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Worker Exposure to Volatile Organic Compounds

in the Vehicle Repair Industry

Michael P. Wilson, S. Katharine Hammond, Mark Nicas,

and Alan E. Hubbard

School of Public Health, University of California Berkeley, Berkeley, California

This study evaluated exposures among vehicle repair
technicians to hexane, acetone, toluene, and total volatile
organic compounds (VOCs). On randomly selected workdays,
we observed a characteristic pattern of solvent use among
36 technicians employed in 10 repair shops, each of which
used an aerosol solvent product. We obtained quantitative
exposure measurements from a subset of nine technicians
(employed in three of these shops) who used an aerosol
product containing hexane (25-35%), acetone (45-55%), and
toluene (5—10%). The time-weighted average (TWA) exposure
concentration for task-length breathing zone (BZ) samples
(n = 23) was 36 mgin® for hexane, 50 mgim® for acetone,
and 10 mg/m?® for toluene. The TWA area concentrations (n
= 49) obtained contemporaneously with BZ samples ranged
from 25% to 35% of the BZ concentrations. The solvent
emission rate (grams emitted/task time) was correlated with
the total VOC exposure concentration (R2 = 0.45). The
proportions of VOCs in the BZ samples were highly correlated
(r = 0.89 to 0.95) and were similar to those of the bulk
product. Continuous exposure measurements for total VOCs
(n = 1238) during 26 tasks produced a mean BZ VOC
“pulse” of 394 mg/m® within 1 min following initiation of
solvent spraying. The geometric mean air speed was 5.2
meters/min in the work areas (n = 870) and was associated
with 0.8 air changes per minute in the BZ. The findings
suggest that vehicle repair technicians who use aerosol solvent
products experience episodic, inhalation exposures to the
VOCs containedin these products, and the proportions of VOCs
in the breathing zone are similar to those of the bulk product.
Because acetone appears to amplify the severity and duration
of the neurotoxic effects of n-hexane, products formulated
with both hexane and acetone should be avoided. Further
evaluation of exposures to VOCs is needed in this industry,
along with information on effective alternatives to aerosol
solvent products.

Keywords automotive repair, exposure assessment, hexane, or-
ganic solvents, volatile organic compounds
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INTRODUCTION

R epair and maintenance of the mechanical function of
automobiles and trucks is typically a solvent-intensive
process that is performed without the benefit of engineering
controls or respiratory protection; the nature of solvent ex-
posures among workers in this industry, however, has yet to
be investigated. A recent case report described three vehicle
repair technicians with symptoms of peripheral neuropathy that
resulted from their use of an “aerosol” brake cleaning product
formulated primarily with hexane, acetone, and toluene.®)
These products are commercially available and consist of
disposable, pressured cans containing 400 to 600 grams of
mixed organic solvents.

During the period 1990 to 2002, aerosol products containing
hexane, acetone, and toluene were used extensively in the
vehicle repair industry. Commercial-grade hexane is a mixture
of isomers, of which 20—-80% consists of the neurotoxic isomer
n-hexane.®~® Exposure to n-hexane can produce symptoms of
peripheral neuropathy. Products formulated with both hexane
and acetone are of particular concern because the severity and
duration of the neurotoxic effects of n-hexane appear to be
amplified by acetone.

The present study was undertaken to characterize general
worker practices with respect to the use of aerosol solvent
products and to quantify exposures to hexane, acetone, and
toluene during typical vehicle repair tasks. Thirty-six techni-
cians in 10 repair shops were observed; a subset of 9 technicians
in three shops that used a commercially available aerosol
product containing hexane, acetone, and toluene (Product
#1) participated in quantitative exposure measurements. The
hexane fraction of Product #1 consisted of 50% n-hexane. The
term “hexane” as used herein therefore refers to commercial-
grade hexane that consists of 50% n-hexane.

Some attention is given to California in this study because
the first cases of n-hexane-induced peripheral neuropathy
in the vehicle repair industry were identified in the San
Francisco Bay Area and because air quality rules in that state
inadvertently created a market in this industry for solvent
products formulated with hexane (beginning in 1990) and
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hexane-acetone blends (beginning in 1997).7 Although intro-
duced in California, vehicle repair aerosol products blended
with both hexane and acetone were marketed nationally in this
industry during the period 1990 to 2002.(7

Employment in the Vehicle Repair Industry

Employment in the vehicle repair sector is large and
growing. About 818,000 vehicle repair technicians were em-
ployed in the United States in 2002.®) The majority of these
individuals worked for automotive dealerships, independent
vehicle repair shops, or vehicle service facilities at retail
department stores. Others worked for gasoline service stations;
taxicab and automobile leasing companies; and local, state, and
federal governmental agencies. In California, 80,100 vehicle
repair technicians (SOC code 49-3023) were employed in
2000, with a projected employment of 100,600 by 2010.
The job category of “automotive mechanic” was one of
several occupations with the greatest projected job growth in
California for the period 2000 to 2010.

Solvent Use in the Vehicle Repair Industry

Volatile organic solvents are used in the vehicle repair
industry for removing oil, grime, and grease from work
surfaces, and commercially available, disposable aerosol spray
cans are the most popular solvent delivery system. In fiscal year
1997, 12,413 metric tons of aerosol cleaning products were
sold in California.'” These consisted of 4258 metric tons of
brake cleaner, 4924 metric tons of engine degreaser, and 3231
metric tons of carburetor cleaner.

Among brake cleaners, 56% of sales consisted of nonchlori-
nated solvent blends and 44% of sales consisted of chlorinated
blends (primarily perchloroethylene).!'" Nearly all sales of
brake cleaners were to vehicle repair facilities; consumer sales
comprised less than 10% of total.'? In 2000, the California
Air Resources Board reported that 73% of repair facilities in
California that performed brake repair used aerosol solvent
products.(m From 1990 to 2002, 30 to 65% of sales of
nonchlorinated aerosol brake cleaning products in California
were formulated using between 25-90% hexane.” In fiscal
year 2000, an estimated 3.7 million cans of aerosol brake
cleaning products formulated with both hexane and acetone
were sold in California.”

Hexane Toxicity

Among the nonchlorinated brake cleaning products, those
formulated with hexane and acetone are of particular
concern.®-1% Following inhalation, the n-hexane isomer of
commercial-grade hexane is mediated by P-450 enzymes to
a neurotoxic species, 2,5-hexanedione (2,5-HD).(1>19 The
neurotoxicity of 2,5-HD appears to be related to protein cross-
linking mediated by pyrrole intermediates.!7-®)

The most widely reported health effect of human exposure
to n-hexane is peripheral neuropathy, a disease process char-
acterized by a gradual reduction in sensory and motor function
of the limbs that can advance to muscle atrophy.'*?9 Cases
of peripheral neuropathy among workers exposed to n-hexane
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have been reported in numerous industries.?'=2) Testicular
damage in males may be a second health endpoint of exposure
to hexane. Hexane-induced testicular toxicity has been ob-
served in rats®*=3% but not in mice.®> Animal studies suggest
that both the severity and duration of the neurotoxic effects of
n-hexane are amplified when exposure occurs simultaneously
with acetone®~*! or methyl ethyl ketone.#?~*>

Study Overview

This study employed qualitative and quantitative methods
to characterize solvent exposures among vehicle repair techni-
cians during typical repair tasks.“"*® Thirty-six technicians
in 10 repair shops were observed; a subset of nine technicians
in three shops that used a commercially available aerosol
product containing hexane, acetone, and toluene (Product #1)
participated in quantitative exposure measurements. These
measurements included task length, integrated breathing zone
(n = 23), and area (n = 49) samples for hexane, acetone,
toluene, methyl ethyl ketone (MEK) and mixed xylenes;
measurement of the solvent mass emitted during each task
(n = 23); continuous measurement sampling of breathing zone
volatile organic compounds (VOCs) (n = 1238); measurement
of air speed in the work areas (n = 780); and approximation
of the breathing zone air exchange rate.

METHODS

Description of the Study Sites

Thirty-six technicians employed in five, medium-sized,
independent vehicle repair facilities and five large dealerships
were observed during one to five randomly selected workdays.
All 10 facilities used aerosol brake cleaning products of various
types. A subset of nine technicians employed at three of
the medium-sized shops participated in quantitative exposure
measurements (Table I). These shops (Shops A, B, and C) were
selected because their workers, owners, and managers agreed
to participate in the assessment and because each shop used
Product #1.

The material safety data sheet (MSDS) indicated that Prod-
uct #1 contained hexane 25-35%, acetone 45-55%, toluene
5-10%, methanol <5%, MEK <2%, mixed xylenes <2%,
isopropanol <2%, and carbon dioxide 5—7%. Manufacturer
data indicated that 50% of the hexane fraction of Product #1
consisted of n-hexane. The design of the participating shops
was typical among the 10 shops visited during the study: Shops
A and B had one complete wall consisting of roll-up doors,

TABLE I. Site Characteristics

Study
Shop  Internal Vehicle Technicians Participants
ID Volume,m® Capacity Employed (%)
A 1064 6 5 3 (60)
B 806 5 4 4 (100)
C 2549 6 4 2 (50)
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whereas Shop C had a single roll-up door at the end of a
rectangular shop space.

Integrated Breathing Zone and Area Sampling

In Shops A, B, and C, integrated breathing zone and area
samples were obtained for hexane, acetone, toluene, MEK, and
mixed xylenes using 6 mm diameter, coconut shell charcoal
sorbent tubes.*” All breathing zone and area samples were
obtained during normal working conditions. Over a period of
9 workdays, task-length breathing zone samples were obtained
from nine technicians performing 23 separate tasks. Three task
categories were sampled: brake maintenance and repair (n =
13), scheduled service (n = 6), and engine/power-train repair
(n = 4). Brake maintenance and repair included inspection of
both front and rear brakes on all sampled tasks. Some vehicles
had rear drum brakes and some had rear disc brakes.

Scheduled service was performed on vehicles with 60,000
miles or more and included changing of engine oil. In
the engine/power-train category, the following tasks were
sampled: transmission work (n = 1), transfer case work (n
= 1), and replacement of the head gasket (n = 2). For
quality assurance purposes, six (26%) breathing zone samples
included two charcoal tubes in dual samplers (model 800148;
Gilian, Sensidyne Inc., Clearwater, Fla.).

Area samples were obtained on 49 charcoal tubes con-
temporaneously with 15 of the breathing zone samples. Area
samplers were placed at the following locations: the center of
the undercarriage of the work vehicle, 1 m from each side of
the vehicle, 2 m from the front of the vehicle, and 1 m from the
rear of the vehicle. Area samplers were also placed in adjacent
bays at 4 m and 8 meters away from the work vehicle. All area
samplers were placed at a height of 1.5-2.0 m above the shop
floor, with the work vehicle raised on the shop’s hydraulic
lift. For quality assurance purposes, six (12%) area samples
included two charcoal tubes in dual samplers.

All integrated breathing zone and area samples were
obtained using either Gilian Gilair 5 sampling pumps with
constant low flow modules (Gilian, Sensidyne Inc.) or PAS-
500 mini-pumps (Spectrex Inc., Cedar Grove, N.J.). The flow
rate was 100 mL/min. All pumps were calibrated before and
after each sampling day using a Gilibrator-2 Primary Flow Cal-
ibrator (Gilian, Sensidyne Inc.) with a representative charcoal
tube sampler in line. Differences in pre- and postcalibration
values were within 5% in all cases. Pre- and postcalibration
values were averaged to calculate the volume of air sampled. At
the end of each sample period, charcoal tubes were capped and
transported to the laboratory, where they were stored at —20°C.

Analysis of Integrated Samples

Charcoal from the front section of each tube was emptied
into 2-cc vials.*? A precalibrated pipette was used to introduce
1 cc of carbon disulfide into each of the vials, which were
then vibrated for 30 min on a developing vibrator (SKC, Inc.,
Eighty Four, Pa.) during desorption. Charcoal from the front
and back sections was analyzed separately for all breathing
zone samples and for 21 (38%) area samples that had been
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placed closest to the technicians’ work areas. No breakthrough
was observed except with acetone, which was identified in
the back section of six (26%) of the breathing zone samples,
with a mean breakthrough of 6.4%, and three (6%) of the area
samples, with a mean breakthrough of 13.7%.

Analysis was performed for commercial-grade hexane,
acetone, toluene, MEK, and mixed xylenes using a 30-m,
0.25 mm diameter DB-wax polar capillary column (J & W
Scientific, Folsom, Calif.). Nineteen breathing zone and 46
area samples were analyzed using a Hewlett-Packard (HP;
Palo Alto, Calif.) 5890 gas chromatograph with a flame
ionization detector (GC/FID). Four breathing zone and three
areas samples were analyzed using a HP 6890 gas chro-
matograph with a mass spectrometer (GC/MS). The GC/FID
was operated with a deactivated, straight split/splitless liner
(#1925-60540; Agilent, Inc., Palo Alto, Calif.) with a 33:1
splitratio. The GC/MS was operated with a deactivated, single
taper, split/splitless liner (#5062-3587; Hewlett Packard, Inc.)
with a 24:1 split ratio. Hewlett Packard Chemstation software
was used for management of GC operations.

Reagent grade calibration standards were prepared at seven
concentration levels for hexane and acetone and five concen-
tration levels for toluene, MEK, and mixed xylenes. High
concentration calibration standards were prepared for hexane
and acetone only. The GC peak area was plotted against the
concentration of the calibration standards for each analyte. The
coefficient of determination (R?) of the calibration standards
met or exceeded 0.999 prior to the analysis of samples.
Calibration standards were also analyzed after every sixth
sample over the duration of each sample run. The averaged
R? values for these standards met or exceeded 0.999 in each
sample run. Evaporative changes in the calibration standards
over the duration of each sample run were <1%.

For each calibration standard, the lowest concentration
within the linear portion of the calibration curve was used as the
limit of quantitation (LOQ).**-3" For the GC/FID, these were
hexane (33 g/mL), acetone (39 ng/mL), toluene (43 pg/mL),
MEK (40 pg/mL), and mixed xylenes (44 pg/mL). For the
GC/MS, these were hexane (16 pg/mL), acetone (20 png/mL),
toluene (22 pg/mL), MEK (20 pg/mL), and mixed xylenes
(22 pg/mL).

The exposure concentration represented by each charcoal
tube sample was derived by dividing the micrograms of solvent
collected by the volume of air sampled, in liters. All exposure
concentration values were within the calibration range for each
analyte. Results were adjusted to reflect desorption efficiencies
of 100%, 92%, 94%, 76%, and 91% for hexane, acetone,
toluene, MEK, and mixed xylenes, respectively. A total of
20 field blanks, 11 laboratory blanks, and 19 reagent blanks
produced zero signal for all analytes. The total coefficient
of variation (CV) contributed by the sampling pumps and
laboratory instruments together ranged from 5.5 to 11.6%.5D

Analysis of Bulk Samples
Bulk samples were obtained from five randomly selected
cans of Product #1 and analyzed for hexane, acetone, toluene,
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MEK, and mixed xylenes using a Hewlett-Packard 5890 gas
chromatograph with a flame ionization detector (GC/FID). The
GC/FID was operated as described above. Although MEK is
a minor constituent in Product #1, it was evaluated because
it is reported to amplify the neurotoxic effects of n-hexane.
Mixed xylenes were evaluated because of their neurotoxicity.
Methanol and isopropanol were not evaluated because they
have no known interaction with n-hexane and are minor
constituents in Product #1.

Measurement of Solvent Mass Emitted

The total mass of solvent emitted (grams) during each of
the 23 sampled tasks was measured using an electronic balance
(model 5000; Ohaus Inc., Pine Brook, N.J.) to weigh the
technician’s can of Product #1 before and at the completion
of the sampled task. The balance was factory calibrated
immediately prior to the study period and was calibrated before
and after each sampling day using a factory-supplied 2 kg
weight. The balance was reported by the manufacturer to
have a linear range of 0—5000 g with accuracy within £2 g.
Differences in pre- and postcalibration values were within 1%
in all cases.

Continuous Measurement of VOC Exposure Levels

Total breathing zone VOCs were measured using a pho-
toionization detector (PID) (#DL-101; Hnu Systems, Inc.,
Newton Highlands, Mass.) during 4 days in Shop A and
2 days in Shop B, simultaneously with air speed measurements.
Twenty-six separate tasks performed by nine technicians were
sampled, generating a total of 1238 individual breathing zone
samples lasting 15 sec each. Sampling periods ranged from 5.0
to 31.5 min. The PID was zeroed outside the shop in fresh air
prior to each of the 26 sampled tasks. Sampling was initiated
immediately before the technician began spraying Product #1.

To capture breathing zone VOCs, the tip of the PID probe
was placed over the technician’s shoulder at chin level. Sam-
pling was discontinued when the PID showed a breathing zone
VOC concentration equivalent to shop background levels for at
least 2 min. The PID was equipped with a 10.2 eV ultraviolet
(UV) lamp; quantitation was based on pentane equivalents.
For each sampling period, the PID was programmed to record
15-sec concentration values for total VOCs, the sample-length
TWA concentration, the maximum 15-sec concentration, and
the peak 3-sec concentration. The PID was factory calibrated
immediately prior to the study and was calibrated before
and after each sampling day using factory-supplied 100 ppm
pentane.

The PID was reported by the manufacturer to have a linear
range of 0.1 ppm to 400 ppm total VOC (0.30—1210 mg/m? for
Product #1) with +1% repeatability and a 90% response rate
in <3 seconds. All 15-sec samples were within the PID linear
range. Fourteen (54%) peak 3-sec samples exceeded the PID
linear range by 0.25% (1213 mg/m?) to 27% (1539 mg/m?).
Differences in pre- and postpentane calibration values were
within 2% in all cases.
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Measurement of Air Speed

An electronic anemometer (model 8384; TSI Inc., Shore-
view, Minn.) was used to measure air speed simultaneously
with continuous VOC measurements. On each of the sample
days, the roll-up doors in both shops were fully opened.
A total of 30 randomly selected air speed measurements
lasting 10-sec each was obtained during each of the 26 tasks
(n = 780). Samples were obtained in the front, middle,
and rear shop areas where technicians performed their work.
All air speed measurements were obtained within 1 m of a
working technician. The anemometer was factory calibrated
immediately prior to the study period and was reported by the
manufacturer to function properly within an air speed range
of <0.3 to 3048 m/min (1 to 9999 ft/min) with accuracy of
41 m/min (3 ft/min) and a response time of 200 milliseconds.

RESULTS

Observation of the Work Process

In the 10 shops observed, ambient air movement through
large, roll-up doors served as the primary source of ventilation
in the work areas. None of the 10 shops used local exhaust
ventilation (LEV) for removal of solvent vapors from the
work areas, and no technician was observed using respiratory
protection during aerosol solvent spraying. Solvent products
labeled as brake cleaners were used for all cleaning purposes,
not simply those related to brake work. Most technicians wore
latex gloves during repair work, which reduced contact with
grease and grime but did not serve as an effective barrier
against dermal contact with solvents. (On the recommendation
of the researchers, all shops switched their glove type to a more
solvent-resistant material during the course of the study.)

The day-to-day work of the technicians usually involved
some combination of tasks from three different groups:

m Group 1: Servicing of brakes, transmissions, differentials,
and steering systems

m Group 2: Tune-ups and scheduled service

m Group 3: Diagnosis and repair of electrical, cooling, and
heating systems.

Solvents were used extensively in Task Groups 1 and 2 and
rarely in Group 3. We found that technicians in the medium-
sized shops typically performed any combination of tasks in
Groups 1, 2, and 3 on a daily basis, whereas technicians in the
large dealerships tended to specialize in a single task, such as
brake work, transmission repair, or electrical work, which they
performed repeatedly each day. Based on these observations,
we concluded that solvent exposures due to direct use of aerosol
products would tend to be concentrated among a subset of
technicians employed in large dealerships and more evenly
distributed among technicians employed in small to medium-
sized shops. Shops A, B, and C were typical of medium-sized
vehicle repair operations in that the technicians employed in
these shops usually performed tasks from Groups 1, 2, and 3
on a daily basis.
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TABLE Il. Solvent Use Patterns
Total Spray

Task Solvent Use Duration, sec
Inspection Light 2to 10
Disassembly Moderate 10 to 30
Reinspection Heavy 30to 90
Repair/maintenance Moderate 10 to 30
Reassembly Light 2to 10
Reinspection Light 2to 10
Removal of oil and Light 2to0 10

grease marks

Notes: Thirty-six technicians employed in five, medium-sized, independent
vehicle repair facilities and five large dealerships were observed during 1 to
5 randomly selected workdays. All 10 facilities used aerosol brake cleaning
solvent products of various types.

The volume of aerosol solvent sprayed during a task
depended on the task type, the work practices of the tech-
nician, and the condition of the work vehicle. In general, the
technicians used these products in spray bursts lasting from 2
to 90 sec, with a typical burst lasting about 30 sec. The work
pattern and volume of solvent used during most tasks followed
a characteristic pattern, with the highest solvent use occurring

during the “re-inspection” period (Table II). Based on these
observations, we concluded that the exposure profile to VOCs
in this industry is episodic, as compared with continuous, both
within tasks and across workdays.

Integrated Breathing Zone Samples

The sample time for the 23 task-based breathing zone
samples ranged from 18 to 145 min, with an average time
of 94 min. Each sample represented the time necessary for
the technician to initiate and complete the repair task. Hexane,
acetone, and toluene were identified in all 23 breathing
zone samples (Table III and Figure 1). The proportions of
hexane, acetone, and toluene in each sample were correlated
in the 23 samples (hexane and acetone, r = 0.95; hexane
and toluene, r = 0.89) (Figure 2). MEK and mixed xylenes
were below the level of quantitation in all breathing zone
samples.

Integrated Area Sample

Hexane and acetone were identified in all 49 task-length,
integrated area samples; toluene was identified in 37 area
samples (Figure 3). MEK and mixed xylenes were below the
level of quantitation in all area samples. As in the breathing

TABLE lll. Breathing Zone Exposure Concentration Values for Task-Based, Integrated Samples
Task Worker Shop Hexane Acetone Toluene Total VOC Task Time Emission
Sample Category 1D ID (mg/m?) (mg/m?®) (mg/m?®  (mg/md) (min) Rate (g/min)
1 Brake inspection 1 A 12 9 3 24 133 5
2 Brake inspection 1 A 31 41 10 82 89 7
3 Brake inspection 2 A 15 21 6 41 145 4
4 Brake inspection 2 A 8 9 3 21 119 2
5 Brake inspection 2 A 96 146 17 258 46 10
6 Brake inspection 3 A 50 38 20 108 76 6
7 Brake inspection 4 B 55 112 15 182 104 7
8 Brake inspection 4 B 49 85 17 151 52 6
9 Brake inspection 5 B 43 90 19 152 18 9
10 Brake inspection 7 B 20 37 11 68 26 9
11 Brake inspection 8 C 31 32 6 69 109 11
12 Brake inspection 8 C 100 148 21 269 108 18
13 Brake inspection 9 C 23 24 5 51 110 1
14 Scheduled service 1 A 21 29 6 56 128 3
15 Scheduled service 2 A 2 2 2 6 128 1
16 Scheduled service 9 C 51 68 11 130 103 2
17 Scheduled service 3 A 14 22 6 42 115 5
18 Scheduled service 2 A 21 19 6 46 96 1
19 Scheduled service 1 A 60 86 20 101 112 5
20 Engine work 1 A 47 44 10 143 105 10
21 Engine work 6 B 49 83 11 146 84 6
22 Engine work 2 A 49 84 13 99 112 9
23 Engine work 1 A 31 48 20 166 52 8

Notes: Total VOC represents the sum of breathing zone exposure concentrations of hexane, acetone, and toluene. Emission rate represents total mass (g) of solvent

emitted during the task over the total task time in minutes.
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FIGURE 1. Breathing zone (BZ) exposure concentration values
(mg/m?3) for task-based, integrated samples (n = 23). Each box
represents the interquartile, or the central 50% of the distribution.
The middle line in each box represents the median. Whiskers depict
the upper and lower range of the data, to a maximum of 1.5 times
the interquartile range. Data exceeding this limit are represented
by a solid dot (moderate outliers), unless they exceed 3 times the
interquartile range, at which point they are represented by an open
dot (extreme outliers). No extreme outliers are shown.

zone samples, the proportions of hexane, acetone, and toluene
in the area samples were correlated (hexane and acetone,
r = 0.73; hexane and toluene, r = 0.83). The aggregate
TWA area concentrations were 33%, 28%, and 40% of the
TWA breathing zone concentrations for hexane, acetone, and
toluene, respectively.
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FIGURE 3. Area concentration values (mg/m?) for task-based,
integrated samples (n = 49). Area samples were obtained contem-
poraneously with 15 breathing zone samples. Each box represents
the interquartile, or the central 50% of the distribution. The middle
line in each box represents the median. Whiskers depict the upper
and lower range of the data, to a maximum of 1.5 times the
interquartile range. Data exceeding this limit are represented by
a solid dot (moderate outliers), unless they exceed 3 times the
interquartile range, at which point they are represented by an open
dot (extreme outliers). No extreme outliers are shown. Note scale
difference between breathing zone and area samples.

Bulk Samples
The mean fractions of hexane, acetone, and toluene in the

breathing zone and area samples were similar to those of the
bulk samples for Product #1 (Table IV).
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FIGURE 2. Fractions of hexane, acetone, and toluene in integrated breathing zone samples (n = 23). The fractions of hexane, acetone, and
toluene in each sample were correlated (r = 0.95 for hexane and acetone; r = 0.89 for hexane and toluene).
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TABLE IV. VOC Fractions in Breathing Zone and
Area Samples Compared with the Bulk Product

Fraction in Bulk

Fraction in Shop Samples Samples

BZ (n=23) Area(n=49) Range (n=25)

Mean SD Mean SD Lower Upper

Hexane  0.38 0.09 045 025 0.39 0.42
Acetone  0.51 0.14 041 025 0.35 0.38
Toluene 0.13 0.05 0.14 0.13 0.18 0.21

Solvent Mass Emitted

In the 23 integrated breathing zone samples, the mass of
solvent emitted over the duration of the task (g/min) was
correlated with the breathing zone exposure concentration for
total VOCs (mg/m?) (Figure 4). In a simple linear regression
model, g/min explained 45% of the variability in the total VOC
component of variance (R? = 0.45) (y = 12x + 29; 95%
CI = £6.0 mg/m?).

Continuous Measurement of VOC Exposure Levels
The PID measurements supported the observation that

exposure to VOCs was episodic over the duration of a task

and highest during the initial minutes of solvent spraying.

In the 26 tasks sampled with the PID, the maximum 15-
sec value exceeded the sample length TWA by 5.1 times
on average. The peak 3-sec value exceeded the sample-
length TWA by 8.4 times on average. Aggregated PID data
from the first 4.75 min of the re-inspection phase of the 26
tasks (during which solvent spraying occurred for the first
30 to 90 sec) showed an average VOC exposure “pulse”
of 394 mg/m3 95% CI = 337, 452 mg/m3) at 75 sec that
declined to 114 mg/m® (95% CI = 56, 171 mg/m?) at 165 sec
(Figure 5). Median exposure values closely tracked those of the
mean.

Air Speed

Air speed data were lognormally distributed (n = 780). The
geometric mean (GM) air speed ranged from 2.6 to 8.6 m/min
(8.6t028.3 ft/min). The geometric mean for all 6 sampling days
was 5.2 m/min (GSD 0.91) (17 ft/min, GSD 3.0). In general,
air speed was slower in work areas located in the rear of the
shops compared with front areas, which were closer to the roll-
up doors (p < 0.05). The GM air speed was 3 and 4 m/min (10
tol2 ft/min) in rear and middle work areas, respectively, and
12 m/min (38 ft/min) in front work areas.

Breathing Zone Air Exchange Rate

We used the continuous VOC measurement data to ap-
proximate the effective breathing zone air exchange rate, as
described by the solvent vapor decay region occurring between

300

y=11.95x+29.0
R*=045

250

3

[\
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!
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Total VOC exposure conc., mg/m
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10 12 14 16 18 20
Grams emitted/minute
FIGURE 4. Solvent emission rate (g/min) and exposure to VOCs (mg/m?). The solvent emission rate (g/min) and exposure to volatile organic

compounds (VOCs), mg/m? in task-based breathing zone samples during the use of Product #1 (p < 0.01) (n = 23). Each data point represents
the total grams of VOCs emitted by a worker during a task, over the total task time (95% Cl = +6.0 mg/m?).
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FIGURE 5. Continuous breathing zone exposure concentration to total VOCs, mg/m? (pentane equivalents). At time = 0, the technician
initiated spraying of product # 1. Spraying lasted between 30 and 90 sec. Each data point represents the arithmetic mean of 26, 15-sec TWA
breathing zone exposure values, obtained during 26 different tasks in Shop A (over 4 workdays) and Shop B (over 2 workdays). Median values
and 95% Cls are also shown. Data were collected using a photoionization detector positioned in the technician’s breathing zone.

75 and 165 sec (Figure 5). During this time period, the exposure
concentration for total VOCs in the 26 tasks decreased from
394 mg/m? to 114 mg/m?3. The shape of the individual decay
curves in the PID data suggested that the decay profile would
be defined most appropriately using an exponential decay
equation. This analysis produced a breathing zone air exchange
rate of about 0.8 air changes per minute (95% CI = 0.61, 1.2).
This breathing zone air change rate was associated with the
geometric mean air speed of 5.2 m/min (17 ft/min).

DISCUSSION

his study characterized several aspects of exposure to
VOCs among workers in the vehicle repair industry

that are of practical value to public health and to exposure
assessment for epidemiological research in this industry. With
regard to public health, the study illustrates that workers in
this industry use aerosol cleaning products under uncontrolled
conditions. As a consequence, they receive an inhalation dose
of VOCs during each use. This dose occurs in proportions that
are approximately similar to those of the bulk product. This is of
particular importance when the product mixture produces addi-
tive or synergistic effects, as in the case of hexane and acetone.
For epidemiological research, the study illustrates that (a)
there is a characteristic pattern of aerosol solvent use that is
largely independent of the task type, shop, or individual; (b) as
a consequence, there is a correlation between the task-based

308 Journal of Occupational and Environmental Hygiene

solvent emission rate (g/min) and the breathing zone VOC
exposure concentration (mg/m3)(R2 = 0.45); (c) the greatest
exposures occur in the first 1 to 2 min following initiation
of spraying; and (d) the proportions of constituent solvents
in both breathing zone and area integrated samples generally
reflect those of the bulk product.

The results of the observations and continuous measure-
ments demonstrate that VOC exposures are episodic during the
use of aerosol solvent products. Presumably, exposure pulses
such as these would be of greatest concern for substances
that produce immediate health effects without the need for
metabolic activation.®? In the case of n-hexane, Perbellini®?
has demonstrated that the rate-limiting factor for peripheral
neurotoxic effects is delivery of the n-hexane molecule to the
liver, where it is activated to the neurotoxic metabolite, 2,5-
hexanedione. It therefore appears that the risk of peripheral
neurotoxic effects from inhalation of n-hexane would be sim-
ilar under both episodic and continuous exposure conditions,
assuming the total mass of inhaled n-hexane is similar.

The relationship of the emission rate (g/min) to the breath-
ing zone exposure concentration (mg/m?®) for total VOCs
would be expected to apply in most vehicle repair tasks because
the mass of solvent applied over the duration of the task
is the most important driver of exposure. Other exposure
factors would not be expected to vary considerably among
technicians, tasks, and shops. These are (a) the distance
from the breathing zone to the sprayed surface (generally
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the length of the technician’s arm); (b) the vapor pressure of
the solvents used, which are fairly high and of similar range
among nonchlorinated VOCs; and (c¢) the air change rate in
the breathing zone, which in the absence of local exhaust
ventilation or air moving fans is minimal.

This relationship can be of practical value in assessing
exposure when the mass of solvent applied per unit time
can be established. For example, in the case of brake work
(n = 13), the average solvent emission rate was 7.0 g/min.
The model produces an estimated task-length VOC exposure
concentration of 113 mg/m3(95% CI = 107, 119). The
fraction analysis of Product #1 suggests that the proportions
of the individual solvents within this VOC estimate can be
approximated based on the formulation of the bulk product.

CONCLUSIONS

his study characterized exposures to mixed VOCs among

vehicle repair technicians who used commercially avail-
able, nonchlorinated, aerosol, brake cleaning solvent products.
Extensive use of these products in the absence of local exhaust
ventilation or respiratory protection was observed during
visits to 10 vehicle repair shops. Solvent use appeared to be
concentrated among a subset of workers at the largest shops
but distributed evenly among workers in medium-sized shops.
Quantitative measurements among a subset of workers showed
an episodic exposure profile, with ventilation conditions that
did not prevent VOC vapors from entering the breathing zone.
The study produced a number of findings that are of practical
value to public health and epidemiological research. Further
evaluation of exposures to VOCs is needed in this industry,
along with information on effective alternatives to aerosol
products that contain VOCs.

ACKNOWLEDGMENTS

or invaluable assistance with this study, the authors thank
Julia Quint, James Cone, and Robert Harrison of the
Occupational Health Branch of the California Department
of Health Services; Robert Spear and Charles Perrino of the
School of Public Health, University of California, Berkeley;
Tony Andreoni and Mark Williams of the California Air
Resources Board; and Dan Chin, Ken Wright, Doug Hatakita,
and Terry Mikula of the California vehicle repair industry.
This research was funded by the Northern California
Education and Research Center of the National Institute for
Occupational Safety and Health; the University of California
Toxic Substances Research and Teaching Program; and the
Hazard Evaluation System and Information Service (HESIS)
of the California Department of Health Services.

REFERENCES

1. Caldwell, D., T. Armstrong, N. Barone, J. Suder, and M. Evans:
Hydrocarbon solvent exposure data: Compilation and analysis of the
literature. Am. Ind. Hyg. Assoc. J. 61:881-894 (2000).

Journal of Occupational and Environmental Hygiene

10.

16.

17.

19.

20.

. Harrison, R., L. Israel, P. Larabee, et al.: n-Hexane-related periph-

eral neuropathy among automotive technicians—California, 1999-2000.
MMWR 50:1011-1013 (2001).

. American Conference of Governmental Industrial Hygienists

(ACGIH®): n-Hexane: TLV® Chemical Substances, 7th Edition Docu-
mentation. Cincinnati, Ohio: ACGIH, 2001.

. Verschueren, K.: Handbook of Environmental Data on Organic Chemi-

cals, 4th Edition. New York: John Wiley & Sons, Inc., 2001. p. 1269.

. International Program on Chemical Safety (IPCS), World Health

Organization (WHO): n-Hexane. In Environmental Health Criteria 122.
Geneva: WHO, 1991. p. 9.

. Kroschwitz, J., and M. Howe-Grant: Encyclopedia of Chemical Tech-

nology, 4th Edition. New York: John Wiley & Sons, Inc., 1995. pp. 826—
829.

. Wilson, M.: “n-Hexane Exposure in the California Vehicle Repair

Industry: Risk Assessment and Policy Analysis.” Doctoral diss., School
of Public Health, University of California, Berkeley, 2003.

. U.S. Department of Labor (USDOL), Bureau of Labor Statistics

(BLS): Automotive service technicians and mechanics. In Occupa-
tional Outlook Handbook 2002-2003 Edition. Washington, D.C.: BLS,
2002.

. “Occupations with Greatest Growth, 2000-2010.” [Online] Available

at http://www.calmis.ca.gov/FILE/OCCPROJ/cal$F&G.htm (Accessed
May 19, 2004).

“1997 Consumer and Commercial Products Survey.” [Online] Available
athttp://www.arb.ca.gov/consprod/regact/ccps/ccps.htm (http://www.arb.
ca.gov/consprod/regact/ccps/ccps.pdf) (Accessed February 9, 2006).

. California Environmental Protection Agency, California Air Re-

sources Board: “Staff Report: Initial Statement of Reasons for the
Proposed Airborne Toxic Control Measure for Emission of Chlorinated
Toxic Air Contaminants from Automotive Maintenance and Repair
Activities.” Sacramento: California Environmental Protection Agency,
March 2000. p. V-6.

. California Environmental Protection Agency, California Air Re-

sources Board: “Staff Report: Initial Statement of Reasons for the
Proposed Airborne Toxic Control Measure for Emission of Chlorinated
Toxic Air Contaminants from Automotive Maintenance and Repair
Activities.” Sacramento: California Environmental Protection Agency,
March 2000. p. V-1.

. California Environmental Protection Agency, California Air Re-

sources Board: “Staff Report: Initial Statement of Reasons for the
Proposed Airborne Toxic Control Measure for Emission of Chlorinated
Toxic Air Contaminants from Automotive Maintenance and Repair
Activities.” Sacramento: California Environmental Protection Agency,
March 2000. p. V-5.

. U.S. Public Health Service (PHS), U.S. Department of Health and

Human Services (DHHS), Agency for Toxic Substances and Disease
Registry (ATSDR): Toxicological Profile for Hexane. Washington, D.C.:
ATSDR, 1999.

. Tofgard, R., T. Haaparanta, and L. Eng: Rat lung and liver microsomal

cytochrome P-450 isozymes involved in the hydroxylation of n-hexane.
Biochem. Pharmacol. 35:3733-3738 (1986).

Veulemans, H., D. Groeseneken, and R. Masschelein: Experimental
human exposure to n-hexane. Study of the respiratory uptake and
elimination of n-hexane concentrations in peripheral venous blood. /nt.
Arch. Occup. Environ. Health 49:251-263 (1982).

Graham, D., V. Amarnath, W. Valentine, S. Pyle, and D. Anthony:
Pathogenic studies of hexane and carbon disulfide neurotoxicity. Crit.
Rev. Toxicol. 25:91-112 (1995).

. Genter St. Clair, M.B., V. Amarnath, and M. Moody, et al.:

Pyrrole oxidation and protein cross-linking as necessary steps in the
development of diketone neuropathy. Chem. Res. Toxicol. 1:179-185
(1988).

Arlien-Soborg, P.: Solvent Neurotoxicology. Boca Raton, Fla.: CRC
Press, 1992. pp. 155-183.

Asbury, A.: Diseases of the peripheral nervous system. In Harrison’s
Principles of Internal Medicine, 1998. pp. 2457-2469.

May 2007 309



20:32 19 August 2010

[Centers for Disease Control and Prevention] At:

Downl oaded By:

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

310

Herbert, R., F. Gerr, J. Luo, D. Harris-Abbott, and P. Landrigan:
Peripheral neurologic abnormalities among roofing workers: Sentinel case
and clinical screening. Arch. Environ. Health 50:349-354 (1995).
Takeuchi, Y.: n-Hexane polyneuropathy in Japan: A review of n-
hexane poisoning and its preventive measures. Environ. Res. 62:76-80
(1993).

Chang, C., C. Yu, K. Fong, et al.: n-Hexane neuropathy in offset printers.
J. Neurol. Neurosurg. Psychiatry 56:538-542 (1993).

Huang, C., T. Shih, S. Cheng, S. Chen, and P. Tchen: n-Hexane
polyneuropathy in a ball-manufacturing factory. J. Occup. Med. 33:139—
142 (1991).

Mutti, A., A. Cavatorta, S. Lucertini, G. Arfini, M. Falzoi, and 1.
Franchini: Neurophysiological changes in workers exposed to organic
solvents in a shoe factory. Scand. J. Work, Environ. Health 8(Suppl.
1):136-141 (1982).

Wang, J., Y. Chang, K. Kao, C. Huang, C. Lin, and W. Yeh: An outbreak
of n-hexane induced polyneuropathy among press proofing workers in
Taipei. Am. J. Ind. Med. 10:111-118 (1986).

Sanagi, S., Y. Seki, K. Sugimoto, and M. Hirata: Peripheral nervous
system functions of workers exposed to n-hexane at a low level. Int. Arch.
Occup. Environ. Health 47:69-79 (1980).

Herskowitz, A., N. Ishii, and H. Schaumburg: n-Hexane neuropathy.
A syndrome occurring as a result of industrial exposure. N. Engl. J. Med.
285:82-85 (1971).

Yamamura, Y.: n-Hexane polyneuropathy. Folia Psychiatr. Neurol. Jpn.
23:45-57 (1969).

Richburg, J., D. Redenbach, and K. Boekelheide: Seminferous tubule
fluid secretion is a Sertoli cell microtubule-dependent process inhibited
by 2,5-hexanedione exposure. Toxicol. Appl. Pharmacol. 128:302-309
(1994).

Boekelheide, K.: Rat testis during 2,5-hexanedione alters microtubule
assembly. I. Testicular atrophy, not nervous system toxicity, correlates
with enhanced tubulin polymerization. Toxicol. Appl. Pharmacol. 88:370—
382 (1987).

Boekelheide, K.: Rat testis during 2,5-hexanedione intoxication and re-
covery. II. Dynamic of pyrrole reactivity, tubulin content and microtubule
assembly. Toxicol. Appl. Pharmacol. 92:28-33 (1988).

Nylen, P., M. Hagman, and A. Johnson: Testicular atrophy and loss
of nerve growth factor-immunoreactive germ cell line in rats exposed to
n-hexane and a protective effect of simultaneous exposure to toluene or
xylene. Arch. Toxicol. 63:296-307 (1989).

Martino, C., W. Malorni, and M. Amantini: Effects of respiratory
treatment with n-hexane on rat testis morphology. I. A light microscopic
study. Exp. Mol. Pathol. 46(2):199-216 (1987).

Dunnick, J., D. Graham, and R. Yang: Thirteen-week toxicity study of
n-hexane in B6C3F1 mice after inhalation exposure. Toxicology 57:163—
172 (1989).

Ladefoged, O., K. Roswall, and J. Larsen: Acetone potentiation and
influence on the reversibility of 2,5-hexanedione-induced neurotoxicity
studied with behavioural and morphometric methods in rats. Pharmacol.
Toxicol. 74:294-299 (1994).

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

Journal of Occupational and Environmental Hygiene

Ladefoged, O., U. Hass, and L. Simonsen: Neurophysiological and
behavioural effects of combined exposure to 2,5-hexanedione and acetone
or ethanol in rats. Pharmacol. Toxicol. 65:372-375 (1989).

Ladefoged, O., and L. Perbellini: Acetone-induced changes in the
toxicokinetics of 2,5-hexanedione in rabbits. Scand. J. Work, Environ.
Health 12:627- 629 (1986).

Lam, H., J. Larsen, O. Ladefoged, A. Moller, P. Strange, and P.
Arlien-Soborg: Effects of 2,5-hexanedione alone and in combination
with acetone on radial arm maze behavior, the “brain-swelling” reaction
and synaptosomal functions. Neurotoxicol. Teratol. 13:407-412 (1991).
Larsen, J., M. Lykkegaard, and O. Ladefoged: Infertility in rats induced
by 2,5-hexanedione in combination with acetone. Pharmacol. Toxicol.
69:43-46 (1991).

Strange, P., O. Moller, H. Ladefoged, J. Lam, P. Larsen, and P. Arlien-
Soborg: Total number and mean cell volume of neocortical neurons in
rats exposed to 2,5-hexanedione with and without acetone. Neurotoxicol.
Teratol. 13:401-406 (1991).

Ichihara, G., I. Saito, M. Kamijima, et al.: Urinary 2,5-hexanedione
increases with potentiation of neurotoxicity in chronic coexposure to
n-hexane and methyl ethyl ketone. Int. Arch. Occup. Environ. Health
71:100-104 (1998).

Ralston, W., R. Hilderbrand, D. Uddin, M. Andersen, and W. Gardier:
Potentiation of 2,5-hexanedione neurotoxicity by methyl ethyl ketone.
Toxicol. Appl. Pharm. 81:319-327 (1985).

Takeuchi, Y., Y. Ono, N. Hisanaga, et al.: An experimental study of the
combined effects of n-hexane and methyl ethyl ketone. Br. J. Ind. Med.
40:199-203 (1983).

Altenkirch, H., H. Wagner, G. Stoltenburg-Didinger, and R. Steppat:
Potentiation of hexacarbon neurotoxicity by methyl ethyl ketone and
other substances: Clinical and experimental aspects. Neurobehav. Toxicol.
Teratol. 4:623-627 (1982).

Quinn, M.: Exposure assessment in epidemiology and practice: Mind the
gap! Am. Ind. Hyg. J. 63:384-389 (2002).

Stewart, P., and M. Stenzel: Exposure assessment in the occupational
setting. Appl. Occup. Environ. Hyg. 15:435-444 (2000).

Burstyn, 1., and K. Teschke: Studying the determinants of exposure: A
review of methods. Am. Ind. Hyg. J. 60:57-72(1999).

National Institute for Occupational Safety and Health (NIOSH):
Aliphatic hydrocarbons. In NIOSH Manual of Analytical Methods
(NMAM). Washington, D.C.: NIOSH, 1990.

Stern, M., and S. Mansdorf: Applications and Computational Elements
of Industrial Hygiene. Boston, Mass.: CRC, 1999.

National Institute for Occupational Safety and Health (NIOSH):
Occupational Exposure Sampling Strategy Manual (Pub. No. 77-173).
Washington, D.C.: NIOSH, 1977. p. 81.

Rappaport, S., and R. Spear: Physiological damping of exposure
variability during brief periods. Ann. Occup. Hyg. 32:21-33 (1988).
Perbellini, L., P. Mozzo, F. Brugnone, and A. Zedde: Physiologico-
mathematical model for studying human exposure to organic solvents:
kinetics of blood/tissue n-hexane concentrations and of 2,5-hexanedione
in urine. Br. J. Ind. Med. 43:760-768 (1986).

May 2007



