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h  i g  h  l  i  g  h  t  s

• Electrostatic  spray  deposition  (ESD)
particle  emissions  are  not  well  char-
acterized.

• Emission  rates  in  s−1 and  �g s−1

was  defined  for  ESD  of  a photoactive
nanocoating.

• Particle  deposition  rates  and  mor-
phologies of  deposited  particle  were
determined.

• Emission  rates  and particle  proper-
ties are  required  in  exposure  mod-
ellings.

• Recommendations  for  ESD  process
exposure  modellings  is  given.
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a  b  s  t  r  a  c  t

Here,  we  studied  the  particle  release  rate during  Electrostatic  spray  deposition  of  anatase-(TiO2)-based
photoactive  coating  onto  tiles  and wallpaper  using  a commercially  available  electrostatic  spray  device.
Spraying  was performed  in  a 20.3  m3 test  chamber  while  measuring  concentrations  of 5.6  nm  to  31  �m-
size particles  and  volatile  organic  compounds  (VOC),  as well  as particle  deposition  onto  room  surfaces  and
on the  spray  gun  user  hand. The  particle  emission  and  deposition  rates  were  quantified  using aerosol  mass
balance modelling.  The  geometric  mean  particle  number  emission  rate was  1.9 × 1010 s−1 and  the mean
mass  emission  rate was  381  �g s−1.  The  respirable  mass  emission-rate  was  65%  lower  than  observed  for
the  entire  measured  size-range.  The  mass  emission  rates were  linearly  scalable  (±ca.  20%)  to the  process
duration.  The  particle  deposition  rates  were  up to 15  h−1 for <1  �m-size  and  the deposited  particles
consisted  of mainly  TiO2, TiO2 mixed  with  Cl  and/or  Ag, TiO2 particles  coated  with  carbon,  and  Ag particles
with  size  ranging  from  60 nm  to  ca. 5 �m. As  expected,  no significant  VOC  emissions  were  observed  as  a
result of  spraying.  Finally,  we  provide  recommendations  for exposure  model  parameterization.

©  2017  The  Author(s).  Published  by Elsevier  B.V.  This  is an  open  access  article under  the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Nanocoatings are highly transparent layers of polymers, met-
als or ceramics, which are typically below 100 nm, that can offer
protection from ice formation, pollutants, UV-light, fire, heat, bac-
teria, marine life, wear and corrosion [1–4]. The superior properties
of nanocoatings and lower material requirements are expected to
motivate their application considerably in coming years. Moreover,
the globally stringent volatile organic compound emission regula-
tions are expected to also indirectly lead to an increase of the global
nanocoating market volume to over 1200 kilo tons and an 8 billion
US dollars revenue by 2020 [5]. In Japan, it was estimated that more
than 50,000 m2 of photoactive TiO2 coating were already used in
2007 [6].

Photocatalytic materials have been known for many decades
to remove various air pollutants under UV-light illumination [7].
Especially the development of TiO2 based photoactive materials has
enabled photocatalytic reaction under visible light, which increases
the efficiency of photocatalytic oxidation and also enables the use of
photocatalytic applications in indoor environments [8]. Photocat-
alytic oxidation of TiO2 generates free radicals which induces redox
reactions of absorbed substances and changes surface properties
to super-hydrophilic, which then can be cleaned efficiently with
water [6,9]. These two properties make photocatalytic surfaces
self-cleaning, antimicrobial, and oxidative for organic pollutants
[1,2,6,8–15].

Antimicrobial surface properties are desired in health care
facilities and public domains to reduce the risk of infection
disease outbreaks [16,17]. Pulliam [18] demonstrated how pho-
tocatalytic TiO2 coatings reduced overall infection rates by 30%
in a health care facility. Photocatalytic coatings have also been
shown to reduce common urban air pollutants, such as e.g. nitro-
gen oxides, sulfur oxides, volatile organic compounds (VOCs),
ammonia, carbon monoxide and hydrogen sulfide, in both indoor
[19–21] and outdoor environments [12,14,15,22–24]. However,
the formation and health effect of potential by-products formed
from photocatalytic oxidation reactions are not fully understood
[24].

Spraying is a common technique to apply nanocoatings onto
surfaces. Consumer products are usually applied using propellant
and pump sprays [25], while spray guns or electrostatic spray
deposition (ESD) systems are mainly used in industrial applica-
tions [26–30]. The transfer efficiency, i.e. the fraction of precursor
sprayed that coats the surface, depends on the spray gun settings
and spraying conditions [31]. Transfer efficiencies of the ESD sys-
tems are expected to be higher than propellant and pump sprays
or air spray guns because the sprayed particles are charged which
deposition onto the surfaces is increased due to image charge force
as compared to that of neutral particles. In agricultural ESD appli-
cations the spray mass-transfer to the target is generally verified to
be 2–8 times higher than using conventional spraying techniques
[27]. Also, the deposition of charged particles can be controlled by
electric fields due to Coulomb force [32].

Here we studied particle emission rates and deposition of the
particles during ESD coating using a commercially available electro-
static spray device. The ESD device was used to apply a suspended
anatase-(TiO2)-based photoactive coating onto tiles and wallpa-
per. The particle content in the non-sprayed bulk liquid (reference
samples) was  characterized. We  measured size resolved airborne
particle concentrations using real time aerosol instruments. From
the measured particle concentrations we resolved particle emission
rates (particles s−1 and �g s−1) and particle deposition rates using
indoor aerosol modelling (IAM). Deposited particles were collected
passively on sampling substrates mounted on the operators’ gloves,
floor and walls, which were not directly sprayed. Size, morphol-
ogy, and size-resolved chemical composition of deposited particles

were defined as concentrations of particles mm−2. The emis-
sion rates, deposition rates and properties of deposited particles
can be used for personal and environmental exposure assess-
ment.

2. Methods

2.1. Coating product

The product tested in this study is called CleanCoat
®

(ACT.Global, Kastrup, Denmark). The product consists of anatase-
(TiO2) particles (n.a. wt.%) and silver chloride (n.a. wt.%) in a
hydrous medium with 2 wt.% 2-propanol and acidified by HNO3
to pH 0.78. After application, the coating facilitates photocatalytic
oxidation of VOCs and deposited particles. The product is classified
as a biocide. In this study was used a CleanCoat

®
product where

anatase-(TiO2) concentration was 0.2 wt.%.

2.2. Product analysis

After shaking the bottle by hand following the instructions
of the manufacturer, samples of the liquid product were taken
and transferred to analysis. 10 mL  were filled in standard 40mm-
liquid-sample-cups with polypropylene foil for XRF-analysis. The
inorganic content in the bulk liquid was measured with a standard-
less detection method (QuantExpress, SpectraPlus V.2, Bruker) in a
WDXRF Tiger S8 4 kV instrument (Bruker AXS GmbH, Karlsruhe,
Germany). Results are given in elemental wt.% normalized to 100%,
adding water as a matrix component and a fixed value of 2%
propanol to the calculation.

Some was  dropped on Silicon wafer pieces of 1 cm2 and on
Cu-TEM grids with a C-membrane. The particle size, morphology
and chemical composition were measured in a scanning electron
microscope (Helios EBS3, FEI, Eindhoven, The Netherlands) with
an energy dispersive X-ray detector (EDAX SD Apollo 10 Pegasus
System) and software (EDAX Genesis, EDAX, Mahwah, NJ, USA).
Primary particle size and crystal structure were determined in a
transmission electron microscope (Titan ETEM, FEI, Eindhoven, The
Netherlands).

2.3. Spray application and test room

The CleanCoat
®

product was  sprayed using an electrostatic
spray system (model SC-ET, Electrostatic Spraying Systems,
Watkinsville, GA, USA). The gravimetric liquid mass flow rate
was 0.9 ± 0.02 g s−1 and the atomizer flow (compressed air) was
1.9 L s−1. The nozzle voltage, charging the particle after atomizing
the precursor, was  1.2–1.3 kV.

Fig. 1a shows the test room (20.3 m3) where the experiments
were carried out at 23 ± 0.5 ◦C and 50 ± 3% relative humid-
ity at an air exchange rate of 0.5 ± 0.05 h−1. The ventilation
air supply was filtered through a F7 class (according to EN
779:2012 [33]) particle and molecular filter (City-Flo XL, Cam-
fill, Aarhus, Denmark) and taken from the roof of the building
(Lersø Parkallé 105, Copenhagen, Denmark). The test room venti-
lation air was supplied and exhausted from ventilation dispensers
located at half of the room height (Fig. 1a). The pressure differ-
ence of the room compared to the surrounding environment was
0 ± 1 Pa.

The spraying was applied continuously for ca. 15 and 150 s to an
upright 2 m2 electrically ungrounded surface of either tiles or wall-
paper. According to the manufacturer, the continuous coating rate
is ca. 23 m2 min−1. The spraying of the 2 m2 surface lasted ca. 5 s
after which spraying was continued on already sprayed surface.
Spraying was started from the up-left corner and applied using
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Fig. 1. Sketch of: a) the spray test chamber with sampling points, worker position, and position of the spray gun during use, b) position of personal passive particle deposition
sampling substrates, and c) the conceptual mass-balance model for airborne particles.

S-shaped horizontal stroke. At the end of the spraying process,
the spray gun was switched off and operator left the room within
60 s.

2.4. Collection and analysis of deposited particles

Silicon wafer pieces of 1 and 4 cm2 and Nuclepore filters (What-
manTM, d 37 mm)  were mounted on the floor, walls and surfaces
of other equipment at height of 120 cm (Fig. 1a) to quantify the
loss and composition of particles to room surfaces in Near Field
(NF) and Far Field (FF). Sampling of personal deposited spray parti-
cles were also made using the sampling substrates mounted on the
operator’s hand holding the spray gun (Fig. 1b). All sampling sub-
strates were mounted immediately before each experiment and
only exposed during the time of the experiments. After sampling
was completed they were packed, sealed and stored in small con-
tainers at ca. 23 ◦C and between 35 and 52% relative humidity. The
particle size, morphology and size-resolved chemical composition
were derived from secondary electron (SE) images of silicon wafers
measured in a scanning electron microscope (SEM; Helios EBS3,
FEI, Eindhoven, The Netherlands) with an energy dispersive X-ray
detector (EDAX SD Apollo 10 Pegasus System) and software allow-
ing for automated single particle analysis (EDAX Genesis Particles,
EDAX, Mahwah, NJ, USA). Nuclepore filters were analyzed by means
of wavelength dispersive x-ray fluorescence analysis (WDXRF). A
method measuring the amount of Ag collected on the filters was
setup in a WDXRF Tiger S8 (Bruker, Karlsruhe, Germany). A mask
of 34 mm was applied and the measured area was calculated to
907 mm2.

2.5. VOC sampling and analysis

VOCs were sampled through a 10 mm  stainless steel sampling
manifold placed at a height of 100 cm (Fig. 1a). Prior to spraying
the product, a background sample was  collected from the chamber.
Samples were taken in duplicates at 10–60 min  intervals, starting
at the first sampling event 1–3 min  after application of the spray.
The time of sampling is given as the midpoint between start and
end of each sampling period. The VOCs were sampled on Tenax TA
adsorbent tubes (60–80 mesh, 200 mg)  at a sampling time of 10 min
at 100 mL  min−1 using calibrated pumps (Gillian Gilair 5, Sensi-
dyne, US). The Tenax TA tubes were analyzed on a Perkin Elmer
Turbo Matrix 350 thermal desorber coupled to a Bruker SCION TQ
GC–MS system (Bruker Daltonics, Bremen, DE). Tube desorption
was carried out at 275 ◦C for 20 min  and the low and high temper-
atures of the cryo-trap were −20 ◦C and 280 ◦C, respectively. The
gas chromatography column was  a 30 m × 0.25 mm with 0.25 �m
film thickness; VF-5MS (Agilent Technologies, Santa Clara, US).
The oven program was: 50 ◦C for 4 min  following thermal increase
at rate of 4 ◦C min−1 to 120 ◦C and then thermal increase at rate
of 50 ◦C min−1 to 250 ◦C where temperature was hold for 2 min.
Helium was  used as carrier gas at an inlet pressure of 0.97 bar
(1.5 mL  min−1). The mass spectrometer was  operated in Scan mode
(m z−1 35–500) using electron ionization. Valves, transfer lines and
ion source were kept at 270 ◦C. Six-point calibration was applied
(r2 > 0.99) using toluene in methanol. Measured VOCs are thus
reported in toluene equivalents as the mean of duplicates corrected
for the contents in the background air and rounded to nearest inte-
ger.
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2.6. Real-time particle measurements

The particle concentrations and size-distributions were mea-
sured from 50 cm (NF) and 155 cm (FF) from the spray gun at height
of 115 cm (half of the room height; Fig. 1a). All instruments, except
the dust monitors, were placed outside of the room. The sampling
lines were electrically conductive and diffusion losses were cor-
rected according to Cheng [34].

Both the NF and FF particle size-distributions were measured
from 5.6 nm to 560 nm in 1 s intervals with two Fast Mobility
Particle Sizers (FMPSNF and FMPSFF TSI model 3091, TSI Inc., Shore-
view, MN,  USA) and from 250 nm to 31 �m in 6 s intervals with
two Dust Monitors (DMNF and DMFF, Grimm Model 1.109, Grimm
Aerosoltechnik, Ainring, Germany). The FMPSNF and DMNF par-
ticle number concentrations, N (cm−3), were combined as one
dN/dLog(Dpg) particle number size-distribution where Dpg (m)  is
the geometric mean diameter [35]. Here, the FMPSNF concentra-
tions was averaged to 6 s and size channels with Dpg > 254.8 nm
were removed and was cut so that the upper boundary limit was
the same as the DMNF smallest size bin lower boundary limit. Then,
Dpg and dLog(Dpg) values were calculated for the cut size-bin. The
combined particle size-distribution, named as FMPSNF + DMNF, was
based on the mobility size concentrations from 5.6 to 252.8 nm
and optical size concentrations from 252.8 nm to 31 �m.  Here, we
assumed that mobility and optical particle diameters are the same.

The NF particle size-distributions were also measured from 6 nm
to 10 �m in 1 s intervals with an Electrical Low Pressure Impactor
(ELPINF, Dekati model ELPI+, Dekati Ltd., Tampere, Finland).

The FF particle size-distributions measured from 8.8 to 310.6 nm
in 60 s intervals with a Scanning Mobility Particle Sizer (SMPSFF,
TSI Inc., Shoreview, MN,  USA), which consisted of a classifier (TSI
Classifier model 3082), a soft X-ray neutralizer (TSI model 3088), a
differential mobility analyzer (DMA, TSI model 3081 sheath air flow
8.0 L min−1), and a condensation particle counter (CPC, TSI model
3010, Qs = 1.2 L min−1). The SMPS scan time was  47 s with a 13 s
retrace time. An additional CPC (CPCFF, TSI model 3007) measured
the particle number-concentrations from the SMPS sampling line
at 1 s resolution.

Breathing zone particle number-concentrations were mea-
sured using a Grimm CPC (CPCPers, Grimm model 5.400, Grimm
Aerosoltechnik, Ainring, Germany).

2.7. Dynamics of aerosol particles

Dynamics of airborne particle number concentrations were
described by using a single compartment mass-balance model
(Fig. 1c) [36]. Here, it was applied to calculate the sub-micrometer
(Dp < 1 �m)  and micrometer (Dp ≥ 1 �m)  particle concentration
change, dN/dt (s−1 m−3), in the room as:

dN (t)
dt

= �N0(t) + SN(t)
V

− (� + �d)N(t) (1)

where N (cm−3) is the particle number concentration, t (s) is the
time, � (s−1) is the ventilation rate, NO (cm−3) is the incoming
air particle number concentration, SN (s−1) is the particle number
emission rate, V (m3) is the volume of the test room, and �d (s−1)
is the deposition rate of the particles. The model assumes that par-
ticle concentrations are fully mixed all the time and coagulation is
negligible.

Particles are lost from the room air by general ventilation and
deposition onto the surfaces. The particle removal rate by ventila-
tion equals to the ventilation rate of 0.5 h−1 when concentrations
are assumed fully mixed. Particle deposition to ceiling (�d,ceiling),
walls (�d,walls), and floor (�d,floor) were calculated from measured
particle number concentrations using a deposition model [37]
for particles in charge equilibrium. The estimate for electrostatic

deposition (�d,es) was  defined from the mathematical difference
between measured and modelled concentrations when coagulation
was ignored [38].

2.8. Emission rates

The particle number SN (s−1) and mass Sm (�g s−1) emission
rates were estimated from the measured particle number N (cm−3)
and mass m (�g m−3) concentrations using the mass balance Eq. (1),
and spray duration, tESD (s). Two different techniques were used
to predict emission rates: 1) the mass balance Eq. (1) was used
to predict how many particles need to be generated or removed
in order to obtain the measured level [37] (IAM calculated) which
was then further averaged (user-defined); and 2) emission rates
were calculated from the amount of airborne particles and spray
duration as:

SC =
¯C · V

tESD
(2)

where C̄is the mean concentration of particles in number (m−3)
or mass (�g m−3) during the spraying process and V is the room
volume (m3). Here is assumed that initial particle concentration is
low compared to concentration during spraying, particle removal
processes by ventilation and deposition are negligible, and concen-
trations are fully mixed in the room.

3. Results and discussion

3.1. Product analysis

The WDXRF analyses of the liquid product (reference material)
confirmed the composition given by the supplier within a range of
a few ppm. The geometric mean particle diameter of primary TiO2
particles observed in agglomerates measured from TEM-images of
the reference material was  5.5 nm with a standard deviation of
1.5 nm (n = 21). Results from chemical and structural analyses using
SEM/EDS and TEM suggest that Ag and TiO2 are present as two
separate phases. Ag primary particles were around 10–15 nm in
diameter. The dispersed particles build a film composed of primary
grains all over the analyzed substrates upon drying. The Ag parti-
cles show a higher contrast in TEM (Fig. 2a). The EDS spectrum (not
shown) of the particle in Fig. 2a shows Ag and no Cl signal, which
indicates that the particles were deposited as Ag, not AgCl. Diffrac-
tion analysis of comparable particles also indicates Ag structure.
But the presence of individual Cl containing Ag particles cannot be
excluded.

Re-dispersed particles on the Si wafer for SEM were investigated
on the micron scale. It must be noted that particles baked together
and formed a crust of particle suspended over the Si wafer. The crust
was composed of TiO2. In or on the bulky crust, larger particles with
a higher back-scattered electron contrast (brighter) were observed,
those particles contained Ag.

Due to the high abundance of TiO2, it was not possible to prove
the purity of Ag-particles or determine whether any other ele-
ments were associated with the Ag. Cl was not detected in the
particles investigated, because the preparation was  focused on the
hard particulate content of the product. Thus it must be noted that
the morphology and dispersion of particles collected from the liq-
uid product was  different from the appearance of particles on the
passive-deposition samples, most likely due to lower concentration
and better dispersion of sprayed particles. However, the primary
particle size of TiO2 in agglomerates was confirmed also for the
passive deposition samples by high resolution SEM images.
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Fig. 2. a) High-resolution TEM image of suspended reference material of and Ag nanoparticle (verified by EDS), b) SEM secondary electron image of deposited material on a
silicon wafer showing spheroidal agglomerates consisting of TiO2 and Ag nanoparticles.

3.2. Estimations of density from EM images and chemical analysis

Based on primary particle size and agglomerate size, the
assumption was made that they are homogeneously packed close
to 74% (FCC packing) and the space between the primary particles is
filled with lighter material which was assumed to be hydrochloric
acid (density 1.49 g cm−3). With the density of TiO2 4.23 g cm−3 the
round shaped agglomerate density is 3.51 g cm−3. Fig. 2b shows an
overview image of a typical round shaped, densly packed agglom-
erate.

During ESD process, these agglomerates are suspended in atom-
ized droplets. The droplet suspension contained nitric acid which
prevent the droplet evaporation under typical indoor atmosphere.
The droplets were assumed to be spherical and consist mainly of
water which density was 1 g cm−3.

3.3. Total VOC concentrations

There was no significant difference in the total VOC concen-
tration between the background sample and the samples after
spraying (Fig. S1). The total VOC concentrations were for the back-
ground measurements at maximum of 48 �g m−3 and 7, 25, and
145 min  after spraying 31, 56, and 7 �g m−3, respectively. The lower
total VOC concentrations measured after spraying are due to uncer-
tainties in the measurements. The VOC background from the Tenax
adsorbent and the cold trap was high compared to the concentra-
tion of sampled VOCs. The results are as expected due to the product
formulation which contains only isopropanol as VOC according to
the table of contents. Isopropanol will not be measured by this
method due to poor adsorption on Tenax adsorbent.

3.4. Particle concentrations

The spray durations on the tiles were 15 and 150 s (T15 and
T150, respectively) and 18 and 150 s on wallpaper (W18 and W150,
respectively) which corresponds to ejection of 13.5, 135, 16.2
and 135 g of CleanCoat

®
suspension, respectively. The real-time

NF and FF measurements revealed that the concentrations were
well-mixed in the room within 10 s (Fig. S2). The particle number
size-distributions measured by the FMPSNF+DMNF covered parti-
cles ranging in diameter from below the FMPS detection limit of
5.6 nm to ca. 30 �m (Figs. 3 and S3).

The particle number size-distribution was  converted to particle
mass size-distribution (Figs. S3b and S5) using the droplet den-
sity of 1 g cm−3. Calculated mass concentrations varied from 30 to
460 �g m−3 for particles < 1 �m and from 180 to 2890 �g m−3 for
particles ≥ 1 �m,  when averaged from start of spraying to 60 s after
end of spraying (Table S2). This corresponds to a geometric mean
transfer efficiency of 99.96% (GSD = 1.0001). In a spraying booth,
typical transfer efficiencies for conventional air spraying guns have
been determined to vary from ca. 70–92% [39]. However, the trans-
fer efficiency measured by Tan and Flynn [39] is the ratio of the
dry paint mass applied to the target and mass of the solid compo-
nents which may  not be comparable with the transfer efficiency
calculated in this study.

3.5. Particle deposition and emission rates

Airborne particles mass balance was solved separately for sub-
micrometer and micrometer particles except in T15, where the
micrometer particle concentrations were too low. The measured
and modelled number concentrations as well as deposition and
emission rates are shown in Fig. 4 for W18  and W150 and in Fig. S4
for T15 and T150. The total calculated particle deposition rates for
the aerosol in a charge equilibrium (�d,ceiling+�d,walls+�d,floor) was
up to 0.07 h−1 for particles <1 �m and up to 0.24 h−1 for particles
≥ 1 �m.  The electrostatic deposition (�d,es) rate was  up to 15 h−1

for particles <1 �m and up to 1.05 h−1 for particles ≥ 1 �m (Table
S1).

Because the user-defined emission rates were not constant an
average SN was  calculated by normalizing the total number of
emitted particles with the spraying time (Table 1) which geomet-
ric mean was 3.6 × 1010 s−1 (GSD = 1.8). According to Eq. (2) the
geometric mean SN was  1.9 × 1010 s−1 (GSD=3.9). In principle, the
transfer efficiency should be independent of spraying time and
spraying target when the orientation is the same. Thus, the emis-
sion rates should be similar in different experiments. However,
here the tiles and wallpaper were not grounded and the spray-
ing was  performed on already sprayed surfaces. The particles may
charge the surface and reduce the deposition efficiency of parti-
cles with the same charge. This may  explain higher emission rates
in 150 s spray experiments than in 15 and 18 s spray experiments
(Table 1).

According to Eq. (2) the geometric mean Sm was 381 �g s−1

(GSD = 1.3) and there was good repeatability regardless of the spray
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Fig. 3. Particle number size-distributions measured by the FMPSNF+DMNF during spraying on tiles for a) 15 s and b) 150 s; and on wallpaper for c) 18 s and d) 150 s. The
vertical  black lines show the start time of the spraying.

time or target material (Table S3). According to the simplified res-
pirable fraction penetration efficiency [40], the geometric mean
respirable mass emission rate, Sm,respirable, was 171 �g s−1. The size-
resolved SN, Sm, and Sm,respirable calculated using Eq. (2) are given in
the Supplementary data. The emission rates will be implemented
into an emission library [41], which is used for personal and envi-
ronmental exposure modelling.

For a comparison, the mass emission rates were calculated using
the particle number concentration log-normal distribution Dpg and
GSD parameters and the user-defined emission rate SN shown in
(Table S3). This resulted in a geometric mean total mass emission
rate of 212 �g s−1 (GSD = 3.4) when experiment T15 was not taken
into account. The average mass concentrations calculated from log-
normal distribution parameters varied from 0.2 to 10 times the
measured mass concentration (Table S3). In this case, the conver-
sion using log-normal distribution parameters underestimates the
mass concentrations. A larger difference in emission rates calcu-
lated by these two methods was expected, because the measured
particle number size-distributions for Dp < 1 �m and for Dp ≥ 1 �m
were not log-normally distributed. However, room mass concen-
trations calculated using mass emission rates defined according to
Eq. (2) gave nearly the same results, as derived from Eq. (1). It must
be noted that there is always high uncertainty in particle num-
ber size-distribution conversion to particle mass size-distribution

because the particle diameter often depends on the detection tech-
nique and the number count error propagates in mass conversion
to power 3.

Mass concentration ratio for T150 and T15 experiments was  11.6
when 10 was  expected and for W150 and W18  experiments was
7.7 when 8.3 was expected according to spray durations. Thus, the
mass-emissions scaled linearly (±ca. 20%) between the short and
long spray durations.

3.6. Composition of deposited particles

According to the EM and EDS analyses, the deposited particles
consisted mainly of TiO2, TiO2 containing Cl or Ag, TiO2 coated with
carbon and to minor extent other particles, Ag, and AgCl particles
(Fig. 5). The deposited non-evaporated particles were predomi-
nantly present in the size range from 200 nm to <5 �m in geometric
diameter in the wall and floor samples; and from 60 nm to 2 �m in
the person hand sample. The NF right-side sample concentrations
were clearly higher than the NF left-side sample concentration,
which is anticipated because the spray gun was held in the right
hand. The hand was  exposed to the room concentrations during
spraying for 150 s and ca. 60 s before the operator left the room.
Particle deposition to the hand was calculated using the total depo-
sition rate �d = 0.0517 h−1 for the first 42 s and then 1.25 h−1 (Table

Table 1
Log-normal parameters (N, Dpg, and GSD) calculated for average particle number concentrations measured from start of the spraying to 60 s after the end of the spraying and
average  user-defined emission rates for sub-micrometer particles and micrometer particles.

Experiment Sub-micrometer particles (Dp < 1 �m)  Micrometer particles (Dp ≥ 1 �m)

N, × 103 [cm−3] Dpg, [nm] GSD SN, × 1010 [s−1] N, [cm−3] Dpg, [nm] GSD SN, × 106 [s−1]

T15 89.8 52.3 1.65 2.8 (4.4)a 17 1.81 1.6 n.a.b

T150 53.2 50.3 2.13 6.1 (3.9) 150 1.85 1.62 6.0 (2.6)
W18  22.1 29.0 2.47 1.8 (2.1) 69 1.61 1.44 40 (1.4)
W150  47.5 40.9 3.15 5.5 (3.1) 418 1.65 1.48 22 (2.8)

a Brackets shows the geometric standard deviation calculated from IAM-calculated emission rates when user-defined S > 0.
b n.a.: not available.
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Fig. 4. Measured, IAM calculated, and user defined particle concentrations and deposition rates in the W18  experiment for a) sub-micrometer particles and b) micrometer
particles as well as modelled and user defined emission rates for c) sub-micrometer particles and d) micrometer particles, respectively, and in the W150 experiment for
e)  sub-micrometer particles and f) micrometer particles as well as modelled and user defined emission rates for g) sub-micrometer particles and h) micrometer particles,
respectively.

S1) and using average particle concentration of 53.3 × 103 cm−3

(Table 1). This results to ca. 1800 deposited particles mm−2 which
is ca. 5 times less than detected by the EM (Fig. 5e). This might be
due to the movement of the hand into the spray cloud during spray
application and consequently increased deposition and impaction
of particles on the substrate.

The results from the WDXRF analysis show similar average
concentrations of around 50 ppm Ag on all filters based on three
measurements. The detection limit of the method is slightly below
50 ppm and the uncertainty thus is very high. Some measurements
were below detection limit and measured as 0 ppm. Those were
included in the average. Thus, no significant difference was found

between the different locations, so we  assume that the particles
were well mixed in the room before settling to the walls and the
floor.

3.7. Recommendations for personal exposure modelling

Personal exposure models are often based on single compart-
ment [42] or two  compartment models (also known as NF/FF
model; [43]). In worst case consumer exposure assessment the
default room size is 20 m3 and the room is not ventilated [44],
which is close to our experimental setup conditions. It is expected
that after ESD process, the operator leaves the room within up to
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Fig. 5. Size-distributions of particles deposited onto passive samplers during T150 experiment as determined by semi-automated compositional particle analysis using
EDS-SEM.

10 min. In our experiments, the average mass (number) concentra-
tion during coating of wallpaper for 750 s would be ca. 3200 �g m3

(54 × 103 cm−3) where 35% is in the respirable size-range. We  mea-
sured increased particle deposition onto surfaces ranging from 0.75
to 3.12 h−1 for micrometer particles which means that the room
concentration is halved in 55–13 min, respectively. The deposition
of particles to the hand holding the spray gun can be estimated from
average particle number exposure concentration and the deposi-
tion rate. In this case, the calculated amount of deposited particles
would be ca. 8.0 × 103 mm−2 which may  be underestimated by fac-
tor of 5 as compared to measured values by EM and EDS analysis.

A NF/FF model is recommended for exposure assessment in
large rooms. In the NF/FF model a room is divided into NF volume
(VNF, m3) that compromises the source and a worker breathing
zone and the FF volume (VFF, m3) which compromise rest of the
room (i.e. Vtot = VNF + VFF). The room is ventilated via FF (Q, m3 s−1)
and there is a limited air flow between the NF and FF volumes (�,
m3 s−1). It is assumed that: 1) all mass entering the model is cre-
ated by a source in the NF volume, 2) concentrations are fully mixed
at all the times in NF and FF volumes, 3) there are no other losses

for the concentrations than the FF ventilation, and 4) there is no
significant cross drafts [45].

Typically � varies from 0.05 to 0.5 m3 s−1 in occupational set-
tings [46] and usually VNF is set to 8 m3 [46–48]. Here, the spray
gun air flow was 1.9 L s−1 which was sufficient to fully mix  the air
in a 20.3 m3 room. Thus, we recommend that the VNF should be at
least 20.3 m3 and the � should be high (e.g. from 0.2 to 0.5 m3 s−1).
This is because the concentrations were fully mixed in the room air
within 10 s. The size-resolved emission rates for each experiment
are given in Supplementary data as particle number (s−1) and mass
(�g s−1) units. The emissions may  change if the spray gun design,
suspension, spray technique, or target properties are changed.

4. Conclusion

Here we  studied the aerosol emission characteristics for elec-
trostatic spray deposition (ESD) of a photoactive nanocoating onto
tiles and wallpaper. We  determined size-resolved emission rates
in number (SN, s−1) and mass (Sm, �g s−1), release of volatile
organic compounds (VOCs), deposition rates of emitted particles,
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and described the particle morphologies and compositions in the
product and deposited from the air to un-targeted surfaces and the
spray gun operator hand.

The transfer efficiency of the ESD was 99.96% and the SN was
1.9 × 1010 s−1 and the Sm was 381 �g s−1 where ca. 35% of the
mass was respirable. The mass-based emission rates scaled lin-
early between the ca. 15 s to 150 s spray time with an accuracy
of ca. 20%. Longer spray-time increased the SN but Sm was similar
regardless the spray time during these short-term application sce-
narios. This was likely caused by the spraying performed on already
sprayed surfaces which were not grounded. During spraying, VOC-
concentration was elevated from the background level less than
8 �g m−3. The deposited particles consisted of mainly TiO2, TiO2
containing Cl or Ag, TiO2 coated with carbon and other particles
with sizes from ca. 60 nm to <5 �m depending on the sampler
location (walls, floor, or operator hand). Finally, we gave recom-
mentdations for the exposure model parameterization.
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