SiMn production. Their conclusion was based on
the assumption that Mn oxides are more soluble than SiMn, as
was shown by Thomassen et al.52 We observed a surface layer of
amorphous Si–O on MnO-containing particles in the HC–FeMn
furnace area holding the primary particles together into
agglomerates/aggregates. Such an amorphous layer was not
observed for particles in the SiMn fume. Instead, Mn rich
crystalline phases were encapsulated in a Si rich amorphous
matrix (Fig. 3). Amorphous and crystalline Si–Mn–O rich parti-
cles without a surface layer or an additional matrix were also
observed. Amorphous SiO2 has been shown to dissolve
substantially in Gamble solution.53 The higher percentage of
Mndissolved in SiMn fume PM may, thus, be a result of the
amorphous Si–O matrix dissolving in Gamble solution and
releasing small Mn rich phases.

The air concentration of Mn [mg m�3] in PM was higher in the
breathing zone of tappers compared to that of the crane operators
(Table 3). This result was not unexpected, as it has been previ-
ously shown that the tappers were exposed to a statistically
signicant higher mass concentration of PM than the crane
operators.33 The difference in Mndissolved is, however, only statis-
tically signicant between crane operators and tappers in Smelter
2, which only included a HC–FeMn furnace. The largest differ-
ences in Mndissolved between tappers and crane operators are
observed for PM with dae > 500 nm, representing most of the
mass.33 In this size fraction, we found irregular slag particles with
high MnO content and particles with higher amount of Mn and
Zn, as well as minor amounts of K, Na and Cl. The particle
composition in different working areas of the HC–FeMn smelter
This journal is © The Royal Society of Chemistry 2021
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was also studied by Gunst et al.,17 and a different chemical
composition of PM collected among tappers and crane operators
was found. Particulate matter collected among tappers contained
higher mass fractions of K, Na and Zn than among crane oper-
ators. In our study, a dominating fraction of the particles
observed in the rst stages of the cascade impactor contained K,
Na, Cl and Zn together with Mn, but such particles did not
dominate in samples collected directly from the tapping fume
with the electrostatic sampler. The amount of such particles may
explain the difference in the percentage of Mndissolved between
tappers and crane operators. The difference from Gunst's17 study
may be a result of the composition of the rawmaterial used in the
production during sampling. Further investigations are needed to
conclude on the observed difference in bioaccessible Mn between
tappers and crane operators in the HC–FeMn industry.
4.3 Conclusion

Detailed SEM and TEM analysis of samples collected in the
furnace hall of HC–FeMn and SiMn production showed different
particle types related to work area and task. The results of this
study indicate that the different physicochemical characteristics
of the particles might explain the difference in Mndissolved seen in
PM samples collected by the workers in this industry. Still, further
investigations are needed to conclude if the difference in
Mndissolved is related to the dissolution of the Si-matrix observed
in particles collected from the SiMn tapping fume.

Our results show that the concentration of Mn in PM in air
was signicantly higher for tappers and crane operators, but the
Mndissolved was signicantly lower for tappers than crane oper-
ators. Further research is needed to investigate if this difference
in Mndissolved between crane operators and tappers is related to
the physicochemical properties of the particles.

In conclusion, the results have shown that connecting the
knowledge of particle characteristics and bioaccessibility is
important to gain more information on how particles may
behave in contact with lung uids. The physicochemical prop-
erties of single particles and Mn bioaccessibility are key factors
to be considered in risk assessment. With regards to this, our
size resolved data on particle characteristics and bio-
accessibility give additional information which can be
combined with what is already known about the particle size
dependent deposition efficiency in lungs. Furthermore, the
results of this study can be applied in future epidemiological
studies and toxicological assays.
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