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College of New Rochelle, New Rochelle, New York; cDepartment of Environmental, Occupational and Geospatial Health Sciences, City
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ABSTRACT
The purpose of the study was to determine the potential for release of titanium dioxide
nanoparticles in paint dust. The coatings aerosol resuspension system was developed and
used for testing the generation and physical, chemical, and morphological properties of
paint dust particles from mechanical abrasion (i.e., sanding) of coated wood surfaces. The
paint dust emissions from bare and coated wood surfaces with multiple coatings using vari-
able sandpaper grits were evaluated. Substantially higher particle number concentrations
were measured for paint dust containing particles in the nano range (particles with aero-
dynamic diameter less than 100nm) than those measured for wood dust. The variability of
particle number concentration and size distribution of paint dust derived under different
conditions indicated that considerable quantities of nanoparticles might be released from
mechanical abrasion of painted surfaces that may induce unhealthy exposure conditions.
Moreover, spectroscopic and microscopic analysis identified the presence of paint and wood
components in paint dust, including titanium dioxide agglomerates that were originally
embedded in the paint. The agglomerates were mostly attached to particles with sizes
<100nm, enabling them to potentially penetrate into the lower respiratory tract. These
results demonstrated that the paint dust exposure generation system can provide qualita-
tive and quantitative information on particle emissions and the abundance of nanoparticles
from paint sanding in realistic conditions and they may be used to assess occupational and
environmental exposures and risks. Furthermore, the prevalence of titanium dioxide nano-
particles in paint dust highlights the potential for exposures of painters and other occupa-
tional groups to hazardous paint dust and the need for protective devices and strategies
aiming to reduce exposures to nanoparticles.
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Nanoparticles; pigments;
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Introduction

Metals and metal oxides nanoparticles (i.e., particles
whose size, shape, and chemical content are manufac-
tured in the nano-scale) have been integrated as free
powders, stabilized particles in suspensions or mixed
into paint batches and granulates.[1] They improve the
properties and functionality of paints such as coloring,
integrity, thermal insulation, bactericidal activity, fire
retardant, and self-cleaning.[2–7] Those typically used
in coatings include titanium dioxide (TiO2), silicon
dioxide (SiO2), silver (Ag), zinc oxide (ZnO), and alu-
minum oxides (Al2O3).

[8] Inhaled pristine nano-metals
and metal oxides affect the lung, but are also cleared
into circulatory systems, lymphatic system, nervous
system, gastrointestinal tract, and cross the blood/

brain barrier.[9–13] They are shown to induce fibrosis,
emphysema, and tumors in the respiratory tract, lym-
phocytes damage, thrombosis, cardiovascular, and
neurodegenerative diseases.[14–18]

Construction and maintenance painting workers
are exposed to a large variety of substances in paint
and paint dust. There are at least 215,000 painters in
this sector excluding part-time and undocumented
workers who may comprise a significant fraction of
the construction workforce.[19] Painters are occupa-
tionally exposed to known human carcinogens.[20]

Painters have consistently shown significant excess in
lung cancer mortality for both smokers (relative risk
of 1.35 (95% CI: 1.21–1.51) and nonsmokers (relative
risk of 2.00 (95% CI: 1.09–3.67)).[21] They also have a
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higher than average incidence rate (235.9 per 10,000
workers; average of 104 per 10,000 workers) for non-
fatal occupational injuries/illness and a median of
9 days away from work, with exposures to harmful
substances being the dominant nonphysical hazard.[22]

Painting is associated with rhinitis symptoms (odds
ratio: 2.4, 95% CI: 1.1–5.2), asthma (odds ratio: 4.7,
95% CI: 1.4–16.1) and chronic bronchitis (odds ratio:
2.9, 95% CI: 1.0–8.4) when compared to carpen-
try work.[23]

The current risk assessment process in occupational
health and safety focuses on individual chemicals,
which may not be appropriate to address possible
health risks of paints with nanoparticles throughout
the lifecycle of the product. In paints, nanoparticles
form agglomerates with paint polymers; however, the
integrity of these agglomerates may be compromised
by environmental and mechanical factors resulting in
metals and metal oxides dislocation and release over
time.[24–27] An important “end-of-life” exposure scen-
ario that directly leads to the generation of respirable
paint dust is the mechanical abrasion (i.e., sanding) of
painted surfaces. Koponen et al.[28] found that sanding
dust of wall and wood coated with nano-containing
products was dominated by particles in the
100–300 nm size range. Gomez et al.[29] found that
80% of the collected paint dust particles have TiO2

and Ag nanoparticles based on electron microscopy.
These studies raise concerns regarding the potential

for exposures to nanoparticles currently incorporated
in paints; there is a lack of systematic investigation
and understanding of the parameters affecting the
release and their physicochemical and morpho-
logical properties.

The aims of this study were to: (i) determine the
number concentration and size distribution; (ii) char-
acterize the elemental and organic composition; and
(iii) assess the presence of TiO2, in released particles
generated by the mechanical abrasion on wood surfa-
ces painted with TiO2-containing paint for different
painting and mechanical abrasion conditions. For this
purpose, a coating aerosol generation system has been
developed to simulate the realistic generation of paint
dust during sanding including commercially available
wood surfaces, paints, sanders, and sandpapers typic-
ally used by painters in the construction industry.
Paint dust samples were collected and their morph-
ology and chemical content were determined by scan-
ning electron microscopy (SEM), attenuated total
reflectance Fourier-transformed infrared (ATR-FTIR),
and inductively coupled plasma mass spectrom-
etry (ICPMS).

Methods

Paint dust generation

Figure 1A shows the schematic diagram of the major
components of the Coatings Aerosol Resuspension

Figure 1. Schematic drawing (not-in-scale) of the Coatings Aerosol REsuspension System (CARES) (A). The painted surface was
placed within the chamber and manually abraded with an orbital sander in a predetermined pattern (B). The released dust was
analyzed by real-time monitors and collected on appropriate substrates for chemical and morphological analysis.
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System (CARES). It is composed of a polyvinylchloride
glovebox chamber (115 cm [L]� 60 cm [W]� 60 cm
[H]) (Lancs Industries, Kirkland, WA) that is installed
in laminar-flow ventilation hood (SG603 Model, Baker
Co., Sanford, ME). Mechanical abrasion of the painted
surface is done manually using an orbital sander. The
inlets of the aerosol continuous monitors and inte-
grated samplers are placed on the upper surface of the
chamber, approximately 40 cm above the working sur-
face, to better simulate the distance between the wall
and a painter’s breathing zone. Fans on the side panels
of the chamber ensured dispersion of particles.
Additional air was introduced through a high-efficiency
particulate filter (HEPA) to reduce the presence of
background particles. Excess air was vented through fil-
ters to the ventilation hood. Particle number concentra-
tions were continuously measured using DC1700
portable particle counters (Dylos Corp., Riverside, CA)
inside the ventilation hood to ensure that particle back-
ground levels, before, during, and after the experiments
were kept low to eliminate potential contamination of
paint dust measurements and for safety.

The aerosol size distribution was monitored using a
suite of continuous particle sizers and counters that
directly measure the aerodynamic diameter (da). These
include the wide particle spectrometer (WPS) (Model
1000XP, MSP Corp., Shoreview, MN) and the conden-
sation particle counter (CPC) (Model 3771, TSI Inc.,
Shoreview, MN). The WPS measured particles from
10nm to 10lm using differential mobility analyzer
coupled with condensation particle counting (DMA/
CPC) for particles with da< 0.4lm (in 48 channels for
3 sec/channel) and optical light scattering (OLS) for
particles with da> 0.4lm (in 24 channels concur-
rently). The particle concentration ranges were up to
20� 107 part/cm3 for the DMA/CPC and 500 part/cm3

for the OLS sensor. The CPC measured the total num-
ber of particles with da > 10nm. Particles in the sample
stream are grown through the condensation of isopro-
panol vapors and counted using a single-particle-count
mode. Paint and wood dust samples were collected on
two sets of 13-mm cellulose filters and 47-mm Teflon
filters (Pall Corp., Port Washington, NY) at 1.0 and
5.0 L/min flow rate, respectively, for subsequent SEM,
ATR-FTIR, and ICPMS analysis. The 13-mm filters
were selected to fit on SEM sample holder. The Teflon
filters were selected to facilitate gravimetric, elemental,
and organic analysis (not shown here).

Painted surface preparation and abrasion

A commercially available latex paint and primer for-
mulation for indoor surfaces was purchased. These

paints are typically composed of pigments, fillers, and
binders in an aqueous suspension. According to the
product’s safety datasheet, the paint formulation was
composed of water (49.6% w/w), nonvolatile species
(49.4% w/w), organic volatiles (0.9% w/w), and 2-amino-
2-methyl-1-propanol (0.2% w/w) (CAS #: 124-68-5). It
also included TiO2 (3.2% w/w) (CAS #: 13463-67-7),
crystalline silica (0.22% w/w) (CAS #: 14808-60-7), and
cristobalite (0.11% w/w) (CAS #: 14464-46-1). Both sides
of the wood panels (61.25 cm [L]� 28.75 cm [W]) were
coated with two, four, six, and eight paint coatings by
using a 5-cm brush with 48-hr waiting periods
between coatings. Six to eight replicates were col-
lected for each sampling configuration. Panels were
conditioned in a room (20�C and 30% RH) for a
week prior to sanding.

For abrasion, a BDERO600 2.4 Amp 5 in (12.7 cm)
orbital sander in its complete configuration (including
the fitted filter) (Black & Decker, Towson, MD) fitted
with Shopsmith 5 in (12.7 cm) aluminum oxide abra-
sive film discs (sandpaper, hereafter) (Shopsmith,
Dayton, OH) was used. The sandpaper grits were 40,
120, and 220 (P40, P120 and P220, hereafter) and cor-
respond to “Step 1: Extreme removal”, “Step 2:
Moderate surface preparation”, and “Step 3: Fine
scuffing” in the wood preparation and polishing proc-
esses. Each wood panel was divided in two segments
(Figure 1B). The sander was manually moved on the
top segment along its length for 2.5min, then verti-
cally to the bottom segment and along its path for
another 2.5min. The sanding duration for each seg-
ment was selected to match the time required by the
WPS to perform two full scans for the entire particle
size range (two measurements �144 sec/measurement
þ15 sec delay between measurements). A new sand-
paper pad was used for each experiment. A set of
wood panels underwent the same treatment (handling
and sanding, except painting) to characterize the
physicochemical and morphological properties of
wood dust. All activities were performed by a doctoral
research assistant to control reproducibility uncertain-
ties associated with differences in operator’s behavior.
Breaks were scheduled between tests to perform back-
ground tests on instruments and experimental setup
and reduce operator’s fatigue and ergonomic hazards.

Chemical and morphological analysis

The 47-mm Teflon filters were analyzed by ICP-MS
for Al, Si, Ti, Zn, and K at the University of Arkansas
at Fayetteville Stable Isotope Laboratory. Samples were
digested in concentrated HF/HNO3 mixtures.
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Following digestions, samples were evaporated to dry-
ness and re-dissolved in 2mL of HNO3. Prior to ana-
lysis, the sample was diluted with ultrapure water and
known quantities of internal standards were added.
ATR-FTIR spectra of wood dust, paint, and paint dust
samples were measured using an ALPHA spectrom-
eter (Bruker Corp., Billerica, MA) equipped with a
single reflection diamond ATR. The spectra were
recorded in the range of 400–4000 cm�1 with a reso-
lution of 2 cm�1 over 64 scans. The morphology of
paint dust particles was visualized by SEM (Quanta
650 FEG, Eindhoven, the Netherlands) under low-vac-
uum at an accelerating voltage of 15 kV at the
University of Alabama at Birmingham Scanning
Electron Microscopy Laboratory. Prior to analysis, the
samples were mounted on brass stub and sputtered
with Pt. The working distance of samples was set at
10mm with an accelerating voltage of 5 kV and a dia-
phragm of 30 lm. Images were taken at 5000� magni-
fication. Elemental compositions were examined using
an energy-dispersive X-ray spectroscopy analyzer with
30mm2 Silicon Drift spectrometer. Energy dispersive
spectroscopy (EDS) analyses were performed at a
magnification of 5000�, corresponding to an analyzed
surface of 50lm [w]� 30lm [h]. It is noteworthy
that the da measured by the particle sizers described
previously refers to the diameter of the spherical par-
ticle with a density of 1,000 kg/m3 and the same set-
tling velocity as the irregular particle, while SEM
measurements refers to the actual physical size of
the particle.

Calculations

The count median diameter (CMD) and geometric
standard deviation (GSD) were computed by plotting
the particle number cumulative fraction as a function
of particle diameter for each sample. The particle
mass concentration (m in lg/m3) for thoracic (PM10),
fine (PM2.5), accumulation-mode (PM1.0), and nano-
sized (PM0.1) particles were computed using the WPS
data as follows:

PMx ¼
Xn
i¼1

p � d3a;i � qp � Ni

6

 !
� 109; (1)

where x is the PM fraction (PM0.1, PM1.0, PM2.5, or
PM10), da,i (in m) and Ni (in part/m3) were the mid-
point particle aerodynamic diameter and number con-
centration for i-channel, and qp was the particle
density of 1,000 kg/m3 that is typical for carbon-rich
particles. For PM10, all WPS channels were used. The
channels with mid-point da from 0.01–0.103lm, to

1.09lm and 2.29lM were integrated for PM0.1, PM1.0,
and PM2.5 mass estimates. The mean particle CMD,
GSD, and number and mass concentrations were com-
puted from all replicates for each test (n¼ 6–8).

Particle number concentrations (PNC) were log-
transformed and tested for normality using the
Shapiro-Wilk test. The significance of difference in
mean PNC values between groups was examined with
the nonparametric Mann-Whitney (when two groups
where compared) and Kruskal-Wallis (for more than
two groups) tests at a¼ 0.05. These tests were fol-
lowed by Tukey’s Honestly Significant Difference test.
All analyses were done using SPSS (Version 23) (IBM
Analytics, Armonk, NY) and Origin Pro (version 9.1)
(OriginLab, Northampton, MA).

Results

Particle concentrations and size distribution

The panel A in Figure 2 illustrates the PNC of wood
and paint dust (two paint coatings) generated by the
sander for approximately 5min using different sand-
paper grits. The panel B in Figure 2 shows paint dust
PNS for multiple paint coatings using the P120 sand-
paper. The mean (± standard error of the mean) PNC
in paint dust varied from 147,000 ± 1,500 part/cm3 for

Figure 2. The particle number concentration of (A) wood dust
using P120 and paint dust with P40, P120, and P220 sandpapers
and (B) paint dust with P120 sandpaper used to remove four,
six, and eight coatings, both as measured by the condensation
particle counter.
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the P40 sandpaper to 235,000 ± 2,200 part/cm3 for the
P120 sandpaper and 278,000 ± 2,300 part/cm3 for the
P220 sandpaper. They were consistently higher than
the wood dust PNC (83,000 ± 1,100 part/cm3) using
the P120 sandpaper (differences were statistically sig-
nificant at the 95% level).

Paint dust PNC followed a multimodal pattern as
the orbital sander moved along the painted surfaces
(segment #1 in Figure 2A). The trends were more
pronounced for paint dust generated using the P40
sandpaper and to a lesser extent for P120 and P220
sandpapers. Wood dust showed little temporal vari-
ability. For paint dust generated using the P40 sand-
paper, the PNC at the end of this modal cycles were
comparable to the PNC measured for wood dust (seg-
ment #2 in Figure 2A). It is noteworthy that paint
was completely removed using the P40 sandpaper and
only partially for P120 and P220 sandpapers were used
(see Figure S1 in Supplemental Information).

The PNC of paint dust generated using the P120
sandpaper for wood panels with multiple paint coat-
ings (i.e., four, six, and eight) varied from
178,000 ± 2,000 part/cm3 to 200,000 ± 2,000 part/cm3)
(Figure 2B) (differences were also statistically signifi-
cant at the 95% level). The multimodal PNC pattern
over time was also observed for the multiple paint
coatings. Its intensity (i.e., variability between max-
imum and minimum PNC) decreased as the coating
layers increased. Note that paint was also inefficiently
removed from panels with multiple coatings (see
Figure S2 in Supplemental Information).

Figures 3A–D and 4A–C depict the normalized
measured particle number and reconstructed mass

(ca. Eq. (1) for each size range) size distributions of
wood dust, paint dust using different sandpapers and
for variable paint coatings. A one-mode distribution
with maxima in the nano size range (da< 100 nm)
was observed for paint dust particle number generated
by different sandpapers and multiple paint coatings.
The size distribution of particle mass reached a

Figure 3. Particle number and mass (in logarithmic scale) size distribution of (A) unpainted wood and paint dust with (B) P40, (C)
P120, and (D) P220 sandpapers.

Figure 4. Particle number and mass (in logarithmic scale) size
distribution of paint dust using P120 sandpaper on (A) four, (B)
six, and (C) eight coating layers.
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maximum in the coarse particle range (da> 2.5 lm).
For paint dust generated by P120, P220 and to a lesser
extent for paint dust from multiple paint coatings, a
second mode in particle mass distribution was
observed in the accumulation mode (da< 1lm) (see
arrows in Figures 3C–D and 4B–C).

Table 1 presents the mean (± standard error) of
the CMD, GSD and reconstructed PM10, PM2.5,
PM1.0, and PM0.1 mass concentrations (ca. using Eq.
(1)). Paint dust was comprised of nano-sized particles
with a CMD of 35.6–39.4 (38.4 ± 1.6 nm for P40,
39.4 ± 2.7 nm for P120, and 35.6 ± 2.2 nm for P220). The
CMD of wood dust (with P120 sandpaper) was com-
parable (31.0 ± 5.4 nm). The GSDs of paint dust par-
ticles were also similar for paint dust generated with
the different sandpapers (2.4 ± 0.1 for P40 and 2.2 ± 0.1
for P120 and P220), while a slightly higher GSD was
computed for wood dust (2.8 ± 0.1) suggesting that
larger particles may be present in wood dust. This
was in agreement with the higher mass median diam-
eter (MMD) (679 ± nm) and diameter of the mean
mass (dmm) (1,135 ± 204 nm) of wood dust as com-
pared to those computed for paint dusts (MMD:
229 ± 38 to 356 ± 41 nm; dmm: 308 ± 42 to
515 ± 60 nm). Comparable CMD (from 27.2 ± 1.5 to
35.5 ± 2.4) and GSD (from 2.2 ± 0.1 to 2.4 ± 0.1) (Table
1) values were calculated for paint dust generated
using the P120 sandpaper on wood surfaces covered
with multiple paint coatings.

Assuming spherical particles with density of
qp¼ 1,000 kg/m3 (i.e., typical for carbon–rich aerosol),
the reconstructed mean (± standard error) PM10 mass
concentration of wood dust was 16.2mg/m3. It was
substantially higher than the reconstructed PM10 mass
concentration for paint dust using the three sandpa-
pers. The paint dust PM10 concentration increased
from 329 ± 35 to 5,582 ± 1,386 lg/m3 as the sandpaper
grit size decreased (from ultrafine to coarse sandpa-
pers). For wood dust, the vast majority of PM10 mass
were coarse particles (�98%), and only one-

thousandth (or 16 ± 1 lg/m3) was associated with the
finer particles (PM1.0) and one tenth of that was in
the nano size (PM0.1) range (3 ± 1 lg/m3).

Approximately 5–15% of paint dust PM10 was asso-
ciated with the respirable fraction (PM2.5)
(269 ± 65 lg/m3 for P40, 94 ± 21lg/m3 for P120, and
49 ± 15 lg/m3 for P220). The PM1.0 fractions accounted
for 10%, 30%, and 55% of PM2.5 paint dust generated
with P40, P120, and P220 sandpapers, with 25-50% of
them being in the nano size range, resulting in PM0.1

mass concentrations as high as 17 ± 3 lg/m3. The
paint dust PM10 mass concentrations decreased from
869 ± 503 lg/m3 to 229 ± 44 lg/m3 as the number of
applied paint coatings increased from four to eight,
albeit around 10% was associated with the fine frac-
tion. The PM1.0 fraction account for 25–50% of PM2.5,
with more than 50% of PM1.0 particles being in the
PM0.1 size range.

Paint dust composition

Chemical analysis
The ATR-FTIR absorbance spectra of wood and paint
are depicted in Figure 5A. The spectrum of wood dust
demonstrated unique absorption bands including
stretching OAH in-plane absorption bands in the
3200–3700 cm�1 typical in cellulose and polysacchar-
ides. Other major absorption bands were attributed as
follows: 2800–3000 cm�1 to CAH stretching,
1510 cm�1 to C@C stretching of the aromatic ring of
lignin, 1465 cm�1 to CAH deformation in lignin,
1375 cm�1 to CAH deformation in polysaccharides,
1335 cm�1 to bending in-plane OAH, 1240 cm�1 to
CAO stretch in lignin and broad band in 1024 cm�1

to CAO stretch in CAOAC cellulosic bridges.
The main absorption bands observed in the ATR-

FTIR spectrum of paint were: 2800–3000 cm�1

(stretching vibration of the ACH2A group),
1730 cm�1 (stretching of the C@O group), 1450 cm�1,
1385 cm�1 (stretching of CH3 groups), 1240 cm�1

TABLE 1. Paint dust aerosol size characteristics and mass concentrations (mean ± standard error).
Wood dust Paint dust

Sandpaper P120 P40 P120 P220 P120 P120 P120
Paint coatings — 2 2 2 4 6 8
CMD (nm) 31 ± 5.4 38.4 ± 1.6 39.4 ± 2.7 35.6 ± 2.2 28.5 ± 1.9 35.5 ± 2.4 27.2 ± 1.5
GSD 2.8 ± 0.1 2.4 ± 0.1 2.2 ± 0.1 2.2 ± 0.1 2.4 ± 0.1 2.2 ± 0.1 2.3 ± 0.1
MMD (nm) 679 ± 122 356 ± 41 269 ± 41 230 ± 40 284 ± 34 229 ± 38 284 ± 30
dmm (nm) 1,135 ± 204 515 ± 60 370 ± 56 314 ± 54 416 ± 50 313 ± 53 308 ± 42
Particle massa (lg/m3)

TSP 16,222 ± 1,074 5,582 ± 1,386 1,113 ± 442 329 ± 35 864 ± 503 729 ± 428 229 ± 44
PM0.1 3 ± 1 7 ± 2 17 ± 3 12 ± 3 9± 1 9± 1 8± 1
PM1 16 ± 1 25 ± 2 36 ± 5 32 ± 15 20 ± 3 17 ± 2 15 ± 1
PM2.5 359 ± 37 269 ± 65 94 ± 21 49 ± 15 72 ± 29 50 ± 20 31 ± 3

aAssuming spherical particles with a density of 1,000 kg/m3
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(stretching of @CAH groups), 1140 cm�1 (stretching
of the CAO group), and 840 cm�1 (bending vibration
of the aromatic CAH group). The broad bands in
400–650 cm�1 region were assigned to TiO2.

Figures 5B and C show the ATR-FTIR spectra of
paint dust generated with variable sandpapers and
multiple coatings, respectively. Clear similarities
among paint dust, paint and wood spectra can be
detected, reflecting the presence of both paint and
wood species in paint dust. All paint dust samples
retained the absorption bands in the 400–650 cm�1

region, previously attributed to TiO2. Per Beer-
Lambert Law, the absorption is proportional to the
concentration; thus, more TiO2 may be associated
with paint dust generated with P120/P220 sandpapers
as compared to P40 sandpaper, and for paint dust gen-
erated from six and eight coatings compared to four
coatings. The relative abundance of paint and wood
particles may be derived from the spectral profile in
the 800–1300 cm�1 region (dotted rectangular in
Figures 5A–C) that includes CAO absorption bands
for wood dust (cellulosic and lignin) and paint dust
(oil-based binders). The relative contribution of paint
species in paint dust increased as the sandpaper grit
changed from P40–P220 and the number of coatings
increased. The prevalence of wood species also

increased for different sandpapers but remained rela-
tively unchanged for multiple coatings.

Figures 6A–B show Ti concentrations in paint dust
(in ng/mg of paint dust particles) and the Ti-to-Al
ratios generated using three sandpaper types for mul-
tiple paint coatings measured by ICPMS. The meas-
ured levels of Ti, Al, Si, K, and Zn are presented in
Table S1. Paint dust Ti concentrations using the P120
sandpaper were comparable for all coatings (from
29–33 ng/mg of particles) but lower than those meas-
ured using the P40 (from 49–101 ng/mg of particles)
and P220 (from 73–90 ng/mg of particles) sandpapers.
Overall, Ti in the form of TiO2, accounted for
0.01–0.02% by weight of total particle mass. Note that
no size selective inlet was used, therefore the total sus-
pended particulate (TSP) aerosol including large wood
dust particles were collected. Assuming that TiO2 par-
ticles may be present in the nano size range and that
PM0.1 particles accounted for approximately 1% of
TSP by mass (Table 1), the relative abundance of
TiO2 may increase up to 2% by mass.

Aluminum (Al) was present in paint (see Figure 8
below) but can also be released from sandpaper. The
Ti/Al ratio was used to assess the potential effect of
sandpaper particles for different sandpapers and paint
coatings. For wood panels with the same paint coat-
ings (similar quantities of paint TiO2), higher Ti/Al
values indicated an enrichment of TiO2 as compared

Figure 6. Composition of paint dust generated by sanding
wood boards coated with multiple paint layers with different
sandpapers, for (A) particulate Ti concentration and (B) Ti to Al
concentration ratios.Figure 5. ATR-FTIR spectra of (A) wood dust and paint, (B)

paint dust with P40, P120, and P220 sandpapers, and (C) four,
six, and eight coatings.
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to larger Al-containing particles in paint or sandpaper.
In most of the experiments, the Ti/Al increased for
coarse sandpapers suggesting the enhanced presence
of paint particles as compared to those potentially
released from sandpaper. In all cases, Al and Si con-
centrations added less than 1% to paint dust par-
ticle mass.

Morphological analysis
Figure 7 depicts the SEM backscattering images of
paint and paint dust generated by P120 with two coat-
ings. SEM images of paint dust generated with differ-
ent sandpapers and coatings are included in
Supplemental Information (see Figures S3 and S4 in
Supplemental Information). In backscattering SEM,
carbon-based materials are projected in dark colors
whereas elements are bright. The painted surface is
characterized by a rather uniform distribution of
white spots that may be attributed to metal oxides.
Released particles also contained TiO2 nanomaterials
in various shapes (spherical, amorphous) in the nano-
size range (Figure 7B and Figure S5 in Supplemental
Information). Larger fiber agglomerates were in the
submicron range.

Figure 8 shows typical SEM-EDS spectra obtained
from wood, paint and paint dust. Wood dust was
entirely composed of C and O (ratio of 2:1). This is
comparable to the compositional characteristics of
wood, that is comprised of 80% of cellulose (repre-
sented as CH2O, C:O¼ 1) and 20% lignin (repre-
sented as C10H13O4, C:O¼ 5:2). No metals were
observed in wood dust. In addition to C and O (ratios
of 4:1 for paint and 1:1 for paint dust), paint and
paint dust also comprised of Ti, Al, and Si. Traces of
Zn and K were observed in paint dust. The quantity
of Ti was comparable in paint and paint dust (23 and
24%). The relative abundance of Si and Al increased
from 12% and 7% in paint to 19% and 14% in paint
dust, respectively. That may be suggestive of minor
quantities of Al and Si particles released from the
sandpaper. Note that C may also be associated with
the filter material (cellulose).

Discussion

The PNCs of dust generated from bare and painted
wood surfaces with multiple paint coatings using dif-
ferent sandpapers have been monitored. Paint dust
PNC was up to three times higher than wood dust
PNC due to differences on wood and paint surface
properties affecting particle generation.[30] Wood con-
tains long fibers made of cellulose and lignin ranging
from 30–300 lm in diameter and 10 lm–4mm in
length.[31] On the other hand, painted surfaces are
composed of single particles associated with pigments,
filler particles in agglomerates with the polymeric
binder, and other additives (e.g., thickeners, disper-
sants, and defoamers) to achieve stability and

Figure 7. Backscattering SEM image (5,000x magnification) of
(A) paint and (B) paint dust using P120 sandpaper and two
paint coatings.

Figure 8. Typical SEM EDS spectra of individual particles in
wood, paint and paint dust (P120 sandpaper, and
two coatings).
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application consistency. The type, size, and quantity
of pigments varied (TiO2 for white and high opacity
paint), but typical pigment particle sizes did not
exceed 250 nm in diameter. Larger agglomerates may
be in the submicron size range.[32] Paint dust PNC
increased for finer sandpaper, which is consistent with
the potential of particle in finer sandpapers to make
chiseled scratches and dislocate smaller pieces of paint
materials. On the other hand, coarse sandpaper has
the capacity to remove larger quantities of material by
generating larger particles, which was consistent with
the particle size measurements and particle mass cal-
culations. Another potential mechanism, albeit of
minor importance for engineered metal-oxides nano-
particles, is the volatilization of paint organic poly-
mers because of the heat developed on the surface by
friction, and subsequent particle formation through
condensation.

Previous studies have also found that engineered
nanoparticles in wood sealants and coatings to protect
against water and UV damage on plywood and hard-
wood panels may be released as agglomerates by
mechanical abrasion.[33,34] Those studies, however,
found no significant differences in PNC between
coated and uncoated surfaces. This may be due to dif-
ferences on the thickness of coating materials (paint
vs. sealants) and the type of wood panel. Plywood is
made of thin wood layers patched, graded, glued, and
baked together, compromising the integrity/length of
wood fibers, which may result in the generation of
more nano-sized particles during sanding. It has been
previously reported that nano-sized particles may be
generated by the orbital sander.[28] In this study, both
measured paint and wood dust concentrations include
sander-generated nanoparticles. As a result, even if all
nano-sized particles in wood dust were due to the
sander, they could only account for up to 30% of
paint dust nanoparticles. Previous studies suggested
that submicron particles may also be generated by the
degradation of sandpaper, as indicated by the presence
of Si-Al particles.[28] Note that the average sandpaper
particle diameters for P220, P120, and P40 sandpapers
were 68, 115, and 425lm, respectively.[33] In this
study, SEM/EDS analysis indicated the presence of Al
and Si in paint and paint dust but not in wood dust
generated using the same sandpapers. Elemental ana-
lysis by ICPMS showed that Al and Si particles
accounted for less than 1% of particle mass. The
coarse sandpapers may have less Al particles than
finer grits.

Paint application of new wood surfaces in residen-
cies and buildings typically includes one layer of

primer, ultrafine sanding to smooth the wood surface,
and two subsequent layers of paint. However, over
time, more layers of paint may be applied without
sanding. This may result in the accumulation of paint
components including nanoparticles. No significant
differences in PNC from surfaces coated with multiple
paint layers were observed indicating that particle
release rates under the same conditions (i.e., sand-
paper and sanding time) were comparable. However,
more nano-sized particles may be eventually re-sus-
pended from multiple painted surfaces because more
time would be required to remove the accumulated
paint effectively.

Nano-sized range particles were predominantly
generated during abrasion of bare and painted wood
surfaces. The CMD did not vary substantially (differ-
ences not significant at the 95%) for wood and paint
dust generated by different sandpaper grits. On the
other hand, GSD differences among wood and paint
dusts were statistically significant at the 95% level
indicating that generation of nano-sized particles is
favorable in painted surfaces. Wood dust was com-
prised of more coarse particles (with da> 2.5 lm) and
less nano-sized range particles (with da< 100 nm)
compared to those measured for paint dust. As a
result, more than 98% of wood particles by mass were
not respirable. In comparison, on average 9.5% of
paint dust particles by mass were respirable (from
1.8–14.9% for different sandpapers and coatings), with
20% of the respirable fraction being in the nano-size
range (from 2.6–25.8% for different sandpapers and
coatings). It is noteworthy that instantaneous particle
size changes may not be entirely captured because of
the WPS measurement method in which particle
number concentration for different sizes is measured
sequentially. This uncertainty may be more important
as the sander moved on smoothed surfaces; however,
the total PNC measured by WPS and average PNC
measured by CPC for the same time period were
comparable (percent of coefficient of variance (%CV)
of less than 7%), indicating that there were no major
particle size misclassification during the measure-
ment period.

The types of the abraded surface and sandpaper
modified the particle size range and their quantity (by
number and mass concentration) but not the central
tendency indicators (CMD). The production of more
nano-sized paint particles may be related to the force
energy required to break agglomerates of pigments,
filler particles, and other additives in paints as com-
pared to large cellulosic/lignin fibers in wood. When
paint is applied, its ingredients may adhere to the
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wood surface through mechanical interlocking, diffu-
sion, adsorption, and surface reaction and electrostatic
interactions. More paint on wood surfaces (i.e., from
painting over existing paints) may result in the release
of more nano-sized particles by mechanical abrasion
because additional time would be required to remove
all paint layers from the wood surface efficiently.

The release of paint materials included TiO2 nano-
particles have been further confirmed by ATR-FTIR,
SEM microscopy, and ICPMS spectroscopy. Paint
components accounted for the majority of organic
and inorganic components in paint dust particles (no
IR absorbance assigned to inorganic species was
observed in wood dust). TiO2 nanoparticles are found
to be encapsulated or on the surface of nano-sized
paint particles and individually in different shapes and
sizes mostly in the nano range. The relative abun-
dance of TiO2 on individual paint dust particles (as
quantified by EDS detector in SEM) was comparable
to that measured in paint. Compared to particle mass,
TiO2 nanoparticles accounted for 0.01–0.02% of TSP
mass and up to 1–2% in the nano-size range. Albeit
lower than the recommended NIOSH airborne expos-
ure limit of 0.3mg/m3, the risk for adverse health
effects through the inhalation of nano-sized particles
containing engineered nanoscale TiO2 may not
be discounted.

Previous studies showed that the toxicity of TiO2

nanoparticles following 24-hr of exposure may be neg-
ligible compared to the toxicity of pristine TiO2; how-
ever, the long-term effect (48, 76, or 120 hr after
exposure) was not examined.[34] Donaldson et al.[35]

demonstrated lung responses and distribution to other
organs after 2–28 days following month-long expo-
sures, indicating the persistence of TiO2 nanoparticles.
Encapsulated nanoparticles in agglomerates of water-
based paint polymers in the submicron range
(da< 1 lm) can still penetrate into the alveolar region
and, upon decomposition, dissolution and/or uptake
of the water-soluble polymer, they may be released
intact in the lung or distributed in other organs main-
taining their enhanced toxicity. The timing of TiO2

release by dissolution of the paint polymers may also
be important since nanoparticles can also translocate
into the blood stream affecting other organs.

Currently, there are exposure limits for specific
components integrated in paints (lead, chromium
(VI)), but there is no exposure limit for paint dust or
newer additives. The estimated total particle mass
concentrations in this study were lower than the
exposure threshold for wood dust (15mg/m3), even
though the wood dust TSP mass concentration

exceeded the exposure threshold. However, the abun-
dance of nano size particles is particularly worrisome
(as high as 17 lg/m3) as their estimated surface area
may range from 4–23 cm2/m3. It is noteworthy that
the estimated particle mass exposures from this study
do not represent actual personal exposures because a
smaller chamber (�0.5 m3) was smaller than a typical
size (20–30 m3), which may overestimate exposure,
albeit the ventilation hood was operating at 800 m3/hr
flow rate leading to high air exchange rates in the
CARES system (may dilute/underestimate exposure
estimates). It has been previously shown doses of
nano size particles substantially lower than those
measured in this study may induce severe pulmonary
toxicity and significant pulmonary inflammation and
cytotoxicity potencies for TiO2 doses as low as
0.0125 cm2/cm3.[36–38]

Conclusions

Metal and metal oxides nanoparticles have been inte-
grated in paints and other construction materials
because of their ability to improve their performance.
Exposures to nanoparticles may be minimal assuming
proper handling and use of the products, but little is
known about the potential for exposures to nanopar-
ticles at the end of paint’s lifecycle, which includes the
removal of paint from surfaces by sanding. Our ana-
lysis clearly demonstrated the potential for the release
of elevated particle concentrations. The majority of
these particles were in the nano-size range accounting
for up to 50% of respirable particulate matter. The
nano-size particle number concentrations increased
for finer sandpaper grits and more paint coatings;
albeit lower particle mass concentrations were esti-
mated. Chemical and morphological analysis deter-
mined that paint dust particles were comprised of a
combination of paint and wood species including
TiO2 nanoparticles embedded in paint. These nano-
particles were found predominantly attached on the
edge or inside particle agglomerates, albeit still in the
nano-size range, therefore enabling the potential for
penetration of nanoparticles containing nanoparticles
in the lung alveoli and translocation into the blood.

The paint dust exposure generation system and use
of commercially available equipment and supplies
afforded the capability to simulate typical occupational
conditions in a reproducible and traceable manner.
Because of its modality, the generation system may be
utilized to investigate a wide spectrum of exposure
scenarios including paint and coating application by
spraying. These findings call for further research into
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the release of nanoparticle-embedded paint dust par-
ticles including the effect of the type and quantity of
nanoparticles and the effect of weatherization. There
is previous evidence that the structural integrity of
paint deteriorates over time and that nanoparticles
may be released into the environment. Furthermore,
in vitro and in vivo toxicological studies may provide
significant insights on the biological effects of paint
dust and the role of organic polymers and
nanoparticles.
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