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ABSTRACT 
 

The use of composites is ever increasing due to their important structural and chemical features. The composite 
component production often involves high energy grinding and sanding processes to which emissions workers are 
potentially exposed. In this study we investigated the machining of carbon and glass fibre-reinforced epoxy composite 
materials at two facilities. We measured particle number concentrations and size distributions of the released material in 
near field and far field during sanding of glass- and carbon fibre-reinforced composites. We assessed the means of 
reducing exposure during the work by means of different working style, local exhaust ventilation, and enclosing the 
process area. Machining processes released particles primarily in < 100 nm size range. Without enclosure, process particle 
concentrations were 3.9 × 104 cm–3 in the near field and 1.3 × 104 cm–3 in the far field. Therefore workers in the same area 
may not be aware of being exposed to the process particles and the need of wearing protective outfits. Comparison of 
workers working style and effect on near field particle concentrations showed that a careless working style increased 
particle concentrations of 1.1% and 14.1% when comparing with a careful working style. Investigating the effect of the 
local exhaust ventilation showed that a maximum flow rate caused removal of close to 100% of particles from the working 
zone. A 28% reduction in the flow rate reduced particle removal efficiency more than 50%. With the enclosure around the 
process area, the process particle concentrations were 1.7 × 106 cm–3 in the near field, while the concentration in the far 
field was negligible. The enclosure used was shown to provide an average protection factor of more than 100.  
 
Keywords: Aerosol; Nanoparticle; Occupational hygiene; Emission control; Sanding. 
 
 
 
INTRODUCTION 
 

Composite materials are combinations of two or more 
distinct phases or material types which in combination 
produce structural or functional properties not present in 
any individual component. Typical to composites is a high 
structural strength-to-weight ratio and corrosion resistance 
to a wide range of chemicals. This makes them as one of 
the most widely used materials. Fibre-reinforced composites 
are used in increasing quantities in nearly all technological 
areas such as transportation, marine, wind energy, aerospace, 
pipes and tanks, construction, electrics and electronics, and 
consumer goods (Zaman et al., 2013). The global fibre-
reinforced composite market was in 2010 up to 1 × 107 
metric tonnes with end-product value estimates in range of 
40 to 70 billion euros (Gutiérrez  and Bono, 2013). The 
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majority of fibre-reinforced composites are made from glass 
fibres of which the composite industry used 2.57 × 106 
metric tonnes which are followed by carbon fibres with a 
use of 3.9 × 104 metric tonnes (Gutiérrez and Bono, 2013). 

Fibre-reinforced composites often require reworking by 
machining such as sanding, sawing, grinding or drilling to 
obtain the final product with the process producing dust in 
the respirable size range (Midtgard and Jelnes, 1991; Bello 
et al., 2009; Bello et al., 2010; Cena and Peters, 2011). 
Recently, the development of advanced composites that 
utilize engineered nanomaterials raised a concern that workers 
machining nanocomposites are exposed to airborne particulate 
matter including individual engineered nanoparticles (see 
e.g., Thostenson et al., 2005; Ging et al., 2014; Kingston et 
al., 2014). The first laboratory studies found that sanding 
of fibre-reinforced composites as well as sanding machinery 
emits high amounts of nanoparticles (Zimmer & Maynard, 
2002; Koponen et al., 2009; 2011; Gomez et al., 2014). 
Bello et al. (2009) also found that dry cutting of alumina 
and carbon fibre-reinforced composites produced submicron 
rod-like fibres. Previous studies have shown that reworking 
of composites with engineered nanomaterials embedded 



 
 
 

Jensen et al., Aerosol and Air Quality Research, 15: 1906–1916, 2015  1907

into the matrix do not release free engineered nanoparticles, 
the released fragments show that the filler is not separated 
from the polymer matrix (Koponen et al., 2011; Wohlleben 
et al., 2011; Gomez et al., 2014).  

Only a few studies on the toxicity of particles generated 
during mechanical processing of composite fibre-epoxy dusts 
have been published: An intratracheal instillation study in 
rats testing dusts from six different fibre-epoxy composites 
showed that some of the dusts induced fibrosis in the lungs 
of rats 1 month after a single intratracheal instillation while 
others did not (Luchtel et al., 1989). Likewise, the scientific 
literature on the toxicity of dust from nanocomposites is very 
limited: To date, we know of four papers that have 
reported in vivo assessments of degradation fragments from 
nanocomposites such as paints and lacquer with different 
nanoadditives (Saber et al., 2012a, b; Smulders et al., 2014), 
and plastic and cement with carbon nanotubes (Wohlleben 
et al., 2011). None of these studies found increased toxicity 
of the sanding dust or other types of degradation fragments 
from nanocomposites compared to the products without 
nanomaterials: The studies suggested that toxicity is derived 
mainly by particles from the composite matrix and not the 
filler. However, it is important to stress that compared to 
the above mentioned studies the content of fillers (glass and 
carbon fibre) used in the present study is much higher than 
the content of nanomaterial in paints and cement (ranging 
from 2–15%). Individual glass and carbon fibres released 
during the reworking process may also have impact on the 
toxicity. Only a limited database on the toxicity of traditional 
carbon fibres exists. In one study, rats exposed to carbon 
fibres (7 µm in diameter and 20–60 µm in length) for six 
hours a day and five days a week for up to 16 weeks at an 
average chamber concentration of 20 mg m–3 did not respond 
with pathological changes in the lungs (Waritz el al., 1998). 
Recently, a 90-day inhalation study of rats exposed to carbon 
nanofibres showed minimal inflammation in the terminal 
bronchiole and alveolar duct areas of the lungs at 2.5 mg m–3 
exposures (Delorme et al., 2012). Glass fibres have a fibrous 
structure that is similar to asbestos and inhalation leads to 
deposition throughout the respiratory tract (IARC, volume 
81, 2002). However, in contrast to asbestos glass fibres 
have a low biopersistance in the lungs.  

This study presents workers process-specific exposures 
to airborne particles during reworking of polymer-based 
composites reinforced with carbon fibres and glass fibres. 
Measurements were performed in two separate facilities 
where composites were sanded. We studied the effect of 
working style and emission controls using near field/far 
field measurements, estimating spatial exposure to process 
particles in the facilities. Particle samples were collected 
for gravimetric and microscopy analysis. Regional deposition 
rates were calculated for the sanding processes by using 
gravimetrically measured mass distribution and a lung 
deposition model.  
 
MATERIALS AND METHODS 
 
Work Processes and Measurements 

The measurements on workers in this study were carried 

out at two separate workplaces located in rural areas in 
close vicinity of agricultural activities. During reworking 
of the composites the workers were clad in full body Tyvek 
suits (Dupont, Wilmington, Delaware, USA), facial screens 
(EN 166 3:9:B, 3M, Saint Paul, MN, USA), N95 filtering 
facepiece respirators (FFR, 3M, Saint Paul, MN, USA ), 
work gloves (leather), and ear muffs (Peltor, 3M, Saint 
Paul, MN, USA).  

The first workplace (Case 1) consists of a research and 
development facility shown in schematics in Fig. 1(A). The 
rework by sanding of the composite material included a 
pneumatic driven angle grinder (GTG21 8500 RPM, Atlas 
Copco, Nacka, Sweden) and random orbital sander (LST 
31, Atlas Copco, Nacka, Sweden) equipped with on-tool 
extraction Local Exhaust Ventilations (LEVs). Sanding 
discs were new and grit sizes used for the angle grinder 
were 36 and 60 (named as AG36 and AG60) and for the 
random orbital sander were 40 and 120 (named as ROS40 
and ROS120). After each activity settled dust on the 
workstation was removed with a vacuum cleaner. The effect 
of working practices on particle emissions was studied by 
simulating a careless working style as if carried out by an 
inexperienced worker. In the careful working style, as 
carried out by an experienced worker, the instrument was 
tightly fitted onto the substrate with a constant pressure 
and smooth movements. The inexperienced working style 
included loose pressure onto the substrate and frequently 
lifting the instrument during sanding. The LEV efficiency 
was studied by reducing the LEV flow rate stepwise from 
maximum (4.3 m3 min–1) to zero. While the angle grinder 
LEV was turned off (QLEV = 0 m3 min–1) we assumed that 
particle penetration into the near field was maximum. The 
LEV efficiency was estimated by normalizing the near field 
concentrations measured at different QLEV values with the 
particle concentration measured at QLEV = 0 m3 min–1. 

In the second facility (Case 2), composite materials were 
reworked by sanding using angle grinders without LEVs 
(Fig. 1(B)). Workers were monitored conducting routine 
work. The facility was split in three parts lengthwise by plastic 
sheets hanging from the ceiling. A tent (length 3 m, width 
2 m, and height 2 m) was present to enclose the workstation. 
The tent was a passive shielding without ventilation, a 
closed floor, or an airlock around the tent entrance. As the 
reworking of the composite structure progressed the tent 
was moved in order to follow the working site. The near 
field Dust Monitor (DM) and filter sampler were placed 
inside the tent while the near field Fast Mobility Particle 
Sizer (FMPS) was sampling from outside of the tent with a 
60 cm conductive tube with an 8 mm inner diameter. The 
tent protection factor, i.e., penetration of the process particles 
from the tent to the rest of the facility, was defined by the 
difference between the near field particle concentration and 
particle concentration outside the enclosure using the near 
field FMPS. The protection factor was calculated as  
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Fig. 1. The experimental set-up in (A) case 1 and (B) case 2. The instrument location is indicated in relation to the working 
area and in the near field and far field, respectively.  

 

In both cases the process particle concentrations were 
calculated by subtracting the averaged pre-activity 
concentration from the corresponding averaged total 
particle concentration. During measurements, other work 
activities were carried out elsewhere in the facilities. 
 
Composites 

In case 1, the composite component (50 × 50 cm) material 
was made from a two part layering and reinforced with 

glass and carbon fibres (Devold AMT, Langevåg, Norway). 
The first part of the layer contained 30–40% carbon fibres 
and 60–70% glass fibres (so-called E-glass) and the second 
part of the layer was a fibre fabric consisting of 19.5–30% 
carbon fibre, 39–52.5% glass fibre, and 25–35% polyamide/ 
polypropylene matrix. The second layer made up to 65–75% 
of the composite material in mass. In case 2, the substrate 
was a windmill wing composed of approximately 70% 
glass fibre and 30% epoxy. The glass fibres have been 
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classified as Group 2B by IARC as possibly carcinogenic 
to humans (IARC, volume 81, 2002). 
 
Instruments 

Online particle number concentrations were monitored 
using two Condensation Particle Counters (CPC; models 
3007 and 3022A TSI Inc., Shoreview, MN, USA) with a 
detection range from 10 and 7 nm, respectively, to > 1 µm, 
and a Grimm model 5.403 (GCPC; Grimm Aerosoltechnik, 
Ainring, Germany) with a detection range of 4.5 nm to > 3 
µm. Particle mobility size distributions were measured using 
two FMPSs (model 3091, TSI Inc., Shoreview, MN, USA) 
in 32 size channels ranging from 5.6 nm to 560 nm in 1 s 
intervals. Optical particle size distributions were measured 
using two DMs (model 1.109, Grimm Aerosoltechnik, 
Ainring, Germany) in 31 size channels between 250 nm 
and > 30 µm in 6 s intervals. Aerodynamic particle size 
distributions were measured using an Electrical Low Pressure 
Impactor (ELPI; ELPI+, Dekati Ltd., Tampere, Finland) in 
14 size channels between 6 nm and 10 µm with 1 s intervals. 

Samples for Transmission Electron Microscopy (TEM) 
analysis were retrieved using a Micro-INertial Impactor 
(MINI; Kandler et al., 2007), equipped with Ni-TEM grids 
(Plano, Wetzlar, Germany) on two stages with a nominal 
cut off diameter of 0.7 and 0.05 µm, respectively (see details 
from Lieke et al., 2013). Deposited dust from the process 
was collected passively and dropped on carbon substrate 
and silicon wafers for further analysis by TEM and EDX. 
Respirable mass concentrations (see definition CEN, 1993 
or ACGIH, 2005) were assessed by collecting particles on 
37 mm filters (Teflon with a pore size of 1 µm and cellulose-
nitrate with a pore size of 0.8 µm; Millipore, Billerica, MA, 
USA) using a Triplex Cyclone (BGI Inc., Waltham, MA, 
USA, Qs = 1.05 L min–1) for the near field and far field, 
and a BGI Model GK2,69 (Qs = 4.2 L min–1; Stacey et al., 
2014) for personal sampling. Mass distribution was measured 
using a gravimetrical cascade impactor (DGI, model DGI-
1571, Dekati Ltd., Tampere, Finland) with a sample flow 
of 70 L min–1. 

Air velocity in the room was measured using a hot-wire 
probe (435-2, Testo, Lenzkirch, Germany, measurement 
range 0.03–20 m s–1), and the air flow of the Local Exhaust 
Ventilation (LEV) was measured using a vane probe (435-
2, Testo, Lenzkirch, Germany, measurement range 0.6–40 
m s–1). The humidity and temperature was measured using 
a Gemini tiny tag plus (TGP-1500, Gemini Data Loggers 
Ltd, West Sussex, UK). 
 
Calculation of Regional Deposition Rates 

The regional deposition rates (µg min–1) were calculated 
from the gravimetrical mass size distribution measured by 
the DGI under the assumption that the respirable mass 
concentrations had the same mass size distribution as assessed 
from gravimetrical filter samples. The mass size distributions 
were multiplied by the respiratory minute volume during light 
exercise (25 L min–1) and the regional deposition fractions 
while air is inspired and expired (ICRP, 1994; Hinds, 1999). 
The method provides a first approximation to estimate 
magnitude of the deposited dose in the respiratory tract 

(see details from e.g., by Koivisto et al., 2012a). 
 
RESULTS 
 
Exposure Measurements in Case 1 

In this facility, the average relative humidity was 57% 
and the average temperature was 22°C. Without reworking 
activity, the air velocity inside the facility was below the 
instrument detection limit of 0.03 m s–1. Figs. 2(A) and 2(B) 
show the particle number concentrations and Figs. 3(A)–
3(D) show the process particle size distribution. During the 
work day, there were eight processes which were named 
according to the tool and type of used sanding discs, as 
AG36, AG60, ROS40, and ROS120. Particles from the 
processes were released in bursts in the near field while in 
the far field particle concentration changes were slower. 
The pre-activity concentrations were defined as an average 
concentration from 5 minutes prior to each activity (Figs. 
2(A) and 2(B)). These concentrations consist of background 
particles from other processes occurring in the facility, 
outdoor particles penetrating indoors via ventilation, and 
residual particles from earlier composite reworking processes. 
At the end of the work day pre-activity particle concentrations 
were twice as high as before the start of the experiments 
and behaving similarly both in the near field and far field 
as measured by the FMPSs. The increasing trend was 
attributed to an increase in particles smaller than 40 nm (see 
Supplementary information Fig. S1) and were not detected by 
the DMs (Figs. 2(A) and 2(B)). 

The angle grinder processes increased the process particle 
number concentrations in the near field particle from 6.0 × 
103 to 7.5 × 104 cm–3 and in the far field from 5.0 × 103 to 
1.3 × 104 cm–3 (Table 1). Negative concentration values 
mean that during process the average concentration was 
below pre-activity concentration level. The process particle 
concentrations calculated from the DM measurements were 
negligible because the emitted particles were mainly below 
100 nm in diameter (Figs. 3(A)–3(D)). The ROS40 and 
ROS120 processes did not increase the near field or far 
field total particle concentration considerably above the 
pre-activity particle concentration (Table 1, Figs. 2(A) and 
2(B), process particle size distributions are not shown).  

Analysis of the TEM samples (Figs. 4(A) and 4(B)) 
showed that particles originating from the sanding were 
found in agglomerates, some with parts of fibres protruding 
from the collected epoxy fragments (Fig. 4(A)). Particles 
allocated to the sanding process in the sub-micron size 
range consisted mainly of carbon-containing epoxy material, 
whereas fibres (glass and carbon) are present in the entire 
sampled size range. Droplet residues were found to include 
fibres and particles of 100 nm and smaller (Fig. 4(B)). In 
the scope of this study, it could not be concluded whether 
these nano-sized fibres were carbon- or glass fibres.  

Process specific mass concentrations were defined from 
samples collected for 3 times 10 minutes (Table 2). The 
ROS40 and ROS120 processes yielded higher near field 
mass concentrations than during the AG processes. During 
ROS40, the far field mass concentration was 1.058 mg m–3 
which is exceptionally high compared to other far field mass
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Fig. 2. Case 1; total number concentrations measured from the (A) near field and (B) far field. The events AGx-1 and 
AGx-2 are done using a careful working style, whereas the events AGx-3 are done using a careless working style. Case 2; 
total number concentrations measured from the (C) near field (D) and far field. Blue horizontal lines indicate times when 
the FMPS inlet was moved outside the tent to determine the tent protection factor. Pre-activity concentration averaging 
interval is indicated with horizontal magenta lines. Dotted and dashed lines indicate start and end of activity, respectively. 
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Fig. 3. Case 1; averages of the angle grinder process particle size distributions measured from the near field (A) AG36 and 
(B) AG60, and from the far field (C) AG36 and (D) AG60. (E) Case 2; average process particle size distributions 
measured from the near field, FMPS data from above 250 nm is not seen as these yielded negative particle concentration 
values after neglecting pre-activity concentrations from the process particle concentrations. Dashed lines show the ± 1 
standard deviation of the concentration, where truncated lines indicate negative values. 

 

Table 1. Case 1 and 2; mean process particle concentrations. WD denotes the average process particles concentration of 
the whole workday (WD).  

Process FMPS 
Near field, ×103 [cm–3] Far field, ×103 [cm–3] 

DM CPC ELPI FMPS DM GCPC 
Case 1        

AG36 6.9 –0.0001 6.0 10 13 0.0096 7.8 
AG60 39 0.043 23 75 10 0.0087 5.0 
ROS40 –0.043 –0.0008 –0.007 –0.17 –0.02 –0.0008 –0.19 
ROS120 0.64 0.0002 0.83 1.2 0.78 –0.0004 0.71 

Case 2        
Activity 1700 4.6 - - - –0.034 –0.24 
Pre-activity 8.2 0.43 - - - 0.300 7.6 

 

concentrations (Table 2). Though the DM did not measure 
elevated concentrations (Figs. 2(A) and 2(B)) this is most 
likely due to an instrumental artefact due to the positioning 
of the instrument (The DM was too far away from the process 

and was moved closer after first measurements.). The personal 
mass concentrations were higher than measured from the 
near field. The ELPI particle number size distributions were 
converted to mass size distributions by assuming spherical
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Fig. 4. Case 1; TEM micrographs from case 1 showing (A) larger sanding fragments with fibres imbedded into the epoxy 
matrix, insert shows a close up of the fibres. (B) Fibrous material in droplet residual of unknown material. 

 

Table 2. Case 1 and 2; mean mass concentration calculated from the mass collected on filter samplers in the near field and 
far field and the deposition rate. 

Process Personal, [mg m–3] Near field, [mg m–3] Far field, [mg m–3] Deposition rate, [µg min–1]a

Case 1     
AG36 < 0.18 < 0.18 < 0.18 - 
AG60 < 0.18 < 0.18 < 0.18 - 
ROS40 0.280 < 0.18 1.058 0.4 
ROS120 0.417 < 0.18 < 0.18 0.5 

Case 2 0.260 0.240 < 0.031 0.3 
aDeposition rates were calculated without taking into account any protection factor from respirators. 

 

particles and unit density (1 g cm–3) which were compared 
with the mass distribution quantified using the DGI. It was 
found that the shape of the ELPI and DGI mass distributions 
were similar up to 1 µm (Fig. 5). The effect of working 
practices on particle emissions was done during AG36-3 
and AG60-3 work activities (Figs. 2(A) and 2(B)). The events 
AGx-1 and AGx-2 are done using a careful working style, 
whereas the events AGx-3 are done using a careless working 
style. According to the near field CPC, the careless work 
style increased the total particle concentration by 1.1% for 
AG36-3 and 14.1% for AG60-3 when compared to AG36-
1,2 and AG60-1,2, respectively. 
 
Local Instrument Ventilation 

It was found that overall particle removal efficiency did 
not depend strongly on particle size (Fig. S2(A)). Half of 
the particles were removed at QLEV = 3.2 m3 min–1 and nearly 
all particles were removed at the highest flow rate of 4.3 
m3 min–1 (Fig. S2(B)). The near field and far field particle 
number concentration time series shows how the LEV 
effects on exposure levels (Figs. S2(C) and S2(D)).  
 
Exposure Measurements in Case 2  

In the near field, the average relative humidity was 28% 
and the average temperature was 16°C. Without reworking 
activity, the near field air velocity measured was below the 

instrument detection limit of 0.03 m s–1. Figs. 2(C) and 2(D) 
show the particle number concentrations and Fig. 3(E) shows 
the process particle size distribution. Reworking process 
with the angle grinder increased rapidly the near field particle 
concentrations measured inside the tent, and at the end of 
the process, concentrations started to decay slowly (Figs. 
2(C) and 2(D)). The near field concentrations measured by 
the FMPS and DM increased respectively up to 3 and 2 
orders of magnitude from the pre-activity concentration 
levels (Table 1). Process particle size distribution measured 
form the near field were similar in shape as in Case 1 but 
concentrations were approximately 2 magnitudes higher (Fig. 
3(E)). The personal mass concentration was 0.260 mg m–3. 
The near field concentration was clearly higher than in 
Case 1 and the far field concentration was below the 
detection limit (Table 2). 

Measuring the particle concentration outside the tent (blue 
horizontal lines in Fig. 2(c)) showed an average concentration 
of 3.9 × 104 cm–3. At times ± 5 min of these measurements 
the average particle concentration inside the tent was 1.7 × 
106 cm–3. Thus, the tent average protection factor was in 
117 with a minimum value of 12 and a maximum value of 
275. Just outside the tent the concentration was 5 times 
higher than the average far field particle concentration of 
7.4 × 103 cm–3 showing that a fraction of process particles 
were leaking from the tent to the rest of the facility. 
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Fig. 5. Case 1; mass distribution measured by the DGI and calculated from the ELPI particle number size distribution 
averaged over the respective DGI sampling time. Horizontal lines show sampling size range of the DGI and vertical lines 
show the standard deviation of the mass concentration measured by the DGI. Dashed lines show the ± 1 standard deviation 
of the ELPI concentration, where truncated lines indicate negative values. 

 

Personal Exposure and Deposited Dose Rates in the 
Respiratory Tract  

During the rework processes with the angle grinder or 
random orbital sander and considering the size range of 
0.2–1 µm, approximately 80% of the mass concentration 
was in the size range of 0.2 to 0.5 µm while 20% was in the 
size range of 0.5 to 1 µm as measured by the DGI (Fig. 5). 
The process specific deposition rates were calculated using 
the mass concentration listed in Table 2, and by assuming 
that the mass distribution in the personal exposure is similar 
as measured by the DGI. This gives mean deposition rates of 
0.4, 0.5, and 0.3 µg min–1 for ROS40 and ROS120 in case 1 
and for Case 2, respectively. The mass regional deposition 
was: 50% in head airways, 5% in the tracheobronchial 
region, and 45% in the alveolar region. The particles were 
deposited in the same way in the respiratory system because 
the mass size distribution was assumed to be the same in 
all processes. For an eight hour working day, the mean 
deposition rates were 144 to 240 µg day–1. 
 
DISCUSSION  
 

This study shows how exposure in the near field and far 
field are affected by working style, enclosing the near field 
with a tent, and instruments LEVs. These factors are essential 
for pollution control and for mathematical exposure modelling 
(e.g., Fransman et al., 2011) which are needed in increasing 
amounts to fulfil the Registration, Evaluation, Authorization, 
and Restriction of Chemicals (REACH; European Union, 
2006) regulation. 

Composite rework using the random orbital sander 

influence on the near field concentration levels was not 
measureable while the angle grinder process increase was 
clear (Table 1). In an open workstation, the far field particle 
concentrations were increased up to 1.3 × 104 cm–3. This 
means that a person 6 m from the working station is subjected 
to a large and constant amount of airborne particles 
originating from the activity which may even lead to a 
higher process particle exposure than in the near field. The 
far field exposure is further increased if the LEV efficiency 
is reduced (Figs. S2(C) and S2(D)).  

The LEV efficiency measurements showed that the near 
field particle number concentration (Fig. S2(C)) is largely 
unaffected by the LEV flow rate below 3.8 m3 min–1, whereas 
there is a clear indication (Fig. S2(D)), that with higher LEV 
flow rate less material reaches the far field measurement 
position with only trace amount still present at the maximum 
flow rate of 4.3 m3 min–1. This is consistent with what is 
reported by Akbar-Khanzadeh et al. (2007) for silica dust 
during the grinding of concrete. We found that at the 
maximum LEV flow rate particle emissions were negligible, 
and during the process, the near field particle concentrations 
remained at the pre-activity level (Figs. S2(C) and S2(D)). 

The tent was found to limit efficiently particles dispersion 
into the far field (Figs. 2(C) and 2(D), Table 1). However, 
the near field concentrations were increased up to 2 to 3 
magnitudes as compared to the near field exposure in Case 
1. This was because the angle grinder was not using LEV 
and the tent reduced the dilution volume. The tent protection 
factor was on average 117 which is 3 to 12 times higher 
than the protection factor for the N95 filtering facepiece 
respirators which was reported by Reponen et al. (2011). 
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They measured in laboratory conditions using sub-micrometre 
particles N95 filtering facepiece respirators protection factors 
varying between on average 10 to 40, where the most 
penetrating particle sizes was approximately 70 nm. 

The process-specific dose rates can be used to estimate 
deposited doses in different exposure scenarios (see Koivisto 
et al., 2012a, b, 2014; Mølgaard et al., 2015). Those can be 
further used in the risk assessment when particle hazards are 
assessed with in vivo experiments for specific toxicological 
endpoints and translated to the human equivalent dose-
response (ECETOC, 2010; Ling et al., 2011; ECHA, 2012). 
In previous studies, considering deposited dose rates, the 
gravimetrical mass size distribution was not measured. 
Here, the mass size distribution was measured by using the 
DGI and then we assumed that the gravimetrical mass 
samples in Table 2, have a similar mass size distribution. 
This assumption was most likely valid because particle size 
distributions were similar in shape between different 
processes (Fig. 3). Fig. 5 shows that using the calculated mass 
size distribution from the ELPI number size distribution 
would here lead to misleading dose characterization. For 
particles larger than 1 µm the ELPI overestimates mass 
concentrations. This was most likely because of the poor 
large particle detection sensitivity of the ELPI (Dekati, 
2006). Because the mass concentration level was low and 
sampling times were short, five out of ten samples were 
below detection limit. Calculated deposition rates were on 
average 0.4 µg min–1 which is clearly higher than modelled 
dose rate of 0.026 µg min–1 of urban air sub-micrometre 
particles for a male with typical habits living in Helsinki, 
Finland (Hussein et al., 2013). The use of respirator was not 
taken into account in this study since the respirator 
performance was not determined. For example Koivisto et 
al. (2015) showed that the respirator protection factors may 
be significantly higher than the assigned protection factor. 
The considerable decrease in density was most likely due 
to an artefact from the differences between instruments 
collection stages size ranges (i.e., different response functions) 
and inaccuracy of the ELPI particle number to mass 
conversion because of the particles morphology (Fig. 4). 
Furthermore, the density of the collected particles is hard to 
estimate due to their mixing state and unknown composition 
in the small size ranges (100–500 nm). The droplet residuals 
found in the TEM samples included particles and fibres. 
The internal mixing of particles and fibres makes estimations 
of particle density highly speculative as we cannot evaluate 
whether the nanoparticles and fibres were mixed and 
trapped inside the droplets upon collection, and thus were 
airborne before as single nanoparticles and nanofibers, or if 
they were trapped before collection.  
 
CONCLUSION  
 

In this study we assessed workers exposures in the near 
field and far field during reworking of glass- and carbon 
fibre-reinforced composites in two separate facilities and 
evaluated methods for reducing potential exposure. 
Sanding processes increased primarily particle number 
concentrations below 100 nm in diameter while the mass 

median diameter was 336 nm. Without enclosure, process 
particle concentrations were 3.9 × 104 cm–3 in the near 
field and 1.3 × 104 cm–3 in the far field. Therefore workers 
in the same area may not be aware of being exposed to the 
process particles and the need of wearing protective outfits. 
With the enclosure around the process area, the process 
particle concentrations were 1.7 × 106 cm–3 in the near field, 
while the concentration in the far field was negligible. 
Calculated deposition mass dose rates varied from 0.3 to 0.5 
µg min–1. The working style was accountable for an increase 
of process particle concentration between 1.1 and 14.1% 
when comparing a careful working style with a careless 
working style. Efficient local exhaust ventilation was found to 
be a crucial part of removing particulate matter. The local 
exhaust ventilation particle removal efficiency was found 
to be sensitive to the ventilation flow rate as a 28% reduction 
in flow rate reduced the removal efficiency to less than 
50%. Without enclosing the near field, process emissions 
were measured in the far field and timed with the activities. 
Introduction of an enclosure around the near field was found 
to efficiently prevent the process particles from dispersing 
into the far field where the particle concentration remained 
at pre-activity particle concentrations. The enclosure added an 
average protection factor of 117. Reducing the exposure of 
process particles to workers in the far field can be achieved 
by using a careful working style, enclosing the work station, 
and having sufficient local exhaust instrument ventilation. All 
have been shown to contribute to a reduction in the number 
of particles being released into the surrounding indoor 
environment. 
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