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Spray painters are potentially exposed to aerosol containing Cr(VI) via inhalation of chromate-
based paint spray. Two field studies were conducted at an aerospace facility to determine the
size distribution and speciation of Cr(VI) in paint spray aerosol. Sampled paint products
consisted of sparingly soluble strontium chromate in an epoxy resin matrix, a matrix generally
known for its durability and toughness. Personal aerosol samples were collected using Sierra
Marple personal cascade impactors and analyzed for Cr(VI) and total Cr. The size distribution
of total Cr particles in the paint aerosol had a Mass Median Aerodynamic Diameter (MMAD) of
7.5 pm [Geometric Standard Deviation (GSD = 2.7 pm)] in both field studies. The MMAD of
Cr(VI) particles was 8.5 pm (GSD = 2.2 pm). Particles >2 pm constituted 90% or more of the
total Cr and the Cr(VI) mass, in all sampled paint aerosols and were lognormally distributed.
The target site for respiratory deposition of Cr in the aerosol was estimated based on the mass
distribution of Cr according to particle size. On an average, 62% of the Cr and Cr(VI) mass in
the paint aerosol consisted of particles >10 pm. This study showed that 71.8 % of Cr(VI) mass in
paint spray aerosol potentially inhaled by a spray painter may deposit in the head airways
region. Only 2.0 and 1.4% of Cr(VI) mass in the paint aerosol may potentially deposit in the
alveolar and tracheobronchial region, respectively.

The ratio of Cr(VI) mass to total Cr mass was determined in bulk paint and the data indicate
that Cr was predominantly in the Cr(VI) valence state, before spraying. The ratio of Cr(VI)
mass to total Cr mass was also determined in paint aerosol samples. The data indicated that
there was a reduction of Cr(VI) regardless of Cr aerosol particle size. Cr(VI) reduction
occurred most likely during the 8 h sample collection time period. These findings are in
agreement with the findings that observed Cr(VI) reduction during collection of airborne
Cr(VI) in samples of chromic acid mist. The use of Cr(VI) stabilizing sampling media and
the storage of samples at lower temperatures (4°C ) during and after sampling may avoid the

underestimation of Cr(VI).
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INTRODUCTION

Chromate-based paints containing Chromium (VI)
[Cr(VI)] are applied as a first-coat primer onto metals
to protect them from corrosion damage. Paint primers
generally contain a chromate salt such as strontium
chromate. Historically, there has been widespread use
of chromate-containing spray paints as anti-corrosion
primers in the aerospace industry. Spray painting of
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chromate-containing paints represents an important,
potential source of occupational exposure to Cr(VI) in
this industry.

Cr(VI) poses a significant risk of cancer to the
respiratory system (Langard, 1990; Lees, 1991;
Gibb et al., 2000). Cr(VI) has been classified as a
group 1 carcinogen by the International Agency for
Research on Cancer (IARC, 1990) and as a group A
carcinogen by the U.S. Environmental Protection
Agency (U.S. EPA, 1984). The TARC Working
Group on the Evaluation of the Carcinogenic Risk
of Chemicals to Humans has summarized the data
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on chromium, and concluded that there was suffi-
cient evidence of respiratory cancer in workers
involved in chromate production, chromate pigment
production and chromium plating (IARC, 1990).
TIARC has also concluded that the data on lung cancer
in other chromium-associated occupations, such as
spray painting, and for cancers at sites other than
the lung are insufficient.

Studies on the carcinogenic risk of Cr(VI) from
spray painting are equivocal. Three epidemiological
studies investigated the association between spray
painting with chromate primers and lung cancer
with differing results. A mortality study of spray pain-
ters determined a lung cancer proportionate mortality
risk of 1.84 with a positive relationship between lung
cancer risk and exposure duration (Dalager et al.,
1980). A study of painters in the airplane manufac-
turing industry found an inverse relationship between
lung cancer risk and employment in spray painting
(Alexander et al., 1996). A study by Chiazze et al.
(1980) of automobile spray painters exposed to chro-
mate failed to find an excess of lung cancer risk.

Cases of laryngeal cancer have been reported in
paint sprayers (Alexander et al., 1996). Cancer of
the nasal cavities and paranasal sinuses were seen
in users of chromate paint (Brinton et al., 1984).
Cancer of the buccal cavity and pharynx were
reported in painters (Chiazze et al., 1980; Dalager
et al., 1980). Although suggestive, the studies do
not confirm a causal relationship between Cr(VI)
exposure during spray painting and cancers of the
head airways region.

The particle size distribution of inhaled aerosols
has important consequences for deposition in the
lung. Penetration of an inhaled particle through
the airways generally increases with decreasing
particle size for particles >0.5 pm (Gorner and
Fabries, 1996). Assessment of the particle size dis-
tribution of a paint spray aerosol may be significant to
the extent that it provides an understanding of the
regional deposition in the lung with implications
for the evaluation of potential hazards to workers
inhaling the Cr(VI) aerosol within its epoxy matrix.
The health effects resulting from inhaled Cr(VI) con-
taining particulate matter may be influenced by the
site of deposition within the respiratory system and
the overall dosimetry. The size distribution of paint
spray aerosol represents an important parameter in
estimating the deposition sites of Cr(VI) (Lippmann
et al., 1980; ACGIH, 1985).

To study the size distribution of Cr(VI) in paint
spray aerosol, air samples have to be collected and
analyzed for Cr(VI). The determination of Cr(VI) in
air samples has been shown to present problems that
may result in underestimation of the airborne concen-
tration of Cr(VI). Such underestimation may impact
the assessment of potential health risks associated
with inhaling paint aerosols. Underestimation of

Cr(VI) may result from the reduction of Cr(VI) during
sample collection, storage and preparation (Gray,
1983; Research Triangle Institute, 1988; Sherwell
and Silvers, 1992; Losi et al., 1994). Gray (1983)
reported the instability of Cr(VI) in metallic aerosols
produced during welding of chromium alloy steels.
The Research Triangle Institute (1988) showed that
50% of the Cr(VI) content in chromic acid mist was
lost to other chromium valence states in about 16 h, in
a laboratory chamber with conditions similar to ambi-
ent atmosphere and in field tests. Shin and Paik (2000)
found that the percentage ratio of Cr(VI) to total Cr in
chromic acid mist was reduced from an initial
100%, immediately after mist generation, to 59%,
in an 8 h time period. Other studies have also reported
Cr(VI) reduction to Cr(IIl) in the presence of acids
and reducing agents such as organic matter, Fe(0),
Fe(Il), vanadium and manganese (NIOSH, 1973;
Research Triangle Institute, 1988; U.S. EPA, 1991;
ATSDR, 1993).

The specific objectives of the study were (i) to
assess the size distribution and speciation of Cr in
paint spray aerosol in two field studies at an aerospace
manufacturing facility, (ii) to evaluate whether reduc-
tion of Cr(VI) in paint aerosol samples occurs and
whether any reduction is dependent on particle size
and (iii) to estimate the fraction of Cr(VI) deposited
in the head airways, tracheobronchial and alveolar
regions based on Cr aerosol size distributions.

METHODS

Two field studies were conducted to characterize
the size distribution and speciation of Cr during the
use of chromate-based paints at a aerospace manu-
facturing facility in Southern California. A pre-
liminary study, Field Study I, evaluated the size
distribution of total Cr in paint aerosol generated
by priming operations. A second field study, Field
Study II, was conducted to assess the size distribu-
tions of Cr(VI) and total Cr in paint aerosol, as well as
to determine the reduction of Cr(VI) in paint aerosol
samples.

Field study 1

Description of spray-painting operations. The size
distribution of total Cr in the breathing zone of work-
ers conducting chromate-based paint spraying opera-
tions was determined in this study. This field study
included six separate spray paint booths that
were each equipped with a High Volume Low-
Pressure (HVLP) mobile hand-held spray gun.
Three of the booths, A, B and C, were open face
booths with exhaust air baffles, located on their
back wall. In two of the open faced booths, A and
B, small airplane parts were brought via an automated
conveyor system and the workers sprayed these parts
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such that the spray was directed toward the back of
the booth. In the third open-faced booth C, the worker
walked into the booth and sprayed the large airplane
parts kept on tables. The sprayed paint aerosol was
directed toward the sides of the booth as well as the
rear of the booth. As a result, the worker was fre-
quently between the spray aerosol and the air baffles.
Paint booth D was enclosed and E was open at each
end. Large airplane skins (20’ x 10’) were sprayed in
booths D and E. An air supply system supplied fresh
air from the ceiling in booth D. The downdraft pushed
the paint spray down toward a gridded floor under
which there was a running stream of water that carried
the contaminated air away. Booth E was split into two
levels, a top level (E') and a floor level (E”). Spray
painting was done on both levels with two painters
working concurrently at each level, painting large
airplane skins (20" x 10"). An air supply system sup-
plied air from the ceiling in booth E. The downdraft
sent the air down past the painters in booth E’ and E”,
toward a gridded floor under which a running stream
of water carried the contaminated air away.

Paint products used were epoxy primers (Table 1).
The epoxy primer is a two-component coating con-
sisting of a base and a catalyst. The base reacts with
amines and polyamides in the catalyst to form
cross-links and chains that provide the coating with
its characteristics of toughness and flexibility
(Kroschwitz, 1994).

Every worker evaluated in this study used a full-
face air-purifying respirator with dual cartridges for
removing organic vapors and particulates at the time
of sampling. The company had a mandatory respira-
tory protection program.

Catalyst
Nitroethane

Resin system
polyamide resin

Epoxy resin,

Primary solvents
Sec butyl alcohol

Strontium chromate
Cobalt phosphate

Pigments

Sample collection. Three days of 8 h sampling
were conducted. Personal breathing zone air samples
of six workers spraying chromate-based paint in six
spray booths were collected at the aerospace facility.
An eight stage Marple personal cascade impactor
(Model 298, Graseby Andersen Samplers, Inc.,
Atlanta, GA, USA) was connected to a Dupont
P-2500 constant flow rate pump (model P-2500,
Du Pont Company, Wilmington, DE, USA) to collect
personal samples at 2 liters per minute (Lpm). In-line
pump calibration was performed with a Mini-Buck
calibrator (model M-5, A.P. Buck Inc., Orlando, FL,
USA) at the beginning and at the end of each sam-
pling period. The sampling media in the cascade
impactors consisted of 5.0 um pore-size PVC filters
(Graseby Andersen Samplers, Inc., Atlanta, GA,
USA) in which slots were custom-cut. A field
blank consisting of a PVC filter with slots, placed
in an open-face 37 mm filter cassette, was collected
with each impactor. The cascade impactors were
brought to the laboratory and refrigerated inside a
dessicator at the end of sampling. Impactors and filter
cassettes were then disassembled and filters were

Field study I: A/1, A/2,
C/all, E'/1, E'/3, E'/1, E"/3
Field study I: B/3

Booth/Day

Table 1. Primer products sprayed by paint booth and sampling day

Paint type
DEFT (44GNO11)

Aliphatic amine
Aliphatic amine
Nitroethane
Formaldehyde

Epoxy resin

Epoxy resin

Epoxy resin,
polyamide resin
Epoxy phenolic resin

2-Butoxyethanol
1,1,1-Trichloroethane
2-Butoxyethanol
1,1,1-Trichloroethane
Sec butyl alcohol
Methyl ethyl ketone
Tetrahydrofuran
Diacetone alcohol

Strontium chromate
Titanium dioxide
Calcium chromate
Titanium dioxide
Strontium chromate
Strontium chromate

Iron oxide

Field study II: D/all, E'/all, E"/all

Field study I: B/1, B/3,

D/all, E'/2, E"12

Field study II: F/all
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placed in acid-washed plastic petri dishes. Samples
were packed with dry ice and sent to a certified com-
mercial laboratory for analysis.

Sample preparation. Filters from each impactor
stage including the backup were prepared for Cr ana-
lysis according to the National Institute for Occupa-
tional Safety and Health (NIOSH) analytical method
7024 (NIOSH, 1994a). Three modifications were
introduced to the sample preparation method: (i) PVC
filters were used as sampling media instead of mixed-
cellulose ester (MCE) filters. Cr(VI) losses due to
reduction have been reported on MCE filters
(Gray, 1983; Dyg, 1994; Spini, 1994; OSHA,
1998) while minimal Cr(VI) reduction has been
reported on PVC filters (Molina and Abell, 1987;
NIOSH, 1994b; OSHA, 1998; Shin and Paik,
2000), (ii) ashing of the filters at 400°C in sample
preparation was omitted because PVC filters cannot
be ashed and (iii) the use of a hotplate during sample
preparation was replaced with a microwave.

Sample analysis. Digested samples were analyzed
for Cr by Inductively Coupled Plasma-Atomic Emis-
sion Spectrometry (ICP-AES) according to EPA SW
846 analytical method 6010B (U.S. EPA, 1996a). A
Perkin Elmer Plasma 40 instrument equipped with
a Perkin Elmer Autosampler AS90 (Perkin Elmer
Instruments, Norwalk, CT, USA) and a UV-vis
Detector model CHA-2 (Dionex Corp., Sunnyvale,
CA, USA) were used for sample analysis. Samples
with total Cr concentrations below the ICP-AES
method detection limit of 1 pg/L. were analyzed for
total Cr by Graphite Furnace Atomic Absorption
(GFAA) Spectrometry according to EPA method
218.2 (U.S. EPA, 1983). The GFAA method had a
detection limit of 0.004 pg/L. GFAA instruments
included a Perkin Elmer Zeeman 5100PC graphite
furnace tube equipped with a Perkin Elmer Autosam-
pler AS60 (Perkin Elmer Instruments, Norwalk, CT,
USA) and a UV-vis Detector model CHA-2 (Dionex
Corp., Sunnyvale, CA, USA). Quality control sam-
ples for total Cr analysis included instrument calib-
ration check samples, standard check samples,
replicates, blanks and spikes. A blank consisted of
deionized water.

Field study II

Description of spray-painting operations. To
study the size distribution of Cr(VI) and to determine
the valence state of Cr in the different size fractions of
primer paint aerosol, a second field study was con-
ducted at the same aerospace facility as in Field
Study 1. The Cr aerosol in priming operations from
four spray booths was evaluated. Two of the booths,
D and F were enclosed with a down-draft-water-wash
exhaust ventilation system. In these booths large
(20’ x 10') skins of airplane fuselage were sprayed
with primer. The three booths D, E’ and E” were the

same as evaluated in Field study I. Table 1 lists the
paint products sprayed in the spray booths.

The company had a mandatory respiratory protec-
tion program and every worker evaluated in this study
used a respirator at the time of sampling. Workers in
booths E/, E” and F wore disposable atmosphere-
supplying airline respirators with continuous flow
and a hood. The spray painter in booth D wore an
air-purifying full-face respirator with dual cartridges
for removing organic vapors and particulates.

Sample collection. Paint sprayers in the four spray
booths were sampled. Three 8 h personal breathing
zone samples from each of the four paint booths were
collected on three different days to estimate inter-day
variability. The sampling device was an eight-stage
Marple personal cascade impactor. Five- micrometer-
pore-size PVC filters with custom-cut slots were the
sampling media. Three field blanks were collected
with each sample. Each field blank consisted of a
PVC filter placed on the upper stage of a Marple
personal impactor. SKC constant flow rate pumps
(model 224-PCXR4, SKC Inc., Eighty Four, PA,
USA) were used to collect samples at a flow rate
of 2 Lpm. Sampling pumps were calibrated in-line
at the beginning and the end of each sampling period
using a Mini-Buck calibrator. Collected samples were
immediately refrigerated after sampling.

Three 1 ml samples of bulk paint were sampled
from each booth on each sampling day using a Rainin
Pipetman P100 adjustable to 1.0 pl (Fisher Scientific,
Pittsburgh, PA, USA), deposited on a 5.0 pm pore-
size PVC filter, placed in a beaker, sealed and refri-
gerated immediately. The solvents in the Cytec paint
product sampled in this field study damaged the filter
and so it could not be analyzed for Cr. Remaining
bulk Cytec paint samples were collected directly into
beakers containing Cr(VI) extraction solutions. A
blank filter was processed with each set of three
bulk samples.

Sample preparation for Cr(VI) analysis. Cascade
impactor filter samples, field blanks, bulk samples
and bulk blanks were prepared for Cr(VI) analysis
using NIOSH method 7604 (NIOSH, 1994b). The
extraction of Cr(VI) during sample preparation was
performed for 55 min. One filter blank, one reagent
blank and one blank spike were processed with each
set of samples for quality control. The blank spike
consisted of a solution containing known amounts of
Cr(VI) added to a blank filter. Each set of samples
consisted of 10 cascade impactor filters, 3 field
blanks, 3 bulk samples and a bulk blank. One set
of duplicates for every 10 filter samples were sent
fot analysis. A sample was split in half to make a pair
of duplicate samples. All glassware and bottles used
were soaked in a 1:1 HNO; solution overnight and
rinsed thrice with MILLI-Q ultra pure water
before use.
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Cr(VI) sample analysis. CARB method 425
(California EPA, 1997) was used to analyze the
alkaline extracts for Cr(VI) by ion chromatography
and spectrophotometry. An anion exchange separator
column, Dionex IonPac AS7 analytical column,
equipped with a Dionex NG1 guard column (Dionex
Corporation, Sunnyvale, CA, USA) was used to
separate Cr(VI) from other Cr species. The colored
Cr(VI)-diphenyl carbazide complex was detected by
a Dionex UV-visible detector VDM-2 (Dionex
Corporation, Sunnyvale, CA, USA) according to
EPA method 7196A (U.S. EPA, 1996b). Quality con-
trol samples for Cr(VI) analysis included instrument
calibration check samples, standard check samples,
replicates, blanks and spikes. A blank consisted of
deionized water.

Sample preparation for total Cr analysis. CARB
method 425 (California EPA, 1997) was used to pre-
pare samples for the analysis of residual Cr on filters
by ICP-AES. The total Cr digestion method included
one modification: 2 ml of 1,4-dioxane was added to
each sample before digestion in order to enhance the
digestion process. 1,4-dioxane was selected because
it is a polar organic solvent that can dissolve the
organic paint matrix. Empirical observation indicated
that 1,4-dioxane broke down the paint samples into
paint strands and filaments. This increased the surface
area of the paint exposed to the extraction solution
and enhanced the release of Cr from the paint matrix.
After the addition of 1,4-dioxane, each beaker
was covered with a watchglass for 30 min inside a
chemical fume hood. Beakers were uncovered and the
solvent allowed to evaporate completely. Paint
aerosol samples and quality control samples were
then subjected to acid digestion, following the
CARB method 425. One filter blank, one reagent
blank and one blank spike were processed with
each set of samples for quality control. Solutions
with known amounts of Cr(VI) were added to
blank filters to make blank spikes. Each set of
samples consisted of 10 cascade impactor filters, 3
field blanks, 3 bulk samples and a bulk blank. One
set of duplicates for every 10 filter samples were sent
for analysis. A sample was split in half to make a pair
of duplicate samples.

Total Cr sample analysis. Digested samples were
analyzed for Cr as described in Field Study I.

Data analysis

The total Cr and Cr(VI) content of filters from each
impactor stage and the backup stage were used to
calculate the mass fraction of total Cr and Cr(VI),
normalized for interval width in each aerosol sample.
This was done in order to describe the way in which
Cr is distributed among different particle size ranges.
The normalized mass fractions were averaged across
all samples. An upper limit of 35 pm was assumed

while computing the normalized mass fractions based
on a method for defining the upper limit of the first
impactor stage (Hinds, 1986). According to this
method, the selected upper limit of the first stage
can be twice the cutoff size for the first stage (2 X
21 pm = 42 pm) or the cutoff size for the first stage
times the ratio of cutoff sizes for the first and second
stages (21 pm X 21 um /15 pm =29 pm). In this case,
the average of the two methods, 35 pm, was used. The
cumulative mass fraction of total Cr in aerosol sam-
ples of Field Study I was calculated and averaged
across different samples. The average cumulative
mass fractions of total Cr in samples of Field
Study I were plotted on a log probability graph to
determine total Cr size distribution. The same proce-
dure was followed for determining the total Cr and
Cr(VI) size distribution in aerosol samples of Field
study II. The Geometric Standard Deviation (GSD)
of a size distribution was estimated only for the
lognormally distributed portion of the distribution
(particles >2 pm). A GSD was determined by the
ratio of particle size associated with a cumulative
count of 50% to that associated with a cumulative
count of 16%.

The ratio of Cr(VI) mass to total Cr mass was
determined for each particle size range of paint aero-
sol samples collected in Field Study II, in order to
estimate the contribution of Cr(VI) relative to total
Cr. The ratios were averaged across samples, within
each particle size range. The ratio of Cr(VI) to total
Cr was also determined in bulk paint samples. The
airborne Cr concentration was determined by sum-
ming up the Cr content across all the impaction
stages. An 8 h Time Weighted Average (TWA)
was calculated for each sample.

The percentage fractions of Cr deposited in the
head airways, tracheobronchial and alveolar regions
of the respiratory tract were estimated for each booth
based on a respiratory deposition model developed by
the International Commission on Radiological Pro-
tection (ICRP, 1994). Deposition fractions were esti-
mated for each size range of each sampled aerosol
based on equations developed by Hinds (1999). The
midpoint of each of the aerosol size fractions sampled
with a cascade impactor was used to estimate deposi-
tion fractions for the given size range. The calculated
deposition fractions that were estimated and the mass
of total Cr and Cr(VI) sampled in each particle size
range were used to compute the percentages of total
Cr and Cr(VI) mass deposited in the head airways,
tracheobronchial and alveolar regions of the respira-
tory system of an average adult. The percentages were
averaged across each spray booth.

The sampling results of booth A on the third sam-
plingday (A/3) and booth B onthe second sampling day
(B/2) were not included in the result analysis of Field
Study I because of accidental sample loss during hand-
ling. The sampling results of booth E” on the second
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sampling day (E”/2) in Field Study I were not analyzed
because many of the total Cr concentrations were
below the method detection limit. The ratio of Cr(VI)
to total Cr was not calculated for bulk paint samples of
booth F on the first and second sampling days of Field
Study II because the PVC filters were damaged by the
paint and were not available for total Cr analysis.

RESULTS AND DISCUSSION

The first objective of this investigation was to
determine the size distribution of Cr and Cr(VI) in
aerosols generated by chromate spray paint opera-
tions in an aerospace manufacturing facility and to
estimate the aerosol fractions deposited in different
regions of the respiratory tract. A second objective
was to evaluate the reduction of Cr(VI) in paint aero-
sol samples. The objective of Field Study I was to
determine the size distribution of Cr in spray paint
aerosol generated by priming operations of an aero-
space industry. Field Study II was conducted to assess
the size distribution of Cr and Cr(VI) in paint aerosol,
as well as to evaluate the reduction of Cr(VI). The
paint products in the field studies basically consisted
of sparingly soluble strontium chromate in an epoxy
resin matrix.

Size distribution of total Cr and Cr(VI)

Table 2 provides the mean and the standard devia-
tion of the percentage of total Cr and Cr(VI) parti-
culate mass in specified size ranges for both field
studies. The mass of total Cr and Cr(VI) in paint
aerosols consisted primarily of particles >10 pm.
Particles >10 pm represented 51.4-66.0% of the
total Cr mass in paint aerosol samples of Field
Study I, 65.2-73.0% of the total Cr mass in samples
of Field Study II and 64.2-70.5% of the Cr(VI) mass
in samples of Field Study II.

Cumulative total Cr and Cr(VI) mass fractions were
averaged for each particle size range, across paint
aerosol samples; the log probability graph of particle
diameter by percentage of particles less than a given
size is shown in Fig. 1. Particles >2 pum constituted
>90% of total Cr mass in all paint aerosols and were
lognormally distributed. Similarly, particles >2 um
constituted more than 90% of Cr (VI) mass in paint
aerosols and were lognormally distributed. Table 3
provides the Mass Median Aerodynamic Diameter
(MMAD) and GSD for the lognormally distributed
portion of aerosol size distributions averaged across
samples. The MMAD of total Cr particles ranged
from 9 to 40 pm in paint aerosol samples of Field
Study I and from 12 pm to 32 um in Field Study II.
Figure 1 indicates that the MMAD averaged 7.5 pm
(GSD = 2.7) for total Cr particles in Field Study I
and 7.0 pm (GSD = 2.7) for total Cr particles in
Field Study II.

The MMAD of Cr(VI) particles in paint samples of
Field Study II ranged from 11 to 19 um. It averaged
8.5 um (GSD = 2.2) when cumulative mass fractions
were averaged for each particle size range across
paint aerosol samples (Table 3).

Carlton and Flynn (1997) investigated the breath-
ing zone particle size distribution of an HVLP-
generated paint aerosol in the field. They directly
measured paint particle size with an optical micro-
scope to minimize bias from solvent evaporation.
They reported average MMDs of 18.9 and 14.8 pm,
depending on the direction of the airflow in the spray
booth with respect to the worker. In one of the booth
set ups described by Carlton and Flynn, the airflow
moved from the worker’s back, past the work piece
being painted and toward the booth exhaust baffles.
The authors referred to this set up as the ‘180°
position’. In this set up Carlton and Flynn reported
an average MMD of 14.8 um for paint aerosol. Three
of the six paint spray booths sampled in this study
(booths A, B and C) were similar to the set up of the
‘180° position’. These three booths resulted in total
Cr MMAD:s between 9 and 20 pm. The MMADs of
total Cr and Cr(VI) particles measured in this study
are consistent with the MMD of paint aerosol reported
by Carlton and Flynn (1997).

There was considerable variability in Cr aerosol
MMAD:s of Field Studies I and II (Table 3). Several
parameters may have affected paint aerosol size
distributions. Carlton and Flynn (1997) had demon-
strated that the worker’s position relative to the air-
flow in a paint booth strongly influences breathing
zone size distributions. There were four different
booth designs and three different ventilation systems
in this study (Table 5).

Paint composition is another factor that could have
contributed to the observed variability in MMADs
since five different paint products (Table 1) were
used in this study. Different paint compositions
may influence viscosity and resulting size distribu-
tion (Kim and Marshall, 1971; Ackley, 1980).

Atomization pressure at the spray gun nozzle has
been shown to directly affect the size distribution of
the aerosol it generates (Chan et al., 1986; Carlton
and Flynn. 1997). The atomization pressure of each
spray gun was unknown and may have differed from
one gun to another.

Evaporation of paint droplets could potentially
cause an error in measured particle size distribution.
Paint droplets leaving the spray gun were composed
of solid-Cr-containing particles surrounded essen-
tially by a solvent since powdered chromate salts
were mixed with solvents, resin systems and catalysts
to produce paint products (Table 1). The atomizing
air transported paint droplets from the spray gun
nozzle to the workpiece surface. During the transport
process, some of the paint solvent evaporates with a
concomitant decrease in paint droplet size. The size
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Table 2. Mean percentage and standard deviation of Cr aerosol by size range

Mass percentage (%) of Cr in specified size ranges®

<5 S5-1 1-2 2-3.5 3.5-6 6-10 >10
Field study I
Total Cr
Booth A
Mean 3.6 52 2.6 7.1 6.0 16.1 60.1
SD 5.0 34 3.6 1.8 5.8 1.1 153
Booth B
Mean 2.4 0.7 0.8 9.1 16.3 19.4 514
SD 0.7 0.2 1.1 0.9 59 2.5 9.1
Booth C
Mean 0.9 0.4 0.9 7.1 9.3 17.5 63.9
SD 1.6 0.3 1.0 5.0 2.3 7.4 13.2
Booth D
Mean 0.5 0.3 0.6 4.0 11.9 24.1 58.6
SD 0.1 0.3 0.6 2.8 3.0 2.1 6.5
Booth E
Mean 1.3 0.1 0.3 35 16.6 21.8 56.3
SD 1.3 0.1 0.4 1.9 44 3.7 6.3
Booth E”
Mean 29 1.3 1.0 2.9 9.5 16.4 66.0
SD 44 1.5 0.5 1.6 3.7 29 1.8

Mass percentage (%) of Cr in specified size ranges®

<5 S5-1 1-2 2-3.5 3.5-6 6-10 10-15 15-21 >21
Field Study II
Total Cr
Booth D
Mean 0.9 0.1 0.2 0.8 6.0 19.0 25.0 18.7 29.3
SD 0.3 0.0 0.1 0.3 2.5 5.6 4.4 2.0 4.7
Booth E
Mean 1.8 1.1 0.3 3.0 8.9 14.4 18.1 15.5 36.9
SD 2.0 1.5 0.2 3.0 5.5 6.8 34 33 15.3
Booth E”
Mean 0.5 0.4 0.2 1.4 8.5 18.6 23.7 17.5 29.2
SD 0.0 0.3 0.2 1.0 3.7 33 1.1 5.9 1.5
Booth F
Mean 0.2 0.4 1.7 2.9 7.0 22.6 31.1 16.2 17.9
SD 0.1 0.6 2.4 2.5 1.6 3.0 6.5 2.3 3.7
Cr(VI)
Booth D
Mean 1.3 0.2 0.3 1.0 7.3 19.4 27.9 18.9 23.7
SD 1.1 0.2 0.1 0.4 3.1 2.8 5.7 2.8 5.4
Booth E
Mean 1.0 0.1 0.3 4.8 9.2 15.7 20.9 17.6 30.4
SD 0.7 0.0 0.2 5.7 5.6 6.0 22 4.0 12.2
Booth E”
Mean 0.9 0.2 0.5 1.8 10.5 22.0 28.2 11.8 24.2
SD 0.5 0.1 0.3 1.6 6.8 6.9 4.2 15.7 4.8
Booth F
Mean 0.2 0.4 1.7 2.8 6.9 22.8 314 16.4 17.5
SD 0.1 0.6 2.6 2.5 1.6 3.0 6.8 2.4 3.8
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Fig. 1. Log probability graph of particle diameter by percentage of particle mass less than a given size".

Table 3. Average MMAD and average (GSD)* of Cr
in field Studies I and II

Mean MMAD (um) Mean Range
GSD (um)
Field study I
Total Cr 7.5 2.6 9-40
Field study II
Total Cr 12 2.7 12-32
Cr(VI) 8.5 2.1 11-19

“The GSD was estimated for the portion of the aerosol size
distribution >2 pum.

distribution of paint spray aerosol continually chan-
ged as the aerosol changed from ‘wet’ to ‘dry’, and
reached a steady size distribution after the evapora-
tion of solvents was complete. In this study, paint
spray was captured by cascade impactors in the
breathing zone of workers. It was assumed that the
aerosol captured by the cascade impactor is repres-
entative of the aerosol that would be inhaled by the
worker wearing the cascade impactor. Particles
impacted on the different stages of the cascade impac-
tor based on their aerodynamic size as they traveled
through the cascade impactor. The mass of Cr was
measured on each impactor stage to evaluate Cr size
distributions. Evaporation of paint solvents prior to
entering the inlet of a cascade impactor, and after
impaction, had no effect on the measured mass of
Cr on each stage because the Cr was part of the
solid fraction in the paint. Evaporation of solvents
may have occurred as the paint aerosol traveled
through the cascade impactor. This evaporation
would change the measured size distribution if
there is significant difference in fractional evapora-
tion with particle size during the time from when a
particle enters the impactor inlet to the time when it is
deposited on an impactor stage. The authors do not

believe this could cause a significant error in the
measured particle size distribution because the aver-
age transit time in the impactor, ~0.2 s, is brief com-
pared with the time for complete solvent evaporation,
which more than a minute. Transit time in the impac-
tor was estimated from the flow rate through the
impactor and the calculated air volume inside the
impactor. In addition, bulk paint products used in
the booths evaluated in this study had a maximum
solvent content of 75% by volume. If all the solvent
evaporated from a paint droplet, the final diameter
would be the cube root of (1-0.75), 63% of the ori-
ginal diameter. Thus a 10 um particle exiting the paint
spray gun will have a diameter of 6.3 pm after com-
plete evaporation of all the solvents in the particle.
Paint droplets were observed to be wet and sticky
when they deposited in the cascade impactor. So,
solvent evaporation was not complete at the time
of deposition and could not have caused a significant
error in the measured size distribution and their
MMADs.

Differential size distributions of total Cr and
Cr(VI)

Figure 2 depicts the normalized mass fraction/pm
of total Cr for 16 samples of paint spray aerosol
from Field Study I and 11 paint aerosol samples
from Field Study II. The figure shows that Cr mass
in Field Study I had a submicron fraction and a larger
fraction between 3.5 and 10 pm. Cr mass in Field
Study II consisted of a small fraction <0.5 pm in size
and a larger fraction between 6.5 and 10 pm. Cr(VI)
mass in Field Study II consisted of a small fraction
<0.5 pm in size and a larger fraction between 6.5 and
15 pm (Fig. 2). Therefore, observed size distributions
of total Cr and Cr(VI) particles in this investigation
were multi-modal, in agreement with paint aerosol
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Fig. 2. Chromium particle size distribution in paint spray aerosol®.

size distributions described by Ackley (1980), Kim
and Marshall (1971) and Kwok (1991).

Cr(VI) to total Cr mass ratio

A comparison of Cr(VI) mass to total Cr mass ratios
between different particle size ranges of paint aerosol
samples showed that the size of particles does not
affect the contribution of Cr(VI) relative to total Cr
in paint spray aerosol. Figure 3 provides a graph of the
ratio of Cr(VI) mass to total Cr mass for each particle
size fraction averaged across samples. It shows that
the average mass ratio of Cr(VI) to total Cr in differ-
ent size fractions of paint aerosol samples ranged
from 0.55 (£0.25) to 0.77 (£0.25) in 9 Deft paint
aerosol samples and from 0.72 (£0.23) to 0.99
(£0.01) in 3 Cytec paint aerosol samples. There
was no statistically significant difference between
the smallest and largest mean Cr(VI) to total Cr
mass ratio for Deft paint aerosol samples ( p-value=
0.08) or Cytec paint aerosol samples ( p-value =0.31),
in the different aerosol size fractions.

Cr in bulk paint products was predominantly in the
Cr(VI) valence state. Two paint products (Deft and
Cytec paints) were used in the spray booths evaluated
in Field Study II. The average ratio of Cr(VI) mass to
total Cr mass in bulk paint ranged from 0.98 (£0.02)
to 1.00 (£ 0.00) for 9 Deft paint samples taken from
3 paint booths. The average ratio was 0.96 (+ 0.02) for
bulk Cytec paint based on 3 bulk samples collected
from one spray booth.

The data indicate there was significant reduction of
Cr(VI) in Deft paint aerosol samples. The reduction
was not related to Cr aerosol particle size. A compar-
ison of Cr(VI)mass to total Cr mass ratios between
bulk paint and sprayed paint aerosol showed a
statistically significant difference for Deft paint
(p-value << 0.05) but not for Cytec paint ( p-value=
0.62). The Cr(VI) reduction occurred during or after

sample collection since 96—100% of the Cr was in the
Cr(VI) state in bulk paint samples, before the paint
was sprayed. It is unlikely that Cr(VI) underwent
reduction after sample collection, during sample
transportation or up to the beginning of sample
preparation because samples were refrigerated during
that time period. The stability of Cr(VI) in refriger-
ated paint samples has been reported by Molina and
Abell (1987) and Sabty-Daily et al. (2002). Sample
preparation and analysis methods are not likely to
have affected Cr(VI) reduction during sample analy-
sis since these methods have been validated for the
quantitative analysis of Cr(VI) (NIOSH, 1994b;
U.S. EPA, 1996b; California EPA, 1997; Sabty-Daily
et al., 2002). Cr(VI) reduction must have then
occurred during the 8 h sample collection time period
of Deft paint aerosol. These findings are in agreement
with the findings by other authors who observed
Cr(VI) reduction, during collection of airborne
Cr(VI) in samples of chromic acid mist (Research
Triangle Institute, 1988; Shin and Paik, 2000) and
welding fumes of chromium alloy steels (Gray, 1983).

Respiratory deposition of total Cr and
Cr(VI) aerosol

Table 4 provides the mean percentage of Cr aerosol
deposited in the head airways, tracheobronchial and
alveolar regions of the respiratory system. The esti-
mated percentage of total Cr and Cr(VI) aerosol in the
different respiratory sites was calculated based on
measured mass distributions. The major deposition
site of total Cr and Cr(VI) particles potentially
inhaled by the spray painters under the study was
the head airways region. The fraction of total Cr
and Cr(VI) expected to deposit in different regions
of the respiratory tract was estimated. In Field Study
I, the largest portion of the aerosol, an average of
65.7%, was estimated to deposit in the head airways.
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Fig. 3. Cr(VI) to total Cr ratio by particle size in paint aerosol samples®.

Table 4. Estimated Mean Percentage (SD) of Cr aerosol deposition in the head airways, tracheobronchial and alveolar regions

Booth Head airways region Tracheobronchial region Alveolar region

Field study I  Field study II Field study I  Field study II Field study I  Field study II

Total Cr Total Cr Cr(VI) Total Cr Total Cr  Cr(VI) Total Cr Total Cr  Cr(VI)
A 60.4 (0.7) - - 1.3 (0.6) - - 2.6 (1.1) - -
B 67.5 (2.3) - - 1.9 (0.4) - - 2.9 (0.4) - -
C 65.5 (2.2) - - 1.4 (0.5) - - 2.1 (0.9) - -
D 68.1 (1.2) 703 (1.2) 71.2(0.2) 1.4(0.3) 1.1 (0.2) 12(0.2) 2.0(0.5) 1.5(0.2) 1.7(0.3)
E 68.4 (2.0) 67.5 (4.4) 73.0(2.5) 1.6(0.2) 1.2(0.5) 1.5(05) 22(0.3) 1.9 (0.9) 2.1(0.6)
E" 63.2 (3.3) 70.7 (1.4) 727 (3.5) 1.1(0.1) 1.2(0.3) 15(0.6) 19(0.2) 1.7 (0.4) 2.0 (0.8)
F - 73.1 (1.4) 732 (15 - 1.5(0.2) 1402) - 39 (24) 2.1(04)
All booths  65.7 (3.3) 70.5(3.0) 71.8(24) 1.4(0.4) 1.3(0.3) 14(03) 22(0.6) 23 (1.5) 2.0(0.5)

Field Study II similarly showed that an average of
70.5% of the total Cr mass and 71.8% of the Cr(VI)
mass in the sampled paint aerosols may deposit in the
head airways. Study results showed that 2.2% of the
total Cr mass and 2.0% of the Cr(VI) mass potentially
inhaled by a paint sprayer could deposit in the alveo-
lar region of the respiratory system. The least likely
deposition site for inhaled Cr and Cr(VI) from spray
paint was the tracheobronchial region where only
~1.4% of the total Cr and Cr(VI) aerosol mass
could potentially deposit.

Particles deposited in the respiratory system are
subjected to various biological, physical and chemi-
cal processes including dissolution into body fluids
with absorption by the blood, uptake into cells by
phagocytosis and movement with mucus and body
fluids (Raabe, 1999). These processes vary from
one region of the respiratory system to another, there-
fore affecting the clearance and retention of particles
deposited in these different regions. This study
showed that 71.8% of Cr(VI) mass in the sampled
paint aerosols may deposit in the head airways region.

Airborne total Cr and Cr(VI) concentrations

Airborne Cr and Cr(VI) concentrations were meas-
ured in the process of collecting particle size distri-
bution and speciation data of paint aerosol. Table 5
lists the TWAs for total Cr and Cr(VI) exposures in
paint spray booths of Field Studies I and II. In Field
Study I, the highest mean total Cr airborne concen-
tration was 256 pg/m’ in 1 out of 6 sampled spray
booths. In Field Study II, the highest mean total Cr
airborne concentrations ranged from 196 to 332ug/m’
in 3 out of 4 sampled spray booths. Assuming most
of the Cr in the paint is in the Cr(VI) form, workers
in these spray booths were potentially exposed to
airborne Cr(VI) concentrations greater than the Occu-
pational Safety and Health Administration (OSHA)
Permissible Exposure Limit (PEL) of 100 pg/m? for
insoluble chromates (CFR, 2000). The Cr(VI) air
concentrations in Field Study II ranged from 19 to
327 pg/m’. The highest mean Cr(VI) air concentra-
tions were measured in booth D, 214 ug/m3 ,
and booth F, 190 ug/m3 . The Cr(VI) airborne
concentrations of 3 out of 4 sampled painters were
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Table 5. 8 h TWA for Cr exposures in paint booths

Booth Booth type 8 h TWA (ug/m’)

Field study I Field study 1T

Total Cr Total Cr Cr(VI)

Range Mean N Range Mean N Range Mean N
A Open/back-wall exhaust 1.0-9.5 53 3 - - 0 - - 0
B Open/back-wall exhaust 4.8-5.7 53 3 - - 0 - - 0
C Open/back-wall exhaust 4.7-8.2 6.5 3 - - 0 - - 0
D Enclosed/down draft 177-364 256 3 289-390 332 3 69-327 214 3
E Open/down draft 20-123 57 3 22-83 56 3 19-125 70 3
E” Open/down draft 11-38 23 3 205-302 253 3 65-275 170 3
F Enclosed/down draft - - 0 138-273 196 3 134-265 190 3

0ccupational Safety and Health Administration (OSHA) Permissible Exposure Limit (PEL): 100 pg/m® for insoluble

chromates (CFR, 2000b).

greater than the OSHA PEL of 100 pg/m® for
insoluble chromates.

In both Field Studies, workers wore respirators at
the time of sampling and this would have signifi-
cantly decreased their exposures to total Cr and
Cr(VI). Painters exposed to the highest airborne con-
centrations of Cr in Field Study I, were sprayers in
booths equipped with a down-draft/water-wash ven-
tilation system (Table 4). This data indicated that
down-draft/water-wash ventilation systems might
be less efficient than back-wall exhaust systems at
removing spray aerosol from the worker’s breathing
zone. This finding is not consistent with the results of
a study by Heitbrink et al. (1995) who investigated
the control of paint overspray in autobody shops. The
study concluded that downdraft spray-painting
booths minimize overspray exposure better than
crossdraft or semi-downdraft booths. The authors
attributed the efficiency of the studied downdraft
booths to their ability to move overspray away
from the worker toward the exhaust before the over-
spray mixes with the incoming fresh air. They also
noted that exposure to overspray occurred in down-
draft booths when overspray is inadvertently directed
toward the worker. In this study, workers sprayed
large pieces of airplane fuselage (10’ h x 20’ 1) in
the downdraft booths. The painters moved their arm
up and down to spray the fuselage while slowly walk-
ing forward along the side of the fuselage. Their
breathing zone was often between the overspray
and the exhaust. The overspray was generally visible
in the worker’s breathing zone. The worker wore
overalls with a hood as well as a full-face-air-purify-
ing respirator during spraying. The hood as well as the
rest of the overalls and respirator were typically cov-
ered with paint after spraying due to the overspray
reaching the worker before it was removed toward the
exhaust. Therefore, design of a ventilation booth is
only one of the factors that affect exposure of workers
to paint overspray in paint booths. Other parameters
that affect the exposure of a worker to overspray

during spray painting are size and shape of the part
being painted and movement of the worker’s hand,
arm and body as she or he applies the paint.

Limitations

Interpretation of the observed paint aerosol size
distributions was limited by the use of cascade impac-
tors as sampling devices. The cascade impactor col-
lected the total aerosol mass but had a cut off for the
first stage a diameter of 10 um, in Field Study I, and
21 pm in Field Study II. Therefore, it could not clas-
sify the part of the aerosol size distribution greater
than these cut-off diameters. Rubow et al. (1987)
evaluated the Marple cascade impactor used in this
study for sampling efficiency. They reported a
decrease in the sampling efficiency of the cascade
impactor for particles >7 pm in diameter; sampling
effectiveness was 84% for 10 um particles and ~60%
for 20 pm particles. Therefore, we cannot infer the
specific shape of the size distribution of Cr particles
in the size range >10 pm for Field Study I and
>21 pm for Field Study II.

CONCLUSION

The mass of total Cr and Cr(VI) in paint aerosol
samples of two field studies consisted primarily of
particles >10 pm. Seventy-two percent of Cr(VI)
mass in paint spray aerosol potentially inhaled by a
spray painter may deposit in the head airways region.
Further research is required on the bioavailability and
clearance of Cr and Cr(VI) to further define the toxi-
cokinetics and dosimetry of the compounds within
the epoxy matrix of paint. Cr(VI) reduction has been
observed during paint aerosol sampling. The use of
Cr(VI) stabilizing sampling media and maintaining
samples at lower temperatures is likely to result in
more accurate assessment of airborne concentration
levels of Cr(VI) from paint spray exposures.
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