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characterization of particulate
matter in a cement production plant†
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Employeesworking in cement production plants are exposed to airborne particulatematter (PM) whichmay lead

to lung function impairments and airway symptoms. The PMconsists of rawmaterials, clinker and additiveswhich

vary depending on cement blend. The aim of this work was to characterize the thoracic fraction of PM with

regard to size, phase composition and mixing state. Both stationary and personal impactors were used to

collect size-fractionated samples in a cement production plant in Norway. Stationary samples were measured

with aerosol particle counters and collected with a 13-stage cascade impactor, which were stationed at three

locations of the cement production plant: at the raw meal mill, clinker conveyor belt and cement mill. Sioutas

cascade impactors, and thoracic and respirable dust samplers were used in parallel for personal sampling.

Additionally, particles for electron microscopy were collected with the stationary cascade impactor for size-

fractionated single particle characterization. Gravimetric measurements and element compositions of the

samples from the stationary impactors show that the PM mass is dominated by calcium-rich particles of size

>1 mm. The size distribution results of stationary and personal impactors were similar. Characterization of

single particles reveals that limestone is the dominating material in the raw meal mill, whereas clinker and

limestone dominate at the clinker conveyor belt and at the cement mill. The element composition of clinker

PM did not change with particle size. The PM collected on impactor stages with aerodynamic diameter cut-

offs below 0.56 mm was dominated by soot and volatile secondary particles at the three locations. The

number of ultrafine particles of the cement related compounds was low. Air concentrations of PM in personal

respirable and thoracic samples ranged from 0.14–10 mg m�3 to 0.37–9.5 mg m�3, respectively.

Considerable local variations exist, both in composition and air concentration of the PM.
Environmental signicance

Cement production generates a large amount of airborne particulate matter (PM). The workers in the cement industry can be exposed at all production stages. It
has previously been shown that inhalation of PM from cement production plants is linked to airway symptoms and obstructive lung changes. However, the
physicochemical characteristics of PM have not yet been fully characterized in this industry. We found that the composition of the PM changes with location at
a cement production plant, and that clinker and limestone particles were the main constituents of particles larger than dae ¼ 0.56 mm. The number of
cementitious ultrane particles was low. The ultrane fraction was dominated by soot and volatile secondary particles. Assessment of the variation in PM
composition at cement plants is necessary to understand exposure–response association in this industry.
1. Introduction

The global cement production was estimated to be 4.1 billion
tonnes in 2019 with 5.9% produced in Europe. In the year 2019,
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47 605 workers were employed in European production.1 The
main raw material for cement production is limestone, which
mainly contains calcite (CaCO3) and aragonite (CaCO3). In
addition to this calcium (Ca) source, silicon (Si), aluminium (Al)
and iron (Fe) sources are necessary to obtain the right compo-
sition of the cement clinker.2 The additional raw materials vary
from e.g. naturally occurring clay, shale, sand and marl to
industrial by-products such as slag and y ash.3 All raw mate-
rials are crushed, ground and milled to ne powders and mixed
to form the raw meal powder. This meal is calcined in the
cement kiln at a high temperature (1450 �C), which releases
mainly carbon dioxide to obtain the wanted proportions of Ca,
Si, Al and Fe. The product of this calcination process is named
Environ. Sci.: Processes Impacts, 2022, 24, 1243–1256 | 1243
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clinker, which consists mainly of alite (3CaO$SiO2), belite
(2CaO$SiO2), tricalcium aluminate (3CaO$Al2O3) and calcium
aluminoferrite (Ca2(Al, Fe)2O5). Alite is the major phase,
comprising on average 65% of the clinker, whereas the belite,
aluminate and ferrite contents are on average 13, 11 and 8%,
respectively.4 However, these values differ based on the process
and raw materials. The clinker is cooled aer the cement kiln
process and conveyed to the cement mill where it is mixed with
a few percent gypsum (CaSO4$2H2O) and oen other additives
to produce a specic cement type, and nally ground to the
optimum particle size. The cumulative particle size distribution
of milled clinker showed that approximately 50% of the clinker
is below 15–20 mm with around 7–9% of the material smaller
than 2 mm.2

Cement production generates large amounts of airborne
particulate matter (PM) released into the workroom air.
Employees in a cement production plant can be exposed to
cement and/or raw material PM throughout the entire produc-
tion chain, from milling of raw materials to packing of nished
products. Inhalation of PM during production has been found
to cause airway symptoms and obstructive lung changes.5

Airway irritation caused by this PM has been linked to clinker
mineral particles, which react with moisture to form alkaline
calcium hydroxide.6–8

Earlier studies have observed PM geometric mean (GM)
concentrations in workrooms between 0.29 and 432 mg m�3 for
different work tasks and/or working areas’ air using ‘total dust’
air samplers.9–14 The “total dust” sampler has been found to
sample particle sizes with a penetration curve between the
thoracic and inhalable aerosol fraction.15 Measuring the
thoracic fraction is, however, more relevant for the specic
respiratory effects observed in this industry.16,17 The thoracic
fraction is the mass fraction of inhaled particles that penetrate
beyond the larynx with a 50% cut-off of dae¼ 10 mm, whereas the
respirable fraction is the mass fraction of particles that pene-
trate the alveolar region of the lungs and have a 50% cut-off of
dae ¼ 4 mm.18 In a large exposure assessment study including 22
cement producing plants across Europe and 6111 personal
thoracic samples, the thoracic PM concentrations varied
between job types from 0.20 to 1.2 mg m�3 (GM) with the
highest air concentrations found for production, cleaning, and
maintenance workers.17

Despite the thorough work of the previous assessments of
PM workroom air concentrations during cement production,
there exists little information on individual particle composi-
tion and how the elemental and phase PM compositions vary
with particle size and location during production. Additional
knowledge about size distribution is important since it inu-
ences both penetration and deposition in the human respira-
tory tract.19 Furthermore, adverse health effects are not only
associated with the mass of deposited PM, but also with its
chemical and physical properties. Therefore, knowledge of
physical and chemical properties of particles is fundamental to
understand exposure–response associations. To the best of our
knowledge, detailed characterization of the phase composition,
morphology and mixing state of airborne PM generated during
production has not been reported for the cement industry.
1244 | Environ. Sci.: Processes Impacts, 2022, 24, 1243–1256
The present paper investigates the size distribution and the
chemical characteristics of PM in the thoracic fraction in
workroom air during cement production collected with
stationary and personal sampling equipment. Personal impac-
tors were used to compare the size distribution with that
collected with the stationary impactor.

2. Materials and methods
2.1 Stationary air sampling

Stationary air sampling was performed in a cement factory in
Norway during spring 2017 and fall 2018. Three different loca-
tions were investigated: rawmeal mill, clinker conveyor belt and
cement mill (Fig. S1, ESI†).

In spring 2017, air samples were collected with a stationary
13 stage Model 125R NanoMOUDI-II™ impactor (Microorice
Uniform Deposit Impactor; MSP corporation, TSI, Shoreview,
MN, USA) on 47 mm 5 mm pore size polyvinyl chloride (PVC)
lters (Merck Millipore, Burlington, MA, USA). Sampling times
were 280–330 minutes, and the impactor was operated at an air
ow rate of 10 L min�1. The 50% cut-off sizes for particle
aerodynamic diameter (dae) for each stage were 10, 5.6, 3.2, 1.8,
1.0, 0.56, 0.32, 0.18, 0.10, 0.056, 0.032, 0.018 and 0.010 mm,
respectively. When referring to impactor stages in the following
manuscript 50% cut-off size dae will be abbreviated to dae,50.
Stage 1 is dened as the stage with dae,50 ¼ 10 mm.

The NanoMOUDI impactor was also used to collect particles
for scanning electron microscopy (SEM). Copper (Cu) nder
grids with holey carbon lm (EMresolution, Sheffield, UK) were
affixed to the surface of PVC lters and used as substrates on
each impactor stage. The sampling times in this case varied
between 10 and 15 minutes.

Additional measurements were performed during fall 2018
at the same positions as in the rst campaign. A scanning
mobility particle sizer (SMPS) instrument (model 3938, TSI Inc.,
Shoreview, MN, USA), equipped with an electrostatic classier
(Model 3082) with a differential mobility analyzer (Long DMA
Model 3081A) and an ultrane condensation particle counter
(CPC, Model 3756), was used to count particles from 17 to
542 nm mobility diameter (dme). In addition, an aerodynamic
particle sizer (APS, Model 3321, TSI Inc., Shoreview, MN, USA)
was operated in parallel to the SMPS in the second campaign.
The APS detects particles within the size range of 0.542–19.8 mm
dae. The Stokes correction in the APS soware, which takes into
account the particle density, was applied with a density of
2.7 g cm�320 for the raw meal mill, whereas for the clinker
conveyor belt and the cement mill, a value of 3.15 g cm�3 was
used (density of clinker2). These values were based on the
dominating particle types identied by SEM. Aer applying the
Stokes correction, the size range that was measured changed to
0.542–17.15 mm. The shape-factor also inuences the APS
response. Since the particles are of all kinds of shapes, we have
chosen to assume spherical particles and have used a shape
factor of 1.0. This assumption was also used when the number
distribution was converted into mass distribution.

For both the raw meal and the cement mills, the stationary
NanoMOUDI impactor and the APS and SMPS aerosol particle
This journal is © The Royal Society of Chemistry 2022
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counters were located indoor, whereas at the clinker conveyor
belt the equipment was located outdoor.

2.2 Personal air sampling

Full-shi (�8 hours) personal air samples were collected in
spring 2017 for 10 workers with 4-stage Sioutas cascade
impactors (SKC, Eighty Four, PA, USA) with 50% particle cut-off
sizes of 2.5, 1.0, 0.5 and 0.25 mm, respectively. The Sioutas
impactors were loaded with 25 mm 0.5 mm pore size polytetra-
uoroethylene (PTFE) lters (Pall Corporation, Port Wash-
ington, NY, USA). Particles below the cut-off of 0.25 mm were
collected on 37 mm 2.0 mm pore size PTFE aer-lters (SKC,
Eighty Four, PA, USA). The Sioutas impactors were operated in
parallel with GK 2.69 thoracic (BGI Instruments, Waltham, MA,
USA) and respirable cyclones (JS Holdings, Stevenage, UK)
equipped with 37 mm 5 mm pore size PVC lters (Merck Milli-
pore Ltd. Tullagreen, Cork, Ireland). The operators oen per-
formed their work tasks at several sections of the cement
production plant. The work tasks involved cleaning with
vacuum trucks, maintenance of both raw meal mill and cement
mill as well as production and control related duties.

2.3 Gravimetric measurements

The PM mass was determined gravimetrically using a Sartorius
Micro model MC5 balance (Sartorius AG, Göttingen, Germany)
with a maximum capacity of 5.1 g and stability < 1 mg in
a weighing room dedicated to low lter mass measurements
(relative humidity 40 � 2%, temperature 20 � 1 �C). The mass
detection limit, calculated as 3 times standard deviation of all
eld lter blanks (n ¼ 5), was 0.005 mg. The PVC substrates
were chosen based on their non-hygroscopicity ensuring mass
stability. All lters and substrates were stored in the weighing
room for at least two days, before and aer exposure, for
conditioning prior to weighing. All lters and substrates were
discharged using a 210Po source prior to weighing.

2.4 Electron microscopy

Particles collected on Cu grids using the NanoMOUDI impactor
were investigated by SEM and transmission electron micros-
copy (TEM). A specially made TEM grid sample holder was used
in SEM. Particles were imaged and their element composition
Table 1 Particle group classification of non-volatile particles

Particle group Classication criteria

Limestone Ca, C and O as major elements
Aluminium oxide rich Al and O as major elements
Silica Si and O as major elements
Iron-oxides Fe and O as major elements
Alkali sulphates Na, K, S and O as major elements
Clinker phases Ca/Si, Ca/Al, and Ca/Fe ratios
Ca sulphate Ca, S and O as major elements
Fly ash Spherical morphology
Silicates Si, Al, Mg, Ca, and O as major elements, n
C-rich Dominated by C
Others Particles not assigned to the above listed g

This journal is © The Royal Society of Chemistry 2022
measured 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
a NORDIF electron backscatter diffraction (EBSD) detector
(NORDIF, Trondheim, Norway). It is generally the secondary
electrons that are used for imaging, while the EDX detector is
used for element detection and thereby automatic analysis.
Automated analysis of size, shape and elemental composition of
particles was performed using the feature module of the Esprit
soware (Bruker nano GmbH, Berlin, Germany). In the auto-
matic particle analysis, high contrast backscatter images were
acquired from the SEM at a resolution of 1800 � 1350 pixels
(pixel size ¼ 0.03 � 0.03 mm). The whole particle was scanned
during X-ray acquisition. The elemental composition (atomic%)
was quantied with the Esprit soware using standardless
peak-to-background ZAF correction. Based on the elemental
composition, shape and morphology, non-volatile particles
were classied into 11 groups (Table 1). The number of particles
investigated on each stage varied between 80 and 330. Soot
agglomerates are not specically mentioned in Table 1 and
these fall into the C-rich particle group. However, based on the
morphology, a large part of the C-rich particles are soot
agglomerates, particularly for particles with dae,50 ¼ 1 mm (stage
5). In addition to the groups shown in Table 1, evaporating
particles during electron bombardment were frequently
observed. These volatile secondary particles are particles that
form by condensation of gaseous precursors and their main
components are sulphate, nitrate and organic carbon.21 Such
particles were excluded from further analysis, as their number
abundance cannot be determined accurately. Some particles
were investigated by EDX mapping analysis to identify the
distribution of elements. Particles were also investigated by
TEM using a Jeol 2100 F (Jeol, Tokyo, Japan) eld emission gun
instrument coupled with an X-Max EDX silicon dri detector
(Oxford Instruments, Abingdon, UK). The microscope was
operated in scanning transmission electron microscopy
(STEM)22 and TEM mode. 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
processed with Digital Micrograph soware (Gatan Inc., Pleas-
anton, USA) and FIJI image processing soware.23 All Cu grids
from the stationary NanoMOUDI impactor were investigated by
Additional observations

Mg, Si, Al and Fe as minor elements
Mg, Si and F as minor elements

Ca as the minor element

Si and Al as major elements
on-spherical morphology

O and S as major or minor elements
roups

Environ. Sci.: Processes Impacts, 2022, 24, 1243–1256 | 1245
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SEM. In addition, the Cu grids collected for dae,50 ¼ 0.56 mm
(stage 6) were investigated by TEM.

2.5 Bulk elemental measurements

The elemental composition of PM on lters collected with the
NanoMOUDI impactor was determined in solution with an Agilent
8800 inductively coupled plasma triple quadrupole mass spec-
trometer (ICP-MS) (Agilent Technologies, Santa Clara, CA, USA).
Fig. 1 Element mass (mg) relative to the PM mass on each filter stage (mg
cement mill (C) with the NanoMOUDI impactor. Gravimetric mass conc

1246 | Environ. Sci.: Processes Impacts, 2022, 24, 1243–1256
The lters were digested with a mixture of 65% HNO3 (1.5
mL), 37% HCl (5 mL), 40% HF (0.6 mL) and 5 mL H3BO3 (puriss
p.a., Sigma Aldrich-Merck, Darmstadt, Germany) in
temperature-controlled vessels using a Multiwave PRO micro-
wave oven (Anton Paar, Graz, Austria). The digests were diluted
to 50 mL with 18.2 MU cm deionised water (Merck Millipore,
Billerica, MA, USA) aer adding 200 mL internal standard
solution (25 mg L�1 Ga, Ge and In).
) collected close to the raw meal mill (A), clinker conveyor belt (B) and
entrations of the respective samples are presented to the right.

This journal is © The Royal Society of Chemistry 2022

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2em00139j


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

li 
20

22
. D

ow
nl

oa
de

d 
on

 1
1.

11
.2

02
5 

09
:1

2:
05

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The ICP-MS was tuned with a matrix matched solution prior
to each run, and matrix matched standards were used for cali-
bration. Blank samples and the standard reference material
Portland Cement (blended with slag and y ash) 1881a
(National Institute of Standards and Technologies, Gaithers-
burg, MD, USA) were prepared in the same manner as the
samples. Recoveries are presented in the ESI (Table S2†).

2.6 Statistics

The relative number abundances of different particle groups are
presented in Fig. 4, keeping in mind that only the ratio between
two groups can be interpreted as the proportion is constrained
to values between 0 and 1. The 95% condence interval (CI)
values of particle types in Table 2 were calculated in RStudio24

using the CRAN package CoinMinD25 using the calculation by
Quesenberry and Hurst.26 The geometric mean, minimum and
maximum are shown for the PM concentration in similarly
exposed groups (Table 3).

Fig. 1 was made in RStudio with the additional CRAN
packages ggplot2,27 ggpubr28 and ggsci.29 The rest of the gures
were made using SigmaPlot (Systat Soware, San Jose, CA)
except for Fig. 4 which was made in Excel.

3. Results
3.1 Particle mass size distribution and size-resolved bulk
elemental composition of stationary samples

The PM and elemental mass distributions of NanoMOUDI
samples collected at the clinker conveyor belt and at the cement
Fig. 2 SMPS average number concentrations for the raw meal mill, clin
trations for the raw meal mill, clinker conveyor belt, and cement mill (B) a
meal mill, clinker conveyor belt, and cement mill (C).

This journal is © The Royal Society of Chemistry 2022
mill are displayed in Fig. 1. Elemental mass distribution is
related to the total mass measured on each lter stage in
NanoMOUDI. Concentrations below the limit of detection
(LOD) are not included in the gure. Gravimetric results from
the raw meal mill are not shown because these samples were
most probably contaminated by lubricant oil from the seal
rings. A high amount of PM, >40% in the cement mill and 30%
at the clinker conveyor belt, is found with dae,50 ¼ 10 mm (stage
1). The elemental mass distribution illustrates that most of the
PM is Ca-rich with minor amounts of Na, Mg, Al and Fe. The
smallest size bins contain particles of other origin, as these do
not include the major and minor elements related to cement
particles.

Number concentrations measured with SMPS and APS,
averaged over the measurement period, for the three sampling
locations are displayed in Fig. 2A and B, respectively. Calculated
mass concentrations from APS number concentrations are
shown in Fig. 2C. With the parameters applied in this study, the
dme of particles counted with SMPS ranged from 17 to 542 nm.
The highest particle number concentrations were found in the
raw meal mill with 2 � 104 cm�3 for particles of 60 nm size. The
shape of the distribution curve from the cement mill shows
a bimodal distribution with peaks at 50 nm and 300 nm. A
bimodal distribution is also observed for the clinker conveyor
belt, with peaks at 25 nm and 400 nm.

Values up to 1300 cm�3 and 500 cm�3 averaged over the
measurement period were measured for the cement mill and
the raw meal mill for larger particles (0.5–20 mm). The size
distribution is shied towards dae ¼ 1 mm for the cement mill
ker conveyor belt, and cement mill (A), APS average number concen-
nd calculated average mass concentrations from APS data for the raw

Environ. Sci.: Processes Impacts, 2022, 24, 1243–1256 | 1247
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Fig. 3 APS number concentration for dae ¼ 2.46 mm as a function of
time measured at the clinker conveyor belt.
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compared to that of the raw meal mill and conveyor belt where
most particles are close to dae ¼ 0.6 mm. The number concen-
trations in the cement mill led to average mass concentrations
close to 1.6 mg m�3 for particles in the size range dae 5–10 mm.
Compared to the indoor locations, raw meal mill and cement
mill, the number concentration values measured at the clinker
conveyor belt were lower with the highest mean value measured
to be 60 cm�3. Nevertheless, the variability measured with APS
Fig. 4 Relative number abundances of particle groups in the size rang
impactor from the raw meal mill, clinker conveyor belt, and cement mil

1248 | Environ. Sci.: Processes Impacts, 2022, 24, 1243–1256
at the clinker conveyor belt showed a distinct pattern with peak
events every 30 min with values up to 350 cm�3 (Fig. 3).

3.2 Single particle characterization by electron microscopy

In the following, the main particle groups observed in the three
investigated sections are described in detail. The relative
number abundances of non-volatile particle groups encoun-
tered on the rst seven stages (dae,50 ¼ 10–0.32) in the Nano-
MOUDI impactor are shown in Fig. 4. Stages 8–13 (dae,50 ¼ 0.18–
0.010 mm) are not included in the gure because these stages
were dominated by soot agglomerates and volatile secondary
particles, and the latter ones evaporated under electron
bombardment. The EDX spectra for volatile secondary particles
included C from the substrate and a small S peak, which dis-
appeared with time.

3.2.1 Raw meal mill. Up to 80% of non-volatile particles
found in the size range dae,50 ¼ 10 mm–0.56 mm was limestone
(Fig. 4). The limestone particles oen contained inclusions of
various other phases as can be seen in the element distribution
images (Fig. 5). In addition to limestone particles, �30% of Al–
O-rich particles (Fig. 6A) were found (�30%), particularly in the
sizes dae,50 ¼ 10 mm and 5.6 mm (stages 1 and 2). These particles
oen contained Mg, Si and F as minor elements. Some Si–O
rich, presumably quartz particles (3–8%) were identied.
Approximately 4% of the particles analyzed on the seven stages
were Si–O rich. Fe–O rich particles were rare (#2%).
e dae,50 ¼ 0.32–10 mm (stages 7–1) collected using the NanoMOUDI
l. Volatile particles are not included.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 STEM image and element distribution images for Ca, C, O, Al, Si and Mg of a limestone particle collected at stage 6 with 50% cut-off dae,50
¼ 0.56 mm in the stationary NanoMOUDI impactor.
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In the size range dae,50 ¼ 0.32–0.18 mm (stages 7 and 8)
carbonaceous particles such as soot agglomerates dominated
(Fig. 6B). Limestone particles still frequently occurred for dae,50
¼ 0.32 mm (32%). In the stage below dae,50 ¼ 0.18 mm, however,
only some limestone particles were found. Traces of volatile
secondary particles were observed which probably originated
from combustion sources.30

The dominating particle groups below dae,50¼ 0.18 mm (stage
8) were C-rich such as soot agglomerates and volatile secondary
particles. Sodium chloride (NaCl) and potassium chloride (KCl)
particles were also observed. The NaCl particles, 30–100 nm in
geometric diameter, were observed in a halo around some of the
limestone particles (Fig. 6C). They were most likely formed by
evaporation of sea water droplets31 since the cement factory is
located by the sea. Spherical particles of Fe oxide, identied to
contain magnetite by SEM-EBSD, occurred for dae,50 ¼ 0.18 mm
(stage 8), but these were rare.

3.2.2 Clinker conveyor belt. The dominating group of non-
volatile particles in the size range dae,50 ¼ 10–1.8 mm (stage 1–4)
was classied as clinker. Particles consisting solely of alkali
sulphates were also present (Fig. 6D). Some clinker particles are
covered by KCl particles (Fig. 7). Particles containing traces as
well as higher amounts of both lead (Pb) and zinc (Zn) were also
observed and occurred more oen in the size ranges below
dae,50 ¼ 1 mm (stage 5). Below this stage, a high fraction of the
particles observed were C-rich, mainly as soot agglomerates. In
addition, clinker, limestone and alkali sulphates were oen
observed for dae,50 ¼ 0.56 mm (stage 6). In the soot agglomerates
investigated by TEM no metal inclusions were found. For dae,50
¼ 0.32 mm and 0.18 mm (stages 7 and 8), only some clinker and
limestone particles were found. Below dae,50 ¼ 0.18 mm (stage 8)
clinker was rare. Some volatile secondary particles were
observed on these stages.

3.2.3 Cement mill. Clinker (>50%) and limestone (�30%)
were the dominating particle groups observed for dae,50¼ 10 mm
This journal is © The Royal Society of Chemistry 2022
(stage 1) at the cement mill. The abundance of limestone
particles relative to clinker particles increased for dae,50 ¼ 5.6
(stage 2) and 3.2 mm (stage 3). Fly ash particles (Fig. 6E) were
only observed at the cement mill and are identied based on
their aspect ratio.32

In addition to y ash, irregular non-spherical particles with
similar element composition were observed which might be
bottom ash particles or other mineral particles. These are
classied as silicates. Some Ca sulphate particles (gypsum) were
identied (Fig. 6F).

For dae,50 ¼ 0.56–0.32 mm (stages 6 and 7), a higher fraction
of C-rich particles (mostly soot) was observed. Volatile
secondary particles were also frequently encountered in this
size range. Their abundance is possibly underestimated in the
automatic analysis because of low contrast. These volatile
secondary particles observed at the cement mill were slightly
larger than those found around the clinker conveyor belt and in
the raw meal mill.

Carbonaceous particles such as soot and volatile secondary
particles dominated at sizes below 50% cut-off dae,50 ¼ 0.18 mm
(stage 8). A few spherical amorphous Si–O rich particles were
also observed below this stage.

The number abundance of the various clinker phases was
assessed by scanning the entire clinker particles with EDX. Based
on the Ca/Si, Ca/Al and Ca/Fe ratios, the particles were classied as
alite, belite or tricalcium aluminate and calcium aluminoferrite. As
many of the larger particles were polyphased, the analysis will only
give an indication of the dominating phase. The relative number
abundances of the four major clinker phases collected on the
stages with 50% cut-off dae,50 ¼ 10 mm, 1.8 mm and 0.56 mm at the
cement mill are given in Table 2.
3.3 Particle mass concentrations of personal samples

Air concentrations of PM in samples collected with personal
thoracic, respirable cyclones and Sioutas impactors are shown
Environ. Sci.: Processes Impacts, 2022, 24, 1243–1256 | 1249
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Fig. 6 Typical secondary electron images of (A) Al–O-rich particles, (B) soot agglomerates, (C) limestone, (D) alkali sulphates, (E) fly ash, and (F)
Ca sulphate.
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in Table 3. Similar exposed working groups (SEG) are dened
based on the work task, which may be performed in different
areas of the cement plant. The PM air concentrations varied
strongly within each SEG, with the highest variation found
among the maintenance workers. Production workers had the
highest geometric mean in the PM size fractions below 0.5 mm.
The calculated thoracic and respirable fractions from the
Sioutas impactor are found in Table S3 in the ESI.†
4. Discussion
4.1 Size distribution of PM

4.1.1 SMPS and APS number concentrations. Number
concentrations measured with SMPS in the size range 17–
542 nm are relatively low compared to those of measurements
performed in other industrial environments such as Mn alloy
and SiC smelter halls.33,34 This is probably the case because
most PM were generated by mechanical crushing and grinding
1250 | Environ. Sci.: Processes Impacts, 2022, 24, 1243–1256
processes in the cement plant, whereas in the referred studies
measurements were performed close to the furnaces and the
thermal processes. The ultrane particles observed in the
cement plant were predominantly soot and volatile secondary
particles, which most likely originated from the use of fuel and
waste as energy sources for heating the cement kiln. The shapes
of the SMPS size distribution curves at the clinker conveyor belt
and the cement mill show a bimodal distribution which may
indicate that the PM stemmed from multiple sources or that
there is a nucleation–accumulation mode typically found in
combustion processes.35

The number concentrations of particles in the size range
0.542–17.15 mm measured with the APS at the cement mill and
raw meal mill are plausible since crushing and grinding
processes take place in the two mills. There is a relatively large
discrepancy between the calculated PM air concentrations from
APS data with the amounts collected with NanoMOUDI at the
cement mill. As the measurements took place during two
This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Backscatter electron (BSE) image and element distribution images for Ca, Si, Al, Fe, O, Cl, K, Na and S of a polymineralic clinker particle
collected for dae,50 ¼ 1.0 mm in the stationary NanoMOUDI impactor.

Table 2 Relative number abundances of clinker minerals observed on stages 1, 4 and 6 of the stationary NanoMOUDI impactor at the cement
mill

50% cut-off dae,50 and stage Na Alite (%) Belite (%)
Calcium aluminoferrite
(%) Tricalcium aluminate (%)

10 mm (stage 1) 59 70 10 15 5
[51–83] [3–26] [6–32] [1–20]

1.8 mm (stage 4) 88 66 22 6 6
[51–78] [13–37] [2–17] [2–17]

0.56 mm (stage 6) 49 72 12 10 6
[51–85] [4–30] [3–28] [1–23]

a N ¼ number of particles investigated. The 95% condence interval values are shown in brackets.
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sampling campaigns, it may be suspected that the PM mass
concentrations at the cement mill show a large variation with
time. In contrast, the calculated PM mass concentrations from
APS data at the clinker conveyor correspond well to the
measured PM values from NanoMOUDI. It can also be seen that
the calculated mass concentrations reach higher values for the
clinker conveyor belt than for the raw meal mill due to a higher
Table 3 Mass concentrations (mg m�3) of personal samples collected i

Similar exposed groups Thoracic Resp

Production n ¼ 3 Geometric mean 1.4 0.48
Min 0.53 0.23
Max 3.3 1.0

Maintenance n ¼ 4a Geometric mean 1.9 0.9
Min 0.89 0.28
Max 9.5 10

Cleaning n ¼ 5b Geometric mean 2.0 0.70
Min 0.37 0.14
Max 4.5 1.8

a n ¼ 3 Sioutas impactor samples. b n ¼ 4 impactor samples.

This journal is © The Royal Society of Chemistry 2022
number of larger particles (dae > 2.9 mm). The APS time series for
the clinker conveyor belt showed concentration peaks every
30 min (Fig. 3). These concentration episodes were also
observed for the SMPS time series, however, not as clear as for
the APS. This can be related to the cleaning cycles of the elec-
trostatic precipitators, which are associated with high amounts
of PM emitted during cleaning36 and may explain why the mass
n the cement production plant

irable

Sioutas impactor [50% cut-off dae mm]

2.5 1.0 0.5 0.25 <0.25

1.5 0.69 0.14 0.11 0.44
0.088 0.074 0.025 0.034 0.14

10 3.4 0.45 0.31 2.0
1.5 0.51 0.12 0.057 0.20
0.34 0.084 0.021 0.017 0.075

17 7.9 2.9 0.059 1.4
1.6 0.46 0.16 0.093 0.52
0.20 0.058 0.019 0.012 0.12
4.9 1.2 0.41 0.81 3.4

Environ. Sci.: Processes Impacts, 2022, 24, 1243–1256 | 1251
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concentrations of PM at the outdoor clinker conveyor belt were
relatively high. In addition, trucks and cars were passing not far
from the conveyor belt and resuspension of settled dust may
have contributed signicantly to the outdoor concentrations.

4.1.2 NanoMOUDI mass distribution and element
composition. Mass distributions oen show a log normal
distribution. This is not the case for the mass distributions
shown in Fig. 1. The NanoMOUDI impactor used in this study
has an inlet which is reported to have a nominal cut-off size of
10 mm. Airborne particles at the cement plant may be larger
than this, as seen in Fig. 2 B and C, and Fig. 1 therefore shows
the tail of the mass size distribution. Nevertheless, the focus of
our study was on the thoracic aerosol fraction. Sampling arte-
facts, such as ne particle loss and bouncing, may occur when
using cascade impactors. Bouncing effects are especially
a concern for the stages with small cut-off sizes because of high
impaction velocity.37–39 Sampling artefacts will depend on the
aerosol, the type of lter used, sampling conditions and on
whether grease is used or not. Investigations by Cena et al.40 on
the collection of welding fume samples indicated that PVC
lters without grease presented minimal particle bouncing on
the NanoMOUDI stages. A limitation of our study is that PMwas
only collected for one day at each location. The PM concentra-
tions at the plant will vary and depend on factors such as
weather and season. The PM collected at the outdoor clinker
conveyor belt location will probably be affected the most by
these factors. Nevertheless, the focus of this study was to
investigate the PM size distribution, which may be more
constant than the actual PM concentrations.

The concentrations of the main elements Al, Ca, potassium
(K), Fe, Mg and Na decrease with particle size down to dae,50 ¼
0.32 mm. This is consistent with what was detected in SEM,
where instead C-rich particles dominate the lowest size bin
(Fig. 4). The two mills (raw meal mill and cement mill) show
a similar trend, that is, decreasing amount of Ca-rich particles
with decreasing dae,50 size. However, samples collected close to
the clinker conveyor belt include higher amounts of Ca, Al, K
and Mg in size bins down to dae,50 of 0.032 mm. The higher
amounts of these elements detected in the lower size bins may
also originate from the cleaning cycles at the clinker conveyor
belt resulting in a higher particle number concentration every
30 minutes at this site (Fig. 3).

4.1.3 Size fractionated particle groups obtained with
NanoMOUDI. In general, the abundance of the different particle
groups reects the production processes in cement plants. The
dominating particle groups were limestone and corrective
materials such as Al–O rich and Fe–O rich particles in the raw
meal mill, clinker particles around the clinker conveyor belt, as
well as clinker particles and other additives (e.g. limestone,
gypsum and y ash) at the cement mill. Below dae,50 ¼ 0.56 mm
(stage 6), carbonaceous and secondary volatile particles domi-
nated and the abundance of particles from the rawmaterial and
clinker was lower.

4.1.3.1 Raw meal mill. Cement producers seek to use alter-
native raw materials such as industrial waste-products to meet
the desired chemical composition, both to reduce costs and as
a way of more environmentally friendly production. For
1252 | Environ. Sci.: Processes Impacts, 2022, 24, 1243–1256
example, recovered alumina from aluminium slags is oen
used instead of bauxite in clinker production.41 The main
mineralogical components of high-alumina secondary raw
materials are corundum (Al2O3) and spinel (MgAl2O4);42 the
latter may explain the relatively high Mg content found in these
particles. Furthermore, pyrite cinder (FeS2), the remaining slag
aer burning pyrite, consists mainly of the oxides hematite
(Fe2O3) and magnetite (Fe3O4) and is used as an alternative
source of iron oxide.43 The occurrence of ultrane spherical
particles of magnetite may thus be related to the use of pyrite
cinder.

4.1.3.2 Clinker conveyor belt. Volatile K, Na, Cl and S
compounds can circulate in the kiln system originating from
e.g. the rawmeal or fuel in the hotter parts of the kiln.44 Sulphur
dioxide (SO2) can react with Na, K and Ca to form the sulphates
Na2SO4, K2SO4, CaSO4, 3K2SO4$Na2SO4, and K2SO4$2CaSO4,
which may get incorporated in the clinker.45 These compounds
can also leave the cement kiln as ne PM or form coatings on
kiln surfaces. A bypass is oen installed for reducing the
intensity of the chloride cycle with the aim of avoiding kiln
deposits. In that case, hot gas is withdrawn from the kiln and
quenched with subsequent condensation of KCl vapour to solid
KCl on the surface of larger PM that are further collected with
lters.46 The presence of such particles on the surface of the
clinker PM in addition to the observation of limestone and
alkali particles might suggest that part of the collected particles
at this location was cement kiln dust (CKD),47 which consists of
ne particles from the cement kiln collected in a bag house or
electrostatic precipitators. The PM peak episodes observed in
the APS also indicate that CKD is a major contributor of PM
around the clinker conveyor belt (Fig. 3). The main components
of CKD are reported to be partially calcined raw material,
clinker and alkali compounds.48 Alternative fuels and raw
materials may introduce traces of Pb and other metals into the
clinker. Particularly secondary raw materials, such as dusts
from steel work, have been found to be relevant for the input of
Pb and Zn.22

4.1.3.3 Cement mill. Upon entering the cement mill, gypsum
(CaSO4), limestone, Fe sulfate and y ash can be added to the
clinker for the production of different cement blends. The
measured fractions of gypsum, y ash and other particle groups
were low (<10%) compared to the amount of limestone and
clinker. The high percentage of limestone present at the cement
mill is unexpected. Portland cement, which is the most used
cement, is reported to contain more than 90% clinker (5%
gypsum and only 5% other ingredients). Limestone could be
used as an additive in larger amounts (5–15%) in other types of
cement.49 This may be a reason for the relatively high limestone
content found at the cement mill andmay have been affected by
the type of cement blended during the day of measurements.

Alite is more brittle than the other three clinker phases.
Fracture occurs mainly through alite grains and not through
phase boundaries resulting in polyphase particles aer
grinding50 and the relative amount of the different phases might
therefore vary with particle size. Alite reacts much more quickly
with water than belite2 and a size variation may therefore be
important for the behavior in the respiratory system. However,
This journal is © The Royal Society of Chemistry 2022
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our results (Table 2) indicate that there is no clear tendency in
the relative amounts between alite and belite between stages 1–
6. The relative number abundances of the different clinker
minerals shown in Table 2 are based on a limited number of
particles, and can, thus, only be regarded as an order of
magnitude estimate. X-ray diffraction analysis of bulk samples
should be used for a more thorough assessment of the relative
amount of clinker phases.51 Compared to clinker, limestone is
easier to grind and tends to be ground to smaller particles.52

Limestone particles were found in relatively high amounts
(>15%) below dae,50 ¼ 0.5 mm.
4.2 Personal measurements using Sioutas impactor,
respirable and thoracic aerosol samplers

The number of personal air samples collected was small. Thus,
our results are regarded as a preliminary estimate of the mass
size distribution of personal air samples. Nevertheless, to the
best of our knowledge, personal impactors have not been
previously used to collect PM in the cement industry. PM mass
concentrations collected using personal respirable and thoracic
cyclones were in the same range as reported in earlier studies16

which shows that the Sioutas measurements are representative
for the typical exposure. The GM values presented in Table 3
show that most of the PM are collected on the rst and second
stage in the Sioutas impactor. Compared to the stationary
NanoMODUI impactor, the size distributions of the Sioutas
impactors show a similar trend, with most of the PM collected
in the size range dae ¼ 1 mm and above. The rst stage with
a 50% cut-off at dae,50 ¼ 2.5 mm is reported to collect particles in
the size range 2.5 mm–10 mm.53 However, in laboratory tests the
impactor was only tested with particles up to 10 mm and the
impactor probably collects larger particles as well. The impactor
is of limited use for measuring the mass size distribution of PM
in the extrathoracic aerosol fraction since the aspiration effi-
ciency of the sampler is unknown. Bau and Witschger54 have
estimated the aspiration probability of the Sioutas impactor to
be as high as about 90% for dae ¼ 40 mm with decreasing
probabilities to about 10% for dae 80 mm. Thus, the mass
collected at stage 1 is highly dependent on the presence of
coarse PM. Berlinger et al.33 found a relatively good correlation
between the calculated respirable mass from Sioutas and that
measured with respirable cyclones in a manganese smelter. The
calculation of the respirable mass from Sioutas assumes an
upper size limit of dae,50 ¼ 10 mm for the rst stage. This
assumption may be acceptable in environments where the PM
mainly consists of particles with dae,50 < 10 mm. However,
collected particles with sizes larger than dae,50¼ 10 mmwill shi
the calculated respirable mass to higher levels. In conclusion,
the Sioutas impactor can be used in the cement industry to
estimate the size distribution curve of PM for particles below 2.5
mm (stage 2). Since the aspiration efficiency of the inlet is
unknown, the Sioutas impactor cannot be used to estimate
respirable and thoracic fractions in this industry. Personal
samples collected using conventional samplers in this study
show large variations in personal exposure ranging from 0.14–
10 mg m�3 for respirable samples to 0.37–9.5 mg m�3 for
This journal is © The Royal Society of Chemistry 2022
thoracic samples. This is comparable to the ndings of Notø
et al.55 In their study, production, cleaners, and maintenance
workers were the highest exposed groups. In addition, 5 out of
12 of the thoracic samples, normalized to 8 hours, are above the
limit value for lung function decline of 1.56 mg m�3 estimated
by Nordby et al.56
4.3 Implications of results

Lung penetration and deposition strongly depend on particle
size. Samples from Sioutas, NanoMOUDI and calculated data
from APS demonstrate that the PM mass is dominated by
particles with dae larger than 1 mm. Cement clinker is hygro-
scopic and will absorb water when exposed to the high relative
humidity of the respiratory tract resulting in some particle
growth, which will affect both the penetration and deposition
behavior in the respiratory tract. Considering salt particles, it
has been found that growth takes place in about 10�2 s with
temperatures and relative humidity of 37 �C and 99.5%,
respectively.57 Particles with a size around dae ¼ 1 mmhave a low
deposition efficiency in the respiratory tract.19 If these particles
are hygroscopic they may grow, upon inhalation, into a size with
a larger deposition efficiency.

Single particle characterization by electron microscopy
showed that clinker and limestone dominate the composition
of the PM at the cement mill and at the clinker conveyor belt. In
the raw meal mill, limestone dominated, and the number of
clinker particles was low, as expected. Employees oen work in
different areas of the cement production plant during a shi.
Thus, our results only yield an approximate estimate of the
share of different particles which workers are exposed to.
Depending on work task and location, the composition of the
PM will comprise a mixture of the particles shown in Fig. 4.
Exposure to limestone has been found to cause respiratory
symptoms such as cough during day and night.58 Compared to
clinker, however, limestone has a low aqueous alkalinity (pH 8–
9).59 Thus, the higher alkalinity of clinker particles may be more
important for the lung function decline observed in this
industry.60 The amount of the various clinker phases did not
change with particle size indicating that clinker particles
depositing in the different regions of the lung have the same
chemical and phase composition. The relatively high fraction of
limestone found, not only in the raw meal mill, reveals that the
total Ca content cannot be chosen as a marker for the clinker
content in the PM. Another known health hazard in cement
production is crystalline silica (quartz). At the raw meal mill,
a total fraction of 4.2% Si–O rich particles (presumably quartz)
were identied. Still, the mass concentration is unknown and
should be assessed by X-ray diffraction of PM collected in the
breathing zone of the workers to evaluate the exposure to
respirable quartz.

In conclusion, the composition of the PM varies with loca-
tion in a cement production plant with clinker and limestone
particles being main constituents of particles with dae,50 larger
than 0.56 mm. The number of ultrane cement related particles
was low, and this fraction was dominated by soot and volatile
secondary particles. The amount of PM in air also varies over the
Environ. Sci.: Processes Impacts, 2022, 24, 1243–1256 | 1253
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day, and certain work operations at the plant may result in high
air concentrations.
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