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ABSTRACT

The ceramic industry is an industrial sector in need of significant process changes, which may benefit from inno-
vative technologies such as laser sintering of ceramic tiles. Such innovations result in a considerable research gap
within exposure assessment studies for process-generated ultrafine and nanoparticles. This study addresses this
issue aiming to characterise particle formation, release mechanisms and their impact on personal exposure dur-
ing a tile sintering activity in an industrial-scale pilot plant, as a follow-up of a previous study in a laboratory-scale
plant. In addition, possible particle transformations in the exhaust system, the potential for particle release to the
outdoor environment, and the effectiveness of the filtration system were also assessed. For this purpose, a tiered
measurement strategy was conducted.

The main findings evidence that nanoparticle emission patterns were strongly linked to temperature and tile
chemical composition, and mainly independent of the laser treatment. Also, new particle formation (from gas-
eous precursors) events were detected, with nanoparticles <30 nm in diameter being formed during the thermal
treatment. In addition, ultrafine and nano-sized airborne particles were generated and emitted into workplace air
during sintering process on a statistically significant level. These results evidence the risk of occupational
exposure to ultrafine and nanoparticles during tile sintering activity since workers would be exposed to
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concentrations above the nano reference value (NRV; 4 x 10* cm™3), with 8-hour time weighted average con-

centrations in the range of 1.4 x 10° cm—> and 5.3 x 10° cm

-3

A potential risk for nanoparticle and ultrafine particle release to the environment was also identified, despite the
fact that the efficiency of the filtration system was successfully tested and evidenced a >87% efficiency in particle
number concentrations removal.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

According to the Ceramic Industry Roadmap to 2050 (Cerame-Unie,
2012) by the European ceramic industry association, the European ce-
ramic industry employs over 200 000 people in the EU-27, around 80%
of them in small and medium-sized enterprises (SMEs). Ceramic
manufacturing from the EU-27 Member States accounts for 23% of global
production of ceramics. Ceramic manufacturing is, thus, considered a ro-
bust industrial activity at the global scale. It is also a growing industrial
sector, which has benefited from advances made available through nano-
technology and through innovative industrial processes. However, pro-
cesses applied in ceramic industries where heating or combustion are
involved or where electrical and high energy equipments are used, such
as the case of firing of the ceramics in kilns (Voliotis et al., 2014), laser
tile sintering (Fonseca et al., 2015), or fracturing and abrasion activities
(Fonseca et al., 2015), have evidenced that large ultrafine particle concen-
trations may be released to the workplace environment (up to 10> cm~3)
and that these particles may have potentially harmful mean diameters
(<100 nm, ultrafine and <50 nm nanoparticles). The materials and the
technology used may thus be significant sources of process-generated ul-
trafine and nanoparticles which may impact worker exposure.

The inhalation pathway is considered the predominant route of
workplace exposure and uptake (Schmoll et al., 2009; Hansen, 2009).
As particles reach smaller diameters they can travel deeper into the
lungs (Oberdorster, 2001; Hoet et al, 2004; Heal et al., 2012;
Weichenthal, 2012). The health outcomes of exposure to ceramic
dusts are chronic obstructive pulmonary disease, reduced lung and re-
spiratory symptoms such as risks of wheezing and breathlessness, dry
cough and chronic bronchitis (Trethowan et al., 1995; Jaakkola et al.,
2011; Kargar et al., 2013). Therefore, there is a need to characterise
ultrafine and nanoparticle release mechanisms in these workplace set-
tings similarly to what is done in industries dealing with engineered
nanoparticles, in order to decrease workers exposure (Hameri et al.,
2009; Van Broekhuizen, 2012; SER, 2012). However, exposure assess-
ment studies for process-generated ultrafine and nanoparticles, espe-
cially as a result of innovations in the manufacturing processes, have
received little attention in the scientific literature. Laser sintering of ce-
ramic tiles is an innovative technique with a large potential for global-
scale implementation in real-world ceramic industrial facilities. Laser
sintering of tiles has numerous advantages such as speed, temperature
and enhanced durability and surface properties of structural materials
(de Francisco et al., 2011; Lahoz et al,, 2011).

In this framework, this study addresses this knowledge gap by
characterising particle release mechanisms and their impact on person-
al exposure during a tile sintering process using a high power CO; laser.
As a follow-up to a previous study (Fonseca et al., 2015), the present
work aims to identify and characterise nanoparticle formation and
release mechanisms, as well as their impact on exposure, during the
next step of the industrial up-scaling process in a 7 m-long industrial
furnace (as opposed to a 3 m-long laboratory scale one) and in a facility
emulating industrial-scale manufacture (as opposed to laboratory
conditions). In addition, these industrial pilot-plant conditions allowed
for the study of possible particle transformations in the exhaust system,
the potential for particle release to the outdoor environment, and the
effectiveness of mitigation strategies (such as the filtration system)
already in place in the pilot plant.

2. Materials and methods
2.1. Measurement strategy

Aerosol measurements were conducted over six consecutive days in
January 2015 in an industrial pilot plant scale furnace (length = 7 m)
during a laser-based tile sintering process at the Instituto de Ciencia
de Materiales de Aragén (ICMA) located in Zaragoza, Spain. It makes
use of a 2000 W Rofin DC 025 SLAB CO, laser, equipped with the galvan-
ic scan mirrors head emitting at a wavelength N = 10.6 um and an op-
tical beam steering system (Estepa and de la Fuente, 2006; de Francisco
et al., 2011). While the furnace applies heat to the tiles in the conven-
tional sense, the laser is applied to the surface in order to reach higher
temperatures which provide enhanced surface properties (Larrea
et al, 2002; Mora et al., 2003; Lennikov et al., 2004, 2007, 2010;
Estepa and de la Fuente, 2006; Gutiérrez Mora et al., 2009; de
Francisco et al., 2011; Fonseca et al., 2015).

The main differences between the laboratory-scale furnace and
industrial-scale furnaces should be highlighted here regarding the
used fuel, gas flow and furnace length:

i. Fuel: industrial furnaces are powered by gas, as opposed to electric-
ity in the case of the laboratory-scale furnaces.

ii. Gas flow: because of the different fuel used, the gas flow inside the
industrial-scale furnaces is much higher than in laboratory-scale
furnaces, and therefore, particle release to workplace air is expected
to be lower.

iii. Length: industrial-scale facilities are frequently larger in length size
and thus, lower particle concentrations at the breathing zone are
expected, mainly due to the largest distances between the emission
source and the breathing zone.

Based on these differences it seems acceptable to conclude that it is
not possible to directly extrapolate the results regarding particle emis-
sions obtained in the laboratory-scale furnace to the industrial-scale
ones. In this work, the emissions from the furnace running were not
included as they are considered negligible. The industrial furnaces usually
are operated with gas, but in case of the present work an electrical furnace
was used and therefore no emissions from the fuel are generated. Hence,
the particle emissions are generated by the ceramic tile processing.

For the experimental procedure 6 of the most frequently used types
of tiles in the ceramic industry were selected: red clay raw (#1), red clay
raw with frit (#2), red clay raw with frit and decoration (#3), raw
porcelain (#4), raw porcelain with frit (#5) and raw porcelain with
frit and decoration (#6). The tile samples were 20 x 30 cm in size.
Three replicas for each material were analysed. The tiles were
introduced in the furnace at a constant velocity (8 m h™') in an
orthogonal direction to the laser focus, and were gradually externally
heated from ambient temperature up to 1000 °C and 950 °C for
porcelain and red clay tiles, respectively. Upon reaching the peak
temperatures, the laser beam was introduced and directed through an
optical beam steering system, which transformed the circular cross-
section beam into a line measuring 1 mm in thickness.

The methodology employed in this study followed the tiered mea-
surement strategy described by various authors (Methner et al., 2010;
VCletal, 2011; Ramachandran et al,, 2011; Asbach et al., 2012; Brouwer
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et al., 2012) and follow the new harmonized tiered approach published
by The Organisation for Economic Co-operation and Development
(OECD, 2015). The measurement methods employed in this study
aimed to study particles in the range 5 nm-20 um and can be classified
as online (size resolved/integrated and time resolved) and offline (size
and time integrated) as follows:

= An electrical mobility spectrometer (NanoScan, SMPS TSI Model
3910; sample flow rate 0.7 L min~!) to measure the particle
mobility size distribution in 13 channels from 10 to 420 nm mobility
diameter with a time resolution of 1 min.

Miniature diffusion size classifiers DiscMini Matter Aerosol to mea-
sure total particle number, mean particle diameter, alveolar lung de-
posited surface area (LDSA) concentration as well as particles with a
mode diameter between 10 and 700 nm. The sample flow rate and
the sampling time interval were 1 L min~! and 1 min, respectively.
An optical particle counter (OPC, Grimm Model 1.108) to measure
particle mass in the range 0.3 to 20 um. The sample flow rate and
the sampling time interval were 1.2 Lmin~ ! and 1 min, respectively.
The particles were classified in 15 channels according to their optical
diameter.

Particles collected on 25 mm polycarbonate filters with 0.8 um pore
size (one sample per ceramic material) for chemical analysis. Sam-
ples were gathered using cassettes (SKC Inc., inlet diameter 1/8 in.)
connected to SKC Leland Legacy pumps operating at 6 L min~—".
Particle collection for chemical and morphological analysis by TEM
(Jeol, JEM 1220, Tokyo, Japan), coupled with an energy-dispersive
X-ray (EDX) spectroscopy were collected onto Quantifoil® Au
grids with 1 um diameter holes-4 um separation of 200-mesh.
TEM-grids were attached to air sample cassettes (SKC Inc., USA,
inlet diameter 1/8 in. and filter diameter 25 mm). Air flow was
driven by pumps operating at 6 L min~' and collection efficiency
for particles was assumed to be 100%.

All the filters were acid digested by using nitric acid (HNO3),
hydrofluoric acid (HF) and perchloric acid (HClO,) following the meth-
od proposed by Querol et al. (2001) for the analysis of major and trace
elements by ICP-AES (IRIS Advantage TJA Solutions, THERMO) and
ICP-MS (X Series I, THERMO). Laboratory blank filters were analysed
following the same methodology. Element concentrations were blank
corrected.

The particle monitors and samplers were placed simultaneously at
the emission source (furnace), in the worker breathing zone (BZ). In ad-
dition, three locations along the exhaust tube connecting the emission
source to outdoor air were also assessed: (i) immediately above the
laser chamber, (ii) before the high-efficiency particulate air (HEPA)
filter and (iii) after the HEPA filtering system, immediately before the
exhaust to outdoors (at 50 cm from outdoor air).

The worker area, where the workers operated the furnace control,
was located approximately 1.5 m from the furnace. The sampling tube
inlets were placed at the height of the breathing zone of the workers
(Brouwer et al., 2009). The work environment showing the instrumen-
tation and sampling locations are shown in Fig. 1.

Background particle concentrations (particles infiltrated from out-
doors or other work-related activity occurred in parallel to tile sintering
process) may be considered significant at lower concentration in the
workplace and hence crucial to take into account in exposure assess-
ment studies (Kaminski et al., 2015). In this particular study, the back-
ground was identified by using a time series approach during the non-
activity period (measured at the breathing zone without the process
of tile siltering in operation) before activity (Brouwer et al., 2009).
This approach assumed that the concentration at the working area cor-
responds to the background and any increase in particle concentrations
during the work activity is related to the working process itself
(Kaminski et al., 2015). However, it is important to take into consider-
ation that this approach assumes background concentrations to be

constant and possible temporal and spatial changes in the background
are not considered. The use of a combined approach of time series and
spatial analysis such as described by Kaminski et al. (2015) would
allow the background distinction over a full shift period and hence,
the estimation of the so called “theoretical background”. However, be-
sides the measurement location at the work area, a second measure-
ment location would be necessary to calculate the background particle
concentration in the work area during the work activities. Because tile
sintering was the only activity in the plant during this work it was con-
sidered not essential to account for the possible temporal and spatial
changes in the background.

2.2. Data quality

The use of different instruments monitoring similar parameters at
different sampling locations aimed to maximize the number of valid
data points obtained, given that the risk of exceeding the measurement
ranges of the instruments was high (due to the high nanoparticle emis-
sions expected, Fonseca et al., 2015). This was the case of DiscMini and
the NanoScan instruments placed in parallel at the emission source, to
monitor particle number concentrations (N) although in different size
ranges. For this reason, in the results and discussion section only one
of the datasets will be discussed for each parameter. In the case of
total N and for the mean particle diameter (D,), the results presented
will be those obtained with the DiscMini data, because it is the only in-
strument for which particle diameter data were available simultaneous-
ly in the emission source and breathing zone. However, concerning the
representative particle number size distributions of the released emis-
sions, the NanoScan data will be used.

The particle mass concentration (PM;o, PM, 5 and PM; ) values mon-
itored with the Grimm monitor were previously calibrated with a collo-
cated EU-reference high-volume sampler with a PM, 5 cutoff inlet. PM, 5
and PM; were the only parameters for which an equivalent to an EU
reference instrument was available, given that the rest of the parame-
ters are unregulated (Viana et al.,, 2015). In the case of N, one of the
DiscMini units was taken as internal reference for the correction of the
others employed. The performance of these instruments was assessed
with ambient air side by side prior the sampling campaign in terms of
mean Dy, and total N. Figs. S1 and S2 in Supplementary data show the re-
gression analysis for the total N and mean D, measured with NanoScan
and DiscMini 2-DiscMini 4 compared with DiscMini 1 (reference) based
on 1-min resolution data for 12 h intercomparison. The black line in
each of these figures indicates the linear fit to the data points. The cor-
responding equations and correlation coefficients R? are also given in
each graph. The intercomparisons evidenced a high degree of compara-
bility in terms of total N concentration between the different instru-
ments with correlation coefficients R?> > 0.96. Different levels of
agreement with DiscMini 1 (Reference) were registered with a slope
on the order of 0.74-1.77, hence deviating at a maximum of 77%. Fur-
thermore, the regression analysis obtained for NanoScan shows a higher
y-intersect than the DiscMini 2-DiscMini 4 regressions mainly due to
the lower particle size range measured (10-420 nm). The comparability
for mean particle diameter was also reasonable with deviations <67%
and with correlation coefficients R? in the range of 0.89-0.99.

2.3. Data processing

Workplace air particle concentrations deriving from process-
generated particle emissions were calculated by using the similar ap-
proach described by Asbach et al. (2012) and Kaminski et al. (2015):
Process-generated particle release = WA - BG (1)
where WA is the measured particle concentrations at the breathing

zone during the work activity and BG is the background registered
concentrations.
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Fig. 1. Layout of the work environment. a) Approximate positions of processes and sampling locations; b) emission source and breathing zone; c) laser incidence on the tile surface, and

d) HEPA filtering system.

According to Asbach et al. (2012), the process-generated particle re-
lease is statistically significant if the mean particle concentration in
workplace air is higher than the BG concentrations plus three times
the standard deviation (3 - 0g) of the BG concentration. This means
that if the ratio

Process-generated particle release>

3. 08¢ ! @)

then particle release should be considered as significant.
The cumulative workers exposure for an 8-hour time weighted
average (8 h TWA) was estimated as follows:

t1 n

Worker exposuregtwa = Shni-

WA, 3)
where, t is the time duration of the activity, WA; is the measured back-
ground corrected particle concentration (subtracted the background
concentration) and n is the total number of measurements.

In this study, an equivalent workers exposure of 7 h working shift
during sintering activity with one specific ceramic material and 1 h
working shift during non-activity period, was considered.

3. Results and discussion
3.1. Particle concentrations at the source

Fig. 2 summarises the median, mean, minimum, maximum and per-
centiles (P10, P25, P75 and P90) obtained at emission source in terms of

number concentrations (range 10-700 nm), as well as the mean particle
diameter emitted by each of the materials sintered (from #1 to #6) and

for background air. Measurements were taken with 1 min time resolu-
tion, approximately 1.5 h in duration. Results are presented as average
values for the number of replicas of each experiment carried out (data
shown in supporting information, Figs. S3, S4 and S5.

As evidenced by Fig. 2, over the 1.5 h periods during which each of
the tiles underwent the thermal treatment, major ultrafine and nano-
particle emissions reaching up to 1.0 x 107 cm™ > were registered at
the emission source with mean diameters of 14 nm and 12 nm for red
clay and porcelain tiles, respectively (Fig. 2). It can be observed that
coarser particles (maximum diameters ranging between 28 and
30 nm) were detected during sintering of coated tile materials, indepen-
dently of the base of the tile. On average, mean N minute concentrations
were 2 orders of magnitude higher than background levels and the
mean particle diameters were finer (10-16 nm) than in background
air (58 nm). On average, mean nanoparticle emissions were moderately
higher during porcelain sintering (2.3 x 10° cm™2) than from red clay
sintering (2.2 x 10° cm™3). This finding is similar to the results from
laboratory scale furnace (3 m long) (by measuring in the same range
of 10-700 nm) where it was observed that red clay sintering emitted
lower N (2.9 x 10° cm™3) than porcelain sintering (5.0 x 10° cm™3).
Aside from this, it may be concluded that lower N were measured
with the industrial-scale furnace when compared to the laboratory-
scale one. Nonetheless, the conclusion is then that the larger furnace
emits lower N than the laboratory scale furnace (Table 1).

Particle emissions from porcelain and red clay sintering showed sim-
ilar mean diameters (12 4+ 3 nm and 14 + 5 nm, respectively), which
were markedly finer than those from background air particles (58 +
8 nm), influenced by vehicular traffic emissions (with a high percentage
of diesel) in the surroundings of the pilot plant. These results are in
agreement with those from the laboratory-scale furnace (Fonseca
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Fig. 2. Horizontal box plots for the tile sintering activity obtained at the emission source and background air with regard to mean particle diameter (Dj; DiscMini, range 10-700 nm) and
particle number concentration (N; DiscMini, range 10-700 nm). The boundary of the box closest to zero indicates the 25th percentile, a line within the box marks the median, and the
boundary of the box farthest from zero indicates the 75th percentile. Whiskers (error bars) above and below the box indicate the 90th and 10th percentiles. In addition, the mean is
shown as dotted line and the outlying points as minimum and maximum (in red). Mean D, was consistently < detection limit during the entire experiment of material #4 (raw porcelain).

et al,, 2015), even if mean particle diameters were slightly different for
the different materials then (16 + 6 nm for red clay tiles and 10 +
3 nm for porcelain, versus 34 4+ 5 nm for background air). These results
suggest that the size of the furnace does not have a major impact on the
mean diameter of the particles emitted and, which is relatively depen-
dent on the raw materials and coatings used.

Asregards N, Table 1 shows that similar results were obtained across
all the red clay tiles evaluated, independently of the presence or absence
of coating materials (2.0 x 10 cm ™2 for raw red clay, 2.1 x 106 cm ™2 for
red clay with coating and 2.5 x 10 cm™2 for red clay with coating and
decoration). Conversely, with porcelain tiles, higher N were monitored
with coated materials (2.8 x 10° cm~3, Table 1) than with the raw
tiles (1.1 x 10° cm™3). These results were consistent across the different
replicas tested. In both cases (red clay and porcelain), the highest mean
N concentrations were recorded when sintering coated materials (with
frit and/or decorated). These results suggest that nanoparticles may
originate from the coating materials, as opposed to the base of tiles
(with the exception of the raw red clay tiles).

3.2. Emission patterns

In order to understand the particle emission processes, the time se-
ries of N and Dj, at the emission source are shown in Figs. 3, 5 and 6 (raw
materials and one example of a coated material). The figures show the
particle emission patterns as a function of the main parameters of the
sintering process (temperature and incidence of the laser beam). The
materials shown (raw red clay, raw porcelain, and porcelain coated
with frit and decoration) were selected given that they are the most rep-
resentative of the main emission patterns observed during tile sintering.

Table 1

Fig. 3 shows the characteristic emission pattern observed for all coat-
ed materials, based on the example of porcelain with frit and decoration
coating (material #6). Results show that when the tiles were externally
heated in the furnace in a temperature range between 450 and 900 °C,
constant N and relatively stable particle diameters (for 2 particle
diameters, 15 <D, < 37 nm and 87 < D, < 116 nm) were monitored at
the emission source and also impacting exposure in the breathing
zone. Upon reaching the peak temperature in the furnace (900-
1000 °C), a thermally-induced emission pattern was observed and a
decrease in particle size for the smallest particles was detected
(reaching minimum values of 10 nm or lower for all the coated mate-
rials). The particles with 87 < D, < 116 nm were not affected by this
increase in temperature. It should be noted that the lower limit of detec-
tion of the particle sizing instruments (DiscMini and NanoScan) is
10 nm. As previously discussed by Fonseca et al. (2015), these results
suggest the occurrence of new particle formation processes by nucle-
ation (nanoparticles <30 nm in diameter being formed; Kulmala et al.,
2004; Kumar et al., 2008) inside the furnace, which would result in
higher N with a lower particle size. Nucleation processes from gaseous
precursors were probably induced by the cooling down of exhaust
gases containing SO, emitted from the thermal decomposition of
S-bearing minerals present in the tile's raw material (e.g., anhydrite,
CaSO,4, Fig. 4c and e), which decomposes at high temperatures
(Chinchén et al., 1991). Upon introduction of the laser beam (still within
the peak temperature stage), Fig. 3 shows a decrease in N and an in-
crease in D, (37 nm for the smallest particles as opposed to 10 nm dur-
ing the thermal treatment), probably as a result of coagulation/
condensation processes. This increase in size also affected the
87 < D, < 116 nm particles (increasing to 365 nm). Results seem to

Mean and standard deviation (4 o) of particle number concentrations (N) and mean particle diameter measured during tile sintering (Dp,; range 10-700 nm) at the emission source and in
background air of the pilot plants (industrial-scale; laboratory-scale, Fonseca et al., 2015). Mean values (from #1 to #6) correspond to the average of the replicas analysed for each specific
tile material, approximately 1.5 h in duration, each one. Mean D, was consistently < detection limit during the entire experiment of material #4 (raw porcelain).

Material Industrial-scale furnace (7 m) Laboratory-scale furnace (3 m)*
N (cm~3) D, (nm) N (cm~3) D, (nm)
Red clay tiles #1 2.0 x 10° + 3.1 x 10° 15.1 £ 4.1 2.8 x10° + 4.1 x 10° 159 + 7.0
#2 2.1 %108 £+ 2.8 x 10° 14.0 + 4.8 2.6 x 108 £ 52 x 10° 17.9 £ 6.2
#3 2.5 % 10° +2.9 x 10° 114+ 4.7 3.4 %105+ 6.1 x 10° 14.5 + 4.3
Porcelain tiles #4 1.1 x 10° + 1.4 x 10° 1000 3.8 x 10+ 5.1 x 10° 8.0+24
#5 2.8 % 10° + 1.8 x 10° 113+ 4.7 6.0 x 10° + 3.6 x 106 109 £ 5.0
#6 2.8 x 108 + 3.6 x 10° 158 +3.9 5.1 x 10° + 4.0 x 106 10.5 + 3.0
BG 1.1 x10% £ 4.7 x 10° 582 + 8.4 1.3 x10* £ 8.6 x 10° 339+ 55

* Fonseca et al. (2015).
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period is shown as red rectangle and the entrance and exit of material are shown as green circles. Results for one of the replicas analysed of the same material, representative of all the
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suggest that the incidence of the laser inhibited further particle forma-
tion mechanisms, possibly due to the sealing of the tile's surface with
the laser, and conversely favoured particle growth. Upon completion
of the laser treatment, nucleation events were once again detected as
a decrease in mean particle size down to 10 nm and an increase in N.
During the cooling stage (temperatures decreasing to 800 °C), N
dropped back to the initial concentrations and a significant particle
growth was observed, probably due to condensation of gaseous species
on pre-existing particles and/or the coagulation processes. As stated
above, this pattern was observed for all coated materials (whether
using red clay or porcelain as substrate; (Figs. S3, S4 and S5 in Supple-
mentary data).

Fig. 4 shows examples of ultrafine and nanoparticle morphology and
composition detected at the emission source during sintering activity.
The TEM/EDX analyses of the samples show a large number of spherical
ultrafine particles ranging from 10 nm-1000 nm in size diameter which
may be interpreted as portions of melted material involved in the tile
melting processes. In addition, a large amount of agglomerated particles
were collected by TEM (Fig. 4a, d and f), thus confirming the occurrence
of particle condensation and/or agglomeration of existing finer nano-
particles (10-30 nm in size diameter) from nucleation process.

Different emission patterns were registered when monitoring raw
materials, which were in addition different for the two materials evalu-
ated. Fig. 5 shows the case of raw red clay. The emission pattern ob-
served during raw red clay sintering showed certain similarities with

02pm

e)

NaAISi, O -
MgsCa(COs);
Ca§04

2200 A

that described for coated materials (Fig. 3), showing lower N and larger
diameters (15 <D, <37) during the lowest temperature stages and new
particle formation processes by nucleation before and after the laser
treatment coinciding with the highest temperatures inside the furnace
(particle diameters <20 nm). The main difference with regard to the
coated materials was found during the laser treatment, when particle
diameters did not increase as much as in Fig. 3 (mean diameter during
the laser treatment = 81 nm with coated materials vs. 43 nm with
raw red clay). In addition, almost no emissions of larger-sized particles
(around 100 nm) were detected from raw red clay sintering (Fig. 5),
which points to the coating materials (and not the tile substrate) as
their most probable source.

Finally, the emission pattern of raw porcelain sintering was also
assessed (Fig. 6). A different pattern was observed on this occasion,
which was replicated in all the analyses of raw porcelain carried out.
As shown in Fig. 6, particle emissions followed similar trends as in the
case of raw red clay, with only one dominant particle size (20 nm, as op-
posed to two particle sizes obtained with coated materials). However,
upon incidence of the laser beam an increase in N was detected, while
particle diameter showed a slight decrease (up to 10 nm). This result
would suggest that, in contrast to all other materials, during sintering
of raw porcelain nucleation events took place during the laser
treatment.

To summarise, nucleation process (nanoparticles <30 nm in diame-
ter being formed) were detected for both materials (red clay and

nO + Cr,0¢

Fig. 4. TEM images of nanoparticles collected at the emission source during different sintering activities: a) red clay raw; b) red clay frit coated; c) and d) red clay frit and decoration coated;
e) raw porcelain; f) porcelain frit coated and g) porcelain frit and decoration coated. Corresponding identified particles by TEM/EDX are shown in each figure.
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Fig. 5. Raw red clay (material #1). Time series of (a) particle number concentrations (N) measured simultaneously at the emission source and the breathing zone (range 10-700 nm), and
(b) particle size distributions (range of 10-420 nm), and (c) mean particle diameter (D,) at the emission source (range 10-700 nm). The laser period is show as red rectangle and the

entrance and exit of material are shown as green circles.

porcelain) during the thermal treatment, independently of the laser
treatment. This result goes beyond the results from the previous study
(under laboratory conditions) where such events were only observed
during red clay sintering. Except for the raw porcelain, the influence of
the laser treatment results in the emission of larger particles than
when compared to the same temperature (950-1000 °C) without the
laser. This suggests that the incidence of the laser inhibits new particle
formation processes by nucleation which can be observed immediately
before the laser treatment.

3.3. Exposure to particles in the breathing zone

The particles emitted inside the furnace were released to workplace
air and transported toward the worker area, resulting in potentially
health-hazardous exposures for the workers. The mean N and D, mea-
sured in the breathing zone for each of the materials analysed, as well
as in background air, are presented in Fig. 7. A comparison with the re-
sults from the laboratory-scale furnace (3 m long, Fonseca et al,, 2015) is
also included.

As shown in Fig. 7, mean N in the breathing zone were in all cases at
least 1 order of magnitude higher than background levels, thus
confirming the increase in worker exposure to ultrafine and nanoparti-
cles resulting from the sintering process. Regarding particle transport
across the workplace, N in the breathing zone were much lower than
in the emission source for all the materials, as expected (Figs. 2 and 7)
due to dilution of the emissions in combination with particle agglomer-
ation and coagulation. However, in all cases and similarly to previous

laboratory-scale study, N were significantly above background concen-
trations since mean N in workplace air were always higher than the
background concentrations plus three times the standard deviation of
the background concentration (>3.9 x 10 cm™2 and 2.5 x 10* cm ™3
for particles in the range of 10-700 nm, at 3 m and 7 m furnace,
respectively). As a result, the increase in worker exposure was consid-
ered statistically significant.

When comparing the results from the industrial-scale and the
laboratory-scale pilot plants (Fonseca et al.,, 2015), results show that
breathing zone N concentrations were lower for most materials in the
laboratory-scale plant, with the exception of materials #1 and #2. The
highest exposure concentrations were recorded during porcelain
sintering (3.6 x 10° cm™2), and more specifically for the porcelain
with frit and decoration tiles (#6), reaching mean N of 6.2 x 10° cm™>.
The decrease in exposure concentrations when compared to the
laboratory-scale conditions (Fig. 7) was probably related to the higher
gas flow inside the industrial-scale furnace than in laboratory-scale one
and also to the size of the facility (mainly, the distance between the emis-
sion source and the breathing zone). Particle diameters were lower in
the industrial-scale plant due to their lower emission diameters.

Worker exposure during the sintering processes was also calculated
in terms of particle mass (PM) (Fig. 8). As in the case of N, PM concentra-
tions in the breathing zone were consistently higher than in background
air. The maximum mean concentrations registered were 6.0 ug m™>;
18 ug m~> and 70 pg m~3 for PM;, PM, 5 and PM;, respectively, for
raw porcelain (material #4). The ratio (Eq. (2); Process-generated par-
ticle release/3 - 0pg) results in 1.1, 2.7 and 7.8, respectively and thus
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Fig. 6. Raw porcelain (material #4). Time series of (a) particle number concentrations (N) measured simultaneously at the emission source and the breathing zone (range 10-700 nm), and
(b) particle size distributions (range of 10-420 nm), and (c) mean particle diameter (D)) at the emission source (range 10-700 nm). The laser period is show as red rectangle and the
entrance and exit of material are shown as green circles. Mean D, (c) was consistently < detection limit during the entire experiment.
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Fig. 7. Particle number concentrations (N) and mean particle diameter (D,; range 10-700 nm) measured in the breathing zone for each of the materials analysed, as well as for background
air. Mean values correspond to each sintering process, approximately 1.5 h. The left and right y-axis refer to the mean N and mean D), respectively. Error bars above the box indicate the
standard deviation (0). The solid and dashed red horizontal lines indicate the significance level of particle release during sintering activity in the workplace air in the pilot-plant (7 m) and

laboratory-scale furnaces (3 m), respectively (BG + 3 - Ogg; Asbach et al., 2012).

should be considered a statistically significant increase in exposure con-
centrations, for this material (Asbach et al., 2012). For the rest of the ma-
terials, exposure was significantly high only for PM;q and for materials
#1, #2, #5 and #6 (Fig. 8). This was likely caused by re-suspension of
coarse particles which is commonly observed during activities in indoor
environments (by walking, etc.). TEM/EDX analyses confirmed the pres-
ence of coarse particles (agglomerates, coarse size) in workplace air
(Fig. 4a, d and f).

The results concerning the PM concentrations presented here are
considerably higher than those found in laboratory scale. Fonseca et al.
(2015) measured an average PM; exposure during the same sintering
activities varying from 12 to 17 pg m~> whereas the results of PM;
presented here, showed levels of 7-70 ug m™ 2, although not very high
for a working place.

3.4. Particle characterisation

The conducted TEM/EDX analyses of the samples show that quartz
(SiO;) appears to be the main inorganic component released in both
types of tiles. Other crystalline constituents found in both types of tiles
were albite (NaAlSi3Og), metakaolinite (Al,Si;0s), and huntite
(Mg3Ca(C03)4). Conversely, mineral phases such as microcline
(KAISi30g) and hematite, (Fe,03) were only found in red clay tiles
whereas augite (CaMg(Fe, Al, Ti) (Si Al),Og only in porcelain tiles. In ad-
dition, metal oxide nanoparticles of Zn, Cr, Al and Fe were also found,
resulting from their use as opaque frits or pigments (Jacobs, 1954;
Romero et al., 2003; Minguillon et al., 2009; de la Sanchez Campa
et al., 2010; Lahoz et al.,, 2011; Casasola et al., 2012; Celades, 2013).

The chemical analysis of particles collected on 25 mm polycarbonate
filters revealed also that a considerable amount of SO~ (14-24% of

total particle mass) was consistently found in workplace air (Fig. S6 in
Supplementary data). Other relevant components found in both raw
tiles were CaCO3 and SiO, (6% of particle mass concentration, each).
Commonly used in frit and decoration coated tiles, a relevant percent-
age of ZnO was found for both porcelain and red clay tiles (4% and 7%
for red clay frit and decoration coated (material #3) and porcelain frit
coated, respectively).

3.5. Comparison of worker exposure concentrations with the nano refer-
ence values

Although occupational exposure limits (OELs) were established by
Council Directive 88/642/EEC as “the limit of the time-weighted average
of the concentration of a chemical agent in the air within the breathing
zone of a worker in relation to a specified reference period” (EC, 1998), no
OELs are available regarding nanoparticles or nanomaterials yet. Despite
this, nano reference values (NRVs) have been set by Social and Economic
Council of The Netherlands (SER, 2012) regarding worker exposure to
engineered nanoparticles (ENPs). NRVs are background-corrected 8-
hour TWA concentrations. However, high-energy processes such as the
pone under study may generate nanoparticle emissions to workplace
air, which by nature are comparable to ENPs in terms of hazardous prop-
erties (Van Broekhuizen, 2012). According the SER (2012), for low-
density biopersistent granular nanomaterials (density < 6000 kg m >
such as Al,03, SiO,, ZnO, etc.) and for high-density biopersistent granular
nanomaterials (density > 6 x 10° kg m ™) such as Ag, Au, CeO,, etc.), the
NRVs are 4 x 10* cm™> and 2 x 10* cm™3, respectively. In the present
study, ultrafine and nanoparticles generated from sintering processes
(generally metal oxides) were considered as substances with a
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Fig. 8. Particle mass concentrations (PM) measured in the breathing zone for each of the materials analysed, as well as for background air. Mean values correspond to each sintering
process, approximately 1.5 h. Error bars above the box indicate the standard deviation (o). The solid blue, green and red horizontal line indicate the significance level of PM;, PM; 5
and PM; o concentrations during sintering in workplace air, respectively (BG + 3 - 0pg; Asbach et al,, 2012).
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Table 2

Background corrected 8 h-TWA particle number (N) and mass (PM) exposure concentrations obtained for each activity, and comparison with the SER nano-reference value (NRV) and the

ACGIH threshold limit value (TLV).

Sintering Ng h-twa NRVs h.twa (Cm73) Ng nh-twa/ PM; g h-twa PMy 5 8 h-twa PMio g h-twa TLVg h-twa (18 mfg) PMi g h-twa/
activity (ecm™3) (SER, 2012) NRVs h-rwa (ug m—3) (ug m—3) (ng m—3) ACGIH (2013) TLVs h-twa
#1 3.7 x 10° 4.0 x 10* 9 <0.1 1.0 7.7 3.0x 10° 3x1073

#2 1.5 x 10° 4 1.0 23 10.5 4x1073

#3 2.0x10° 5 0.2 0.9 45 2x1073

#4 1.4 x10° 3 39 14.4 60.0 2x 1072

#5 2.6 x10° 7 1.2 33 22.6 8x 1073

#6 53 % 10° 13 1.0 3.1 215 7x1073

density < 6 x 10 kg m—>. In general, only the pure metals have a
density > 6 x 10> kg m™~3(Van Broekhuizen, 2012).

In terms of PM, the only limits available are those established by the
American Conference of Governmental Industrial Hygienists (ACGIH,
2013) and the Occupational Safety and Heath Administration (OSHA,
2006). These institutions set a permissible exposure limit (PEL; 8 h
TWA) of 5 mg m™ 2 for the respirable fraction (PM;o) (OSHA, 2006)
and of 3 mg m~3 (threshold limit value TLV, 8-hour TWA concentra-
tion) for respirable particles (PM;o) ACGIH (2013).

Table 2 represents the background-corrected 8 h-TWA worker
exposure to N and PM concentrations (by Eq. (3)) during the sintering
activities under study.

Considering that the workers were exposed to nanoparticle concen-
trations during a 7-hour working shift of sintering of each material and
1 h working during non-activity period, 8-hour TWA exposure N con-
centrations were in the range of 1.4 x 10° cm™> and 5.3 x 10° cm™>.
This outcome exceeded the NRV established by the SER (2012) with a
ratio (Ng h-rwa/NRVg ntwa) ranging from 3 to 13 (Table 2). In terms of
mass, the 3 mg m3TLV for the total respirable fraction would not
have been exceeded during any sintering condition given that the
PM; o for 8 h TWA would be in the range of 5-60 ug m >,

3.6. Environmental release and filter efficiency

To mitigate the potential risk for ultrafine and nanoparticle release
to the environment (ambient air), a filtration system (with a HEPA fil-
ter) was placed at the end of the exhaust conduct and before exhaust
gases were released to outdoor air. The aim of this system was to re-
move particles originating from the tile sintering processes from the ex-
haust gas. However, at the time of the study, the facility managers had
no specific data on the performance of the filtration system. Therefore,
in order to test the effectiveness of the filtration system during tile
sintering activity, particle number concentrations and size distribution
were monitored before and after the HEPA filter (Table 3). The following
formula was applied for the calculation of the filtration system efficien-

cy:

Efficiency of filtration system to reduce N(%)
_ Nbefore HEPA_Nafter HEPA « 100 (4)
Nbefore HEPA

Table 3
Mean particle number concentration (N) measured before and after the HEPA filter, and
calculated HEPA filtration efficiency for each sintering process.

Material Nmean before HEPA (Cl‘l’l_3) Nmean after HEPA (Cm_3) Efﬁciency* (%)
#1 2.0 x 10° 1.0 x 10° 95%
#2 2.1x10° 74 x10* 96%
#3 2.5 % 10° 8.5x10* 97%
#4 1.1 x 10° 5.9 x 10* 95%
#5 2.8 x 10° 1.6 x 10° 94%
#6 2.8 x 10° 1.1x10° 96%

* Calculated by Eq. (4).

Results show that the mean and maximum N concentrations mea-
sured after the filtration system were lower than before the system by
one or two orders of magnitude, implying a calculated system efficiency
of 94-97% (Table 3). However, because of the high N emitted (in the
order of 10° cm™—3), particle emissions to outdoor air in the order of
mean 1.5-hour concentrations of 10° cm™> were still detected
(Table 3). The largest impacts on outdoor air were registered during
porcelain sintering (1.1 x 10° cm™2), and in particular for the porcelain
with frit (material #5; 1.6 x 10° cm™3) (Table 3). Because of rapid dilu-
tion processes it is not expected that this particle release would gener-
ate major environmental or health impacts in outdoor air.

Finally, filter efficiency seemed to be dependent on particle size.
Fig. 9 shows the time series of the efficiency of the HEPA filtration sys-
tem with regard to the mean particle diameters measured before and
after the filtration system, for material #3 (red clay with frit and decora-
tion). Similar results were obtained for the rest of the materials. Results
evidence a clear inverse relationship between filtration efficiency and
initial particle diameter (before the HEPA filter), with efficiency
decreasing to <94% during the laser treatment periods when particle di-
ameter increased (see Figs. 5 and 7). Conversely, during the thermal
treatments (before and after laser incidence) particle size before the fil-
tration system was close to the instrument's detection limit (10 nm)
and higher efficiency values were registered (>97%).

As a result, the efficiency of the filtration system was successfully
tested, evidencing a > 87% efficiency of N removal (on a 1-minute
basis), mostly for nanoparticles <15 nm (Fig. 9). The lowest filter
efficiency was detected for larger particles released during the laser
treatment (~30 nm).

4. Conclusions

This study aimed to characterise particle formation and release
mechanisms, and their impact on personal exposure and the environ-
ment during a tile sintering process using a high power CO, laser in an
industrial up-scaling process. In addition, possible particle transforma-
tions during transport through the exhaust system and the effectiveness
of the filtration system were also assessed.

Based on the experiments carried out, it was possible to conclude
that new particle formation mechanisms from gaseous precursors
occurred for both types of ceramic materials (red clay and porcelain)
during the thermal treatment, independently of the laser treatment.
The incidence of the laser seemed to inhibit new particle formation pro-
cesses, possibly due to the sealing of the tile surface by the laser.

Ultrafine and nano-sized airborne particles were generated and
emitted into workplace air during sintering process on a statistically sig-
nificant level (>BG + 3-0pc). When comparing exposure levels to the
exposure limits available in current regulations, according to SER
(2012), exposure concentrations to ultrafine and nanoparticles generat-
ed in this workplace would exceed the nano-reference value (NRV) of
4 % 10% cm™3, since their 8 h TWA was in the range of 1.4 x 10° cm >
and 5.3 x 10° cm~> (worst case scenario considering an equivalent
workers exposure of 7 h working shift during sintering activity and
1 h working shift during non-activity period). In terms of mass, current
regulations set a 3 mg m~> TLV (8 h TWA; ACGIH, 2013) for the total
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Fig. 9. Example of the efficiency of the HEPA filtration system (in %) as a function of particle diameter (range 10-700 nm) measured before and after the filtration system for each tile
sintering process, for material #3 (red clay with frit and decoration). The laser period is shown as red rectangle and the entrance and exit of replicas #1, #2 and #3 are shown as

green, black and blue circles, respectively. D,: mean particle diameter (range 10-700 nm).

respirable fraction which would not have been exceeded during any
sintering condition given that the PM;, for 8 h TWA would be in the
range of 4.5-60 ug m >,

A potential risk of ultrafine and nanoparticle release to the outdoor
air was identified, despite the mitigation measures in place (a HEPA fil-
tration system). The efficiency of the filtration system was successfully
tested, evidencing a >87% efficiency of N removal (on a 1-minute
basis), mostly for nanoparticles <15 nm whereas it was slightly less ef-

ficient for larger particles released during the laser treatment (~30 nm).

Overall, the results from this study evidence the risk of occupational
exposure to ultrafine and nanoparticles during high-energy laser pro-
cesses in the ceramic facility under study. Although the results regard-
ing exposures may not be extrapolated directly to real-world ceramic
industrial facilities, this study may be taken as reference from a method-
ological perspective and with regard to the particle formation mecha-
nisms described. In addition, our results could be representative of
potential exposures in case of leaks in the process in industrial settings,
when major nanoparticle releases would be expected. Hence, the devel-
opment of mitigation strategies and systematic approaches toward bet-
ter identifying the processes and/or materials are recommended to
enable risk assessments and to reduce worker exposure.
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