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Some beryllium processes, especially machining, are associated with
an increased risk of beryllium sensitization and disease. Little is known
about exposure characteristics contributing to risk, such as particle size.
This study examined the characteristics of beryllium machining expo-
sures under actual working conditions. Stationary samples, using
eight-stage Lovelace Multijet Cascade Impactors, were taken at the
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breathing zone by using a Marple Personal Cascade Impactor and a
35-mm closed-faced cassette. More than 50% of the beryllium machin-
ing particles in the breathing zone were less than 10 pm in aerodynamic
diameter. This small particle size may result in beryllium deposition into
the deepest portion of the lung and may explain elevated rates of
sensitization among beryllium machinists.
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n late 1949, the US Atomic Energy
Commission recommended the cur-
rent beryllium occupational exposure
levels for use by Atomic Energy
Commission contractors." The adop-
tion and use of these levels reduced
the occurrence of acute beryllium
disease and initially appeared to re-
duce the occurrence of chronic beryl-
lium disease (CBD)."'? Some re-
searchers suggested that the few
reported cases of CBD observed dur-
ing the 1960s and 1970s were likely
related to higher previous exposures
or to exposure excursions beyond the
recommended levels,> 4 although
low-level exposures had been linked
to chronic disease in other investiga-
tions.> ¢

Beginning in the 1980s, research-
ers began to report CBD in individ-
uals with low average exposures.
Cullen et al’ reported five cases of
CBD in a precious metal refinery,
four of which developed in an area
where exposures were believed to be
consistently below the 2-ug/m® per-
missible exposure limit according to
the Occupational Safety and Health
Administration (OSHA). Kreiss et
al® also reported beryllium sensitiza-
tion and CBD in a modern beryllium
ceramics facility where median mea-
sured beryllium exposures were be-
low the standard.

In the 1980s, the refinement and
workplace application of a berylli-
um-specific lymphocyte prolifera-
tion blood test facilitated the identi-
fication of individuals sensitized to
beryllium and the early diagnosis of
CBD.’ Multiple epidemiologic in-
vestigations using this medical sur-
veillance tool have revealed that both
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sensitization and disease continue to
occur. In a study of nuclear weapons
plant beryllium machinists, we ob-
served a sensitization rate of 11.8%
(6 of 51) with 7.8% (4 of 51) having
documented CBD.'° Further study at
the same workplace of another 895
workers revealed a plant-wide beryl-
lium sensitization rate of 2.0%
among workers with beryllium expo-
sure and with 12 of the 18 having a
diagnosis of CBD.'! A beryllium
sensitization rate of 9.4% was re-
ported in a group of 646 workers
studied at a beryllium manufacturing
plant’> as well as a rate of 3.5%
among 227 self-reported beryllium
exposed individuals working with
beryllium ceramics.'? In each epide-
miologic study, although high expo-
sure work tasks were associated with
elevated disease risk, cases of sensi-
tization and disease were also de-
tected among individuals with seem-
ingly trivial bystander exposures,
such as security guards, managers,
secretaries, and spouses.'* In addi-
tion, exposure to beryllium copper
mixtures with low beryllium percent-
ages have been shown to result in
CBD.'>'%1¢ These studies show
consistently that beryllium sensitiza-
tion and CBD continue to occur in
industry even when measured expo-
sures are believed to be below the
current OSHA standard. The incor-
rect conclusion that CBD was disap-
pearing under the Atomic Energy
Commission standard? may have
been contributed to, in part, by
missed diagnoses, decline in report-
ing of new cases to the US Beryllium
Disease Case Registry, and the long
latency between exposure and ob-
servable disease in some individuals.

Researchers have found that the
rates of beryllium sensitization and
CBD do not seem to be evenly dis-
tributed among the employees ex-
posed to beryllium. Although some
studies have linked duration and
amount of beryllium exposure to
sensitization or disease,'> other re-
searchers have suggested that sensi-
tization and disease rates may be
influenced by other factors such as

chemical form or particle size. Kreiss
et al'? conducted a study at a beryl-
lium manufacturing facility and re-
ported higher than expected rates of
CBD in individuals working with
beryllium-containing ceramics and
among individuals producing beryl-
lium metal. Other studies have found
that employees involved in machin-
ing beryllium have higher sensitiza-
tion and disease rates.® !* In a recent
study from Japan, beryllium sensiti-
zation was associated with exposures
as low as 0.01 pg/m>.'®

Cullen et al’ found that workers
exposed to beryllium fume in high
temperature beryllium operations
had higher rates of CBD than did
workers exposed to higher concen-
trations of beryllium in other areas of
the facilities. Fume aerosols could
differ in both particle size and chem-
ical form compared with aerosols
produced from mechanical pro-
cesses. For example, beryllium oxide
that has been fired at or below 500°C
is reported to be more toxic than
beryllium oxide fired at higher tem-
peratures.’” Other researchers have
suggested that the solubility and be-
ryllium oxide layer thickness may
alter the toxicity of a beryllium aero-
sol.'®

In addition to influencing the total
amount of beryllium that will be de-
posited in the respiratory tract, the
aerodynamic size of the particles in a
beryllium aerosol may also affect the
site of deposition of the particles and
thus alter the ability of the particles to
cause sensitization and disease.'® %° If
the aerodynamic size of an insoluble
aerosol is such that a portion of the
aerosol is deposited below the ciliated
region of the conducting airways, then
that portion of the aerosol will clear
more slowly than larger particles de-
posited in the upper, ciliated airways.*
Insoluble aerosols deposited in the na-
sopharyngeal or the tracheobronchial
region of the lung may be cleared
much more rapidly than particles de-
posited in the distal airways and alve-
oli.?® Slower clearance rates may re-
sult in greater beryllium retention and
greater opportunity for contact be-
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tween beryllium and cells of the im-
mune system, potentially resulting in
an increased sensitivity and disease
rate. Unfortunately, there are few pub-
lished data regarding the particle size
and other physiochemical properties of
beryllium as generated by beryllium
machining in industry. Currently, the
American Conference of Governmen-
tal Industrial Hygienists and other re-
searchers are reexamining the Thresh-
old Limit Values of many aerosols
with the objective of determining the
particle size most linked to the ob-
served health effects and the concen-
tration within that size range that
should represent the threshold limit
values.”0~>?

The purpose of this project was to
determine the aerodynamic particle
sizes of aerosols generated by spe-
cific beryllium machining operations
as well as the aerodynamic particle
size of the aerosols to which the
workers involved with those machin-
ing operations were exposed. We
hypothesized that typical beryllium
machining operations generate a sub-
stantial amount of respirable-size be-
ryllium particulate. The investigation
was conducted at a precision beryl-
lium machining facility that uses a
number of different machining pro-
cesses as well as several different
beryllium materials to produce a
wide range of beryllium components
for both industry and government.
The facility has been in operation
since 1969, and, to date, 8.5% of the
workforce has developed beryllium
sensitization or disease.”> Cases of
beryllium sensitization and CBD
continued to occur during the time
that our sample efforts were per-
formed.

Methods
Sample Collection

A large number of industrial pro-
cesses are used at this precision ma-
chining facility, including receipt
and inspection of materials, mechan-
ical machining and polishing, electri-
cal discharge machining, acid etch-
ing, and final inspection and quality
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assurance. We limited our study to
five mechanical processes typically
used to machine beryllium: milling,
deburring, lapping, lathe operations,
and grinding. The facility also uses a
number of different beryllium mate-
rials, including beryllium metal, be-
ryllium-aluminum alloy (albemet),
and a beryllium metal/beryllium ox-
ide matrix called E-metal.

We were interested in both the
aerosol produced by a specific pro-
cess and the characteristics of that
aerosol as it reached the breathing
zone of the worker directly involved
with the process. For that reason,
four different types of samples were
obtained at each process. Two of the
samples were stationary samples
mounted to the machine and de-
signed to characterize the aerosol
generated by that process. Both of
these samples were taken using
Lovelace Multijet Cascade Impac-
tors (LMJ) (InTox Products, Albu-
querque, NM) sampling at a rate of
approximately 24 L per minute for 4
to 8 hours using an electric vacuum
pump. The aerodynamic cut points
on the eight stages of the LMJs were
10 pm for stage 1, 6.3 wm for stage
2, 40 pm for stage 3, 2.5 pm for
stage 4, 1.6 wm for stage 5, 1.0 wm
for stage 6, and 0.6 pm for stage 7,
with all particles smaller than stage 7
being collected on the final filter for
stage 8. For comparison purposes,
stages 2, 3, 4, and 5 were combined
to obtain results comparable with the
five stages used in the personal cas-
cade impactors described below. The
impactor collection substrates and
the final filter were mixed cellulose
ester filters (Type AW-19, Millipore
Corp, Bedford, MA). One of the
LMJ samplers was mounted within a
few inches of the point of operation
of the process and is referred to
hereafter as the point of operation
(POO) sample. This sampler was
designed to investigate the actual
aerosol generated by the machining
process. The second fixed sample
was called the nearest worker loca-
tion (NWL) sample and was
mounted at a location that was rep-
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resentative of the closest point at
which the worker would routinely
approach the tool and beryllium
piece for observation or adjustment
of the machining operation. This
point was not the closest point at
which the worker could approach,
because some activities (such as tol-
erance measurements) might require
very close approach distances for
short periods of time, but it was
closer than where workers were lo-
cated routinely.

Two additional sets of samples
were obtained in the breathing zone
of the worker operating these ma-
chines by using lapel samplers pow-
ered by personal sampling pumps.
The first sampler was referred to as
the total beryllium (TB) sampler and
consisted of a pre-loaded, closed-
face, 37-mm cassette with a 0.8-pm
pore-sized multiple cellulose ester
filter (MAWPO037A0, Millipore
Corp, Bedford, MS). This sampling
method is the personal sampling
method currently recommended for
beryllium in the current National In-
stitute for Occupational Safety and
Health (NIOSH) guidelines.?* The
TB sampling results provide a deter-
mination of the TB present in the
breathing zone of the worker during
the sampling period with little regard
to the size of the particulate. This
sample was collected by using a
calibrated personal sampling pump
sampling at a rate of approximately 2
L per minute.

The second personal sampler, a
Series 290 Marple Personal Cascade
Impactor (Graseby-Anderson, At-
lanta, GA), was also attached to the
lapel of the workers. The five stages
used were designed to give cut points
of 10 pm for stage 1, 6.0 pm for
stage 2, 1.0 pwm for stage 3, 0.6 pm
for stage 4, and all particles less than
0.6 pm for stage 5. The collection
stages were loaded with slotted cel-
lulose ester filters designed for use
with the personal cascade impactor
and provided by Graseby Anderson.
The final filter of the personal im-
pactor (PI) was also a cellulose filter
provided by Graseby-Anderson. The

samples were collected by using cal-
ibrated personal sampling pumps
sampling at an approximate flow rate
of 2.0 L per minute. Samples col-
lected in this manner are referred to
as PI samples.

Ambient air samples were taken
from four fixed locations in the fa-
cility: three locations within the
work area and one in the administra-
tive area. The air samples were ob-
tained over a 48-hour period by us-
ing 37-mm cassettes with cellulose
ester filters, PIs, and the Lovelace
Multijet Impactors. One of each type
of sampler was used at each location
for a total of three samples per loca-
tion.

Both the LMJ impactors and the
Marple Personal Impactors were
loaded in a laboratory hood within
the precision machining facility. The
impactors were cleaned in a soap and
water solution, dried, and loaded.
Information provided by Graseby-
Anderson indicated that particle
bounce would not normally be a
problem when using the cellulose
ester media in the Marple Personal
Cascade Impactors. In addition,
work conducted by Lovelace Respi-
ratory Research Institute with the
LMJ samplers using cellulose ester
filters suggested that filter greasing
might not be necessary. However, to
verify that there were no differences
in the results between greased and
ungreased filters, we collected some
samples side-by-side by using the
Marple Personal Impactors and
Lovelace Multijet Impactors with
and without a silicone grease (Dow
316 Silicone Spray, Dow Chemical
Co, Midland, MI).

The fixed, LMJ samples at the
POO and NWL were typically col-
lected over an 8-hour shift. Because
of the lower sampling rates of the
personal samplers and the generally
lower concentrations of beryllium to
which they were exposed, the TB
and PI samples were collected over
two shifts. After sampling, the cas-
cade impactors were returned to a
laboratory located within the plant
and unloaded in the laboratory hood.
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The impactor collection substrates
were packaged in petri dishes, sealed
with tape, and shipped for analysis as
a group. Filters from the cassette
samples were removed from the cas-
sette, packaged in petri dishes,
sealed, and shipped with the other
samples for analysis. All of the sam-
ples were shipped to an American
Industrial Hygiene Association ac-
credited laboratory for analysis,
along with both blank and beryllium-
spiked samples.

Sample Analysis

For the majority of the samples,
the method of analysis was NIOSH
Method 7300 using a Fisons Accuris
Radial ICP Spectrometer.”* This
method had a limit of detection
(LOD) of 0.007 pg/filter and a limit
of quantification (LOQ) of 0.030 g/
filter. Some of the samples were
analyzed by using NIOSH Method
7102 using a graphite furnace atomic
absorption spectrometer.?* This
method had a LOD of 0.0003 pg/
filter and a LOQ of 0.005 pg/filter.
In both cases, the results used in the
study were the value assigned by the
laboratory, even if the reported re-
sults were less than the LOQ. Results
below the LOD were assigned a
value of 0.0035 pgffilter (1/2 the
NIOSH 7300 Method LOD) for pur-
poses of statistical analysis. Labora-
tory results are reported as a specific
value down to the limit of detection
for the method used.

PI sample data were analyzed in
several ways. The percentage of be-
ryllium mass for each stage was cal-
culated to determine a median per-
cent beryllium per stage. In addition,
the time-weighted average (TWA)
for each sample was calculated by
adding the total mass from all of the
stages together and dividing the re-
sult by the cubic meters of air sam-
pled. The theoretical number of par-
ticles per stage was calculated,
assuming the particles to be spherical
in shape, by determining the charac-
teristic physical diameter of the par-
ticle by dividing the aerodynamic
characteristic diameter for that stage

(the geometric mean of the upper-
and lower-stage diameters for 50%
collection efficiency) by the square
root of the particle density (consid-
ered to be 2.0 owing to the presence
of beryllium oxide'®). Appropriate
treatment of the Cunningham slip
correction was included for smaller
particles. We calculated the charac-
teristic mass of a particle on an
impactor stage by using the follow-
ing formula for particle volume
times density:

(3.14 X (characteristic physical
particle diarneter)3/6) X density of
2.0 = characteristic particle mass.

The resultant particle mass was di-
vided into the total mass for that
stage to determine a theoretical par-
ticle number for the sample collected
on each stage. The theoretical sur-
face area for the sample collected on
each stage was then calculated by
using the following formula:

3.14 X (particle diarneter)2
X particle number =
theoretical surface area.

We calculated the mass median
aerodynamic diameter (MMAD) for
each cascade impactor sample by
plotting the cumulative percents for
each stage on a log probability
plot.”® In a significant number of
samples, more than 50% of the mass
was found on either the first stage or
the last stage of the impactor. In
those instances, the MMAD was as-
signed a value 10 if the MMAD was
greater than 10, or a value of 0.1 if
the MMAD was less than 0.1.

Deposition rates in the human re-
spiratory tract for the beryllium par-
ticulate were estimated by using the
characteristic aerodynamic diameter
for each impactor stage and then
applying the information obtained in
the LUDEP 2.0 program developed
by the International Commission on
Radiological Protection (ICRP). This
program is based on the data pre-
sented in ICRP publication 66.2° The
model that we used assumes an oc-
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cupational exposure with adult male
physiology, light work, 100% nose
breathing, and a monodisperse parti-
cle size equal to that of the impactor
stage of interest and a particle with a
density of 2.0. The value for total
deposition was the percentage of the
median percentage for each stage
that would be deposited somewhere
in the respiratory tract. The amount
deposited in the lung was defined to
be the percentage of the median per-
centage per stage that would be de-
posited from the trachea down to the
alveoli. The alveolar deposition rate
included the percentage deposited in
the alveolar and bronchiolar regions
of the lung.

Statistical Methods

One-way repeated measures of
analysis of variance (ANOVA) mod-
els were fit to look for differences
between process groups and sampler
types. Although there were three fac-
tors (metal, sampler, and operation)
in these analyses, interactions among
operations, metals, and sampler
types could not be evaluated. Vari-
ables that were not normally distrib-
uted were log-transformed for these
analyses. Least squares means and
their standard errors were calculated,
and significant differences between
them were determined by using
Tukey’s Honestly Significant Differ-
ence procedure. Although least
squares means were used for the
comparative analysis, the data were
summarized by using arithmetic
means and medians for the tables
presented in this article. The median
is a more appropriate summary sta-
tistic for data that are not normally
distributed or that have extreme out-
liers. Wilcoxon’s signed-rank test
was used to compare the greased and
ungreased sample pairs. All statisti-
cal tests were two-sided and were
conducted using a significance level
of 5%.

Results

A total of 336 samples were ob-
tained, including 79 TB samples, 87
PI samples, 71 NWL samples, 87
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TABLE 1

Comparison of TWA* Beryllium Concentrations in p.g/m® Obtained From the Different Types of Samples Collected at a

Precision Machining Plant

Mean Median Minimum Maximum
Sample Type n {rg/m3) (ng/m?) (ng/m%) (ng/m®)
POO* 56 719 0.60 0.02 122.31
NWL 64 0.91 0.20 0.01 18.13
Pl 59 1.51 0.37 0.03 22.68
B 64 1.48 0.29 0.03 41.48

* TWA, time-weighted average; POO, point of operation; NWL, nearest worker location; Pl, personal impactor; TB, total beryllium.

POO samples, and 12 ambient air
samples. In addition, we submitted
130 blanks using all of the filter
types as well as 8 spikes that con-
tained approximately 70 g of beryl-
lium/filter. Twenty-five (19.2%) of
the blanks were reported by the lab-
oratory to contain amounts of beryl-
lium above the LOD, ranging from
0.00073 ngffilter to 9.7 pg/filter
with a mean of 0.660 pg/filter, a
median of 0.011 pg/filter, and a stan-
dard deviation of 2.24. The values of
the spikes ranged from 75 to 86
pg/filter (mean 80.28), with the ex-
ception of one outlier (0.93 ng/
filter).

Of the total 336 samples, 243 were
samples of the target processes. The
243 samples consisted of 64 TB sam-
ples, 59 PI samples, 64 NWL sam-
ples, and 56 POO samples. Descrip-
tive statistics for the time-weighted
average results obtained from the
specific sampler types are presented
in Table 1. The median TWA sample
results ranged from a low of 0.20
pg/m® for the NWL samples to 0.60
pg/m® for the POO samples. The
TWA results obtained at the POO
were significantly higher than the
results obtained at the NWL, PI, or
TB locations (P < 0.05, from one-
way ANOVA). The TWA beryllium
levels found in the breathing zone by
using the TB and PI sampling loca-
tions were not significantly different
(P > 0.05, from one-way ANOVA)).
Contrary to our expectation, NWL
sample results were significantly
lower than the results found at the
breathing zone (P < 0.05, from one-
way ANOVA). This suggests that
either the worker routinely ap-
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Fig. 1. Median percent of beryllium by sampling method for the five particle size ranges

sampled.

proached the process closer than the
location of the NWL or that the
NWL location was not entirely in the
plume of the aerosol in all cases.
This difference highlights the reason
that breathing zone samples must be
taken to accurately predict actual
worker exposures.

Figure 1 illustrates the median per-
cent of beryllium collected in the
five different particle size ranges
sampled. The percentage of particles
in the smallest size range (stage 5,
<0.6 pm) was similar for both the
NWL and the PI samples, with me-
dian percentages of 40% and 35%,
respectively. Particles produced at
the POO were generally of a larger
size than the particles that reached
the worker’s breathing zone, with
only 14% of particles at POO found

at stage 5. The largest particles
(those collected on stage 1) were
greatest for the PI samples (median
28%) and POO samples (median
25%), compared with only 11% for
the NWL samples.

Because of the surprising observa-
tion that more of the large particles
were in the PI samples than in the
POO samples, we wanted to deter-
mine whether this was a conse-
quence of sampling bias, such as
particle bounce off the ungreased
filter substrates on stage 1 of the
LMI. If particle bounce had caused
the difference, it would be expected
that the lower stages of the un-
greased PIs would have the most
material present owing to particles
bouncing down from the higher
stages. The results of a paired sam-
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TABLE 2
Comparison of TWA* Exposure Concentrations in wg/m® by Process Sampled for Each Sampler Type
POO* NWL Pl TB
Median Median Median Median
Process n (ng/m°) n (ng/m3) n (ng/m3) n (rg/m3)
Deburring 16 0.58 18 0.26 15 0.74 17 0.57
Grinding 13 2.21 13 0.65 11 0.34 12 0.26
Lapping 10 0.32 10 0.11 12 0.13 13 0.10
Lathe operations 6 4.08 6 0.27 7 0.60 7 0.40
Milling 11 0.18 17 0.18 14 0.25 15 0.20

* For definitions of abbreviations, see Table 1.

pling (n = 8 pairs) using the PI
samples showed no difference be-
tween the greased and ungreased Pls
either in total mass of beryllium per
stage or in total mass of beryllium
collected. There was a significant
difference (P = 0.02) between the
percent of total mass on the fourth
stage of the greased impactors (me-
dian 9%) versus the ungreased Pls
(median 2%). The fourth stage of the
PIs generally collect the lowest
amount of mass, and the observed
difference may be due to the low
amounts of mass on that stage.

The greased LMIs, on the other
hand, had a significantly greater
amount of beryllium on the first
three of the total eight stages as well
as a higher TB content for the overall
sample than did the ungreased LMJs
(n = 9 pairs, P = 0.004). Stages 4 to
8 were not found to have signifi-
cantly different amounts of beryl-
lium present, suggesting that the un-
greased LMJs lost some of the larger
particles (probably to the internal
surface of the impactor) that should
have been collected on the first three
stages. These particles did not seem
to collect on the lower stages of the
LMIJ. Because of this anomaly, the
first two of the five stages (represent-
ed in Fig. 1) may underrepresent the
actual amount of beryllium present
in the NWL and POO samples.

The results of the ambient air sam-
ples were similar for all of the sam-
pling devices, with levels ranging
from 0.01 pg/m’ to 1.20 pg/m.> The
median values ranged from 0.02
pg/m’ in the administrative area to

0.07 pg/m® in the work areas. The
majority of the particulate was also
less than 0.6 pm in aerodynamic
diameter, with median percentages
of 38% to 83% of the particulate
collected on the last stage of the
impactors.

Table 2 shows the median TWA
results of the five different types of
processes sampled for the different
samplers. Grinding and lathe pro-
cesses produced the highest median
exposures at the POO, but at dis-
tances removed from the POO there
were minimal differences between
the exposures generated by the five
processes. The medians for the lapel
samples, both PI and TB, were sim-
ilar for all of the processes, although
lathe and deburring exposures were
slightly higher than lapping, grind-
ing, and milling exposures. Lower
median levels of exposure were de-
tected for deburring at the NWL
location than for the other samplers.
Deburring is performed by using a
hand-operated grinding tool that is
moved around the part to remove
rough edges and, therefore, the POO
is continually moving. Thus, the true
POO for deburring may have been
closer to the breathing zone than to
the POO or NWL sampling site.

The median percent of beryllium
per size range for the PI samples
obtained for each process is shown in
Figure 2. We typically observed a
bimodal distribution of particle sizes
with greater than 20% of the particle
mass in the >10 pm size range and
greater than 30% of the particle mass
in the smallest size range (<0.6 pm).

This bimodal distribution was ob-
served even when normalized data
were plotted (delta mass/delta log
(d)). The greatest median percent of
particle mass present in the smallest
size range occurred in lathe and mill-
ing operations (57% and 44%, re-
spectively). Lathe and deburring pro-
cesses produced the lowest percentage
of large particles in the first stage,
suggesting that these operations pro-
duce an aerosol of generally smaller
particle sizes at the breathing zone.

Because of the bimodal distribu-
tion and the lack of a log normal
distribution, the calculation and use
of a MMAD is not justified in the
strict sense. To facilitate comparison
of MMADs with the MMADs pre-
sented by other authors, we calcu-
lated approximate MMADs, which
are summarized descriptively for
each process in Table 3. As ex-
pected, the POO samples had a
higher median MMAD than did the
NWL or PI samples for all of the
process types. Aerosols at the POO
ranged from 2.6 pm for lathing pro-
cesses to 5.3 pm in diameter for
milling processes. The results ob-
tained from the NWL and PI samples
were similar and ranged from a low
of less than 0.6 um to a high of 3.1
pm. Lathe operations generated the
lowest median MMAD (0.6 pm)
measured from the PI samples.
Grinding produced the highest
MMAD (3.1 pm).

Table 4 shows median respiratory
tract deposition rates for the specific
processes. The total median respira-
tory tract deposition rate varied from
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Fig. 2. Median percent of beryllium for PI samples by process for each size range.

42% for lathe operations to 59% for
grinding operations. Lung and alve-
olar lung median deposition rates
were similar in our model for all
process types, ranging from 6% to
8%. This difference between total
and lung deposition is due to the high
deposition rates (29% to 34%) in the
extrathoracic region of the respira-
tory tract for particles greater than
2.0 pm in aerodynamic diameter.
Alveolar lung deposition rates are
highest for the smaller diameter par-
ticles that are less than 2.0 pm in
acrodynamic diameter, although the
rate of deposition is much lower (1%
to 13%).2° These factors result in the
similar lung and lower lung deposi-
tion rates observed for the different
processes.

Table 5 presents the median num-
bers of particles theoretically gener-
ated per process for PI samples. The
median particle numbers range from
a low of 14 X 10° particles for
ambient air to a high of 99 X 10°
particles for deburring operations.
The primary determinant of particle
number is the median total mass
obtained for that process. When we
divided the total number of particles
by the median mass per process to
calculate the number of particles per
g of exposure, exposures produced

by lathe operations and in the ambi-
ent air tended to contain the highest
levels of particles per unit mass.
The theoretical surface area of the
beryllium particles is related directly
to the particle numbers and, again, to
the median mass for each of the
processes. Median particle surface
area per process is presented in Table
6 and ranges from 1.4 X 10° pm? for
ambient air samples to 10.9 X 10°
pwm? for deburring operations. When
we divided the particle surface area
by the median mass per process, we
observed that the ambient air and the
lathe operations again had a higher
surface area per pg of exposure.

Conclusions

Our review of the literature indi-
cates that this is the first study de-
signed to characterize the particle
size of aerosols generated under nor-
mal beryllium machining conditions
in a beryllium machining facility. It
is also the first study employing per-
sonal cascade impactors to character-
ize the aerosol to which the beryl-
lium operators are exposed. Our
objective was to explore why ma-
chinists have higher CBD and beryl-
lium sensitization rates than do most
other beryllium industry workers.
The results of the study show that

machining of beryllium liberates a
high percentage of small diameter
beryllium particles. Aerosols gener-
ated by machining processes were
generally bimodal in distribution,
with greater than 50% of the partic-
ulate less than 10 pm in aerody-
namic diameter. This small particle
size may result in high beryllium
deposition rates and penetration into
the deepest portion of the lung,
where immune responses and the
pathology of CBD develop.

All of the exposures monitored
contained a high number of very
small particles per microgram of ex-
posure. The high number of particles
may result in a higher surface area
per microgram of exposure. Ambient
air sample results within the facility
had some of the highest numbers of
particles per unit of mass, which may
help explain why personnel exposed
to the ambient air of beryllium man-
ufacturing facilities have been found
to be sensitized to beryllium or have
developed CBD.

Before this plant-based study,
Hoover et al*’ studied the particle
size of aerosols generated during
sawing and milling of beryllium un-
der controlled conditions wherein the
cuts were specified and repeated for
the study. The machining was done
dry, without cutting liquids, and all
of the particle debris from the cutting
operations was collected for particle
size analysis. In a previous study,
Hoover et al’® studied beryllium
aerosols during a specific machining
operation performing the final mill-
ing of beryllium metal, and during
electron beam heating of a beryllium
block using area cascade impactors.
These data were collected during
specific operations under controlled
conditions. In neither case were per-
sonal cascade impactors used, and
the studies generally characterized
the aerosol only at the POO for the
process monitored.

In both of the experimental stud-
ies, the researchers reported larger
particle sizes for particle debris from
the cutting process than we observed
as an aerosol in this workplace study.
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TABLE 3
Comparisons of Median MMAD* for the Processes Studied by Sampler Type
POO NWL Pl
Median Median * Median
Process n (lam) n (pm) n (pm)

Deburring 16 3.2 18 1.2 15 1.6
Grinding 13 4.1 13 2.3 11 3.1
Lapping 10 2.6 10 1.2 12 2.3
Lathe operations 6 3.6 6 0.6 7 0.6
Milling 11 5.3 17 0.6 14 2.7

* MMAD, mass median aerodynamic diameters. For definitions of other abbreviations, see Table 1.

TABLE 4

Comparison of Median Percent and Site of Deposition for Beryllium Particles

from Sampled Processes

Total Lung Alveolar
Deposition Deposition Deposition
Process n (%) (%) (%)
Deburring 15 54.4 8.3 6.9
Grinding 11 58.7 6.8 57
lLapping 12 50.8 71 59
Lathe operations 7 41.9 8.3 6.9
Milling 14 52.0 6.9 5.7
TABLE 5
Median Theoretical Numbers of Particles per Process Group for PI* Samples
Median
Particle No./
Be Mass Particle 10%/Be Mass
Process Group n (ng) No./10° (ng)
Deburring 15 1.42 99 69.5
Grinding 11 0.47 38 56.8
Lapping . 12 0.31 20 80.9
Lathe 7 1.01 45 117.8
Milling 14 0.52 55 80.3
Ambient air 4 0.11 14 104.0

* P, personal impactor; Be, beryllium.

The initial study characterizing the
final machining of beryllium metal
reported an aerosol with a MMAD of
3.5 wm.' During the second study,
Hoover et al*’ reported that the mass
median diameter of all of the particle
debris from the cutting operations
ranged from 50 pm to 175 pm,
depending on the depth of the mill-
ing cut. The results of our sampling
were similar to the results from the
first study in that, at the POO, the
MMAD ranged from 2.6 pm to 5.3
pm, depending on the machining
process sampled. The MMAD of the

aerosol present at the breathing zone
of the operator, however, was sub-
stantially smaller and ranged from
0.6 to 3.1 pwm. The MMADs ob-
served at the POO for all of the
processes were lower than the
MMADs reported for the total parti-
cles that were produced and col-
lected in Hoover et al’s second
study.?” The reason for these differ-
ences may be that the size distribu-
tion is quite large for the particles
that are removed by the machining
processes, but that only the smaller
size fraction is suspended as an aero-

sol. This reduction in the effective
particle size of the dispersed material
may be associated with the use of
liquid cutting solutions in the present
study. Other differences may be re-
lated to the cutting depths or the
machining processes observed in the
two studies, as well as the point at
which the particulate was measured.

In general, the aerosols generated
by the processes that we measured
were very similar. Although samples
obtained at the POO contained gen-
erally larger particulate, results ob-
tained at the breathing zone of the
operator were very similar between
the different processes, with a sub-
stantial amount of the particulate ob-
served on the last stage of the impac-
tor (characteristic aerodynamic
diameter of 0.24 pm). The lack of a
large difference between the POO
samples and the PI samples is most
likely explained by two factors: the
location of the sampler and variation
within the process. In some in-
stances, the beryllium concentration
observed at the POO was less than at
the PI sample. Assuming that the
person operated that specific ma-
chine all day and that there was not a
machine with a much higher expo-
sure located nearby, the only expla-
nation for this difference is that the
POO sample was located outside of
the plume generated by that machine.
In one study, Hoover et al*® used an
optical aerosol monitor to locate the
plume generated by the machine that
they sampled before setting up the
sampling devices. In our study, the
location was chosen by our best es-
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TABLE 6

Median Theoretical Surface Area by Process Group for PI* Samples

Median
Be Mass Surface Area/10° Surface Area/

Process Group n (ng) (pm?) 10%/Be Mass (pg)
Deburring 15 1.42 10.9 7.3
Grinding 11 0.47 4.0 6.1
Lapping 12 0.31 2.0 8.1
Lathe 7 1.01 4.7 114
Milling 14 0.52 5.6 8.0
Ambient air 4 0.11 1.4 106

* Pl, personal impactor; Be, beryllium.

timate as to where the plume might
be located as well as the ability to
safely attach a sampler in that area.
The safety factor was especially im-
portant because operations were be-
ing conducted as normal and a tool
contacting a sampler could have re-
sulted in injury to the operator. Sam-
ples taken using a real-time aerosol
monitor provided to us by Los
Alamos National Laboratory during
our study suggested that the location
of our sampler was not always opti-
mal. The real-time analyzer results
suggested, in fact, that the plume
from some operations was very nar-
row and difficult to predict without
the use of an optical particle counter
or real-time analyzer. Thus, assess-
ment of exposures in the breathing
zone of the individual may provide
more valid data and may be of great-
est relevance for the machinist.

A second factor affecting the dif-
ference in particle size between the
POO samples and the PI samples is
the type of process monitored. In
processes such as milling and grind-
ing, the actual POO is easily pin-
pointed. In the case of deburring, for
which a small grinding tool is used,
the POO moves with the operator
and may, at times, be closer to the
operator than to the POO sampler.
Other processes may consist of a
number of operations, each of which
may produce different particle sizes
at different times during the sam-
pling process. Particle size differ-
ences may be due to machine type,
tool type, depth of cut, and type of
beryllium metal or mixture used.

Exposures in the employee’s
breathing zone were very similar for
all of the operations monitored and
resulted in a large amount of small
beryllium particles reaching the
breathing zone of the employee. A
median of 68% to 78% of the mass
collected in the employee breathing
zone was respirable (<<10 pm in
aerodynamic diameter) for all of the
processes. This large number of
small particles resulted in fairly uni-
form deposition rates for the pro-
cesses monitored, especially in the
air exchange areas of the lung, where
beryllium deposition rates ranged
from 7% to 9%. When total respira-
tory tract deposition was calculated
by using the ICRP Model, deposition
rates for the different processes
ranged from 46% to 62%. Our data
indicate, therefore, that the machin-
ing operations sampled during this
study produce an aerosol that con-
sists of small particles that are easily
respirable and are deposited in large
quantities in the respiratory tract, and
in smaller quantities in the deepest
portions of the lung.

During our study, median expo-
sures measured at the breathing zone
for all of the machining processes
were less than the current OSHA
permissible exposure limit or the
American Conference of Govern-
mental Industrial Hygienists Thresh-
old Limit Value of 2 wg/m’. The
median time-weighted PI sample re-
sults ranged from 0.13 pg/m’ for
lapping processes to 0.74 p.g/m> for
deburring operations, well below the
current standards. Ambient air sam-

ples taken at several locations within
the plant revealed 48-hour median
concentrations of between 0.02
pg/m> and 0.07 pg/m>. This ambient
air aerosol was unique in that it was
comprised of smaller particulate than
the aerosol associated with the indi-
vidual processes, with most of the
aerosol collected in the lowest stage
of the impactor (0.24-pum character-
istic aerodynamic diameter). These
results indicate that everyone within
the plant was exposed to some de-
gree to beryllium and that the back-
ground, ambient air exposure is to a
fine particulate that achieves deep
penetration into the lung.

Particle numbers and particle sur-
face area may play important roles in
the sensitization or disease process.
Eisenbud® suggested that particle
size, solubility, and solubility rates
have been shown to have an effect on
CBD rates. He also indicated that
these physical factors may have been
related to why community CBD rates
in Ohio were higher than worker
CBD rates even though exposures to
workers were thought to be much
higher. Hoover et al'® found that
small particles form an outer oxide
layer that results in characteristics
similar to low fired beryllium oxide,
which has been shown to have a
greater toxicity than high fired beryl-
lium oxides. The greater toxicity of
the low fired beryllium oxide may be
due to the solubility of the material
following deposition in the pulmo-
nary portion of the lung. Hoover et
al'® suggested that the similar solu-
bility of small particles coated with a
layer of beryllium oxide may result
in a similar toxicity. In addition,
smaller particles may provide more
sites for attack by the cellular im-
mune system and result in a larger
number of granulomas.

The calculations of theoretical par-
ticle numbers for the different pro-
cesses presented in Table 5 indicate
high particle numbers per microgram
of exposure for all processes and
especially for ambient air and lathe
operations. This higher particulate
count in ambient air may begin to
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explain the cases of CBD found in
individuals working in administra-
tive and clerical positions in this and
other plants, as well as the higher
than expected number of neighbor-
hood cases, when compared with
worker cases, reported by Eisenbud.?
Our study also indicates that lathe
operations may produce a high num-
ber of very small particles per micro-
gram of exposure and that lathe op-
erations should receive extra control
considerations. However, it should
also be noted that all of the processes
monitored produced large numbers
of very small particles, which, if
coupled with higher mass exposures,
would certainly equal and exceed the
numbers of small particles present in
ambient air and milling operations.
Our calculation of surface area was
based on the number of particles and
thus mirrored the results observed
when looking at particle numbers,
indicating that the two are linked and
that processes resulting in high par-
ticle numbers also produce high sur-
face area per microgram of exposure.

By virtue of the fact that this study
was conducted in an actual working
environment during normal opera-
tions, we were able to determine
working aerosol characteristics for
the processes monitored. Although
this is advantageous in determining
“real world” exposures, it also results
in a number of problems that intro-
duce limitations to the interpretation
of the results of the study. Although
every effort was made to look only at
the exposure produced by a specific
operation, the breathing zone sam-
ples (PI and TB samples) followed
the worker and thus may actually
represent exposure from more than
one process. In addition, although an
effort was made to monitor an indi-
vidual who worked only with one
type of beryllium metal, the use of
more than one metal type per moni-
toring period was possible. It was
also not possible to control for pro-
cess factors such as specific cuts,
dimensions, and tool size, although
each has a potential effect on the
aerosol characteristics of the process

in question. Our sampling effort re-
flects an average of the aerosol pro-
duced by the process monitored un-
der varying conditions. These
conditions may or may not be repli-
cated in other beryllium industries,
although instrumentation and ma-
chining processes are relatively con-
sistent across the industry. Future
research will be needed to validate
our observations at other beryllium
plants.

In addition to variation in the pro-
cesses, there also may be variation in
the ventilation control devices, con-
trol device location, and individual
machine characteristics for the pro-
cesses sampled. Individual operators
adjusted their own beryllium control
devices during the project, and the
devices may not have been posi-
tioned as effectively for each process
sampled. In addition, the results from
different machines were grouped
into specific process types. For ex-
amples, the results from a Bosto-
matic milling machine sampled as a
milling process on one day were
combined with the results from a
horizontal bore mill taken at another
time period. Thus the observations
concerning milling operations repre-
sent an aggregate value, serving as
an estimate for a number of different
milling operations. This grouping
limits the conclusions that can be
drawn concerning specific types of
milling. The results also suggest the
need for close monitoring and con-
trol of machining aerosols involving
beryllium metal.

In conclusion, beryllium machin-
ing as performed in industry today
produces large numbers of fine respi-
rable size particles. This may help
explain the persistence of CBD oc-
curring even at seemingly low levels
of beryllium exposure. Exposure
control efforts in the beryllium in-
dustry should focus on mitigating
exposure to respirable beryllium par-
ticulates in the personal breathing
zone of the worker. Future research
should examine the relationship be-
tween machined particle size, mass,
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and physiochemical properties and
the incidence of CBD in industry.
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