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Abstract

Particle dissolution within macrophage phagolysosomes is hypothesized to be an important source of dissolved beryllium for
input to the cell-mediated immune reaction associated with development of beryllium sensitization and chronic beryllium disease
(CBD). To better understand the dissolution of beryllium materials associated with elevated prevalence of sensitization and
CBD, single-constituent (beryllium oxide (BeO) particles sampled from a screener operation, finished product BeO powder, finish
product beryllium metal powder) and multi-constituent (particles sampled from an arc furnace during processing of copper—beryl-
lium alloy) aerosol materials were studied. Dissolution rates were measured using phagolysosomal simulant fluid (PSF) in a static
dissolution technique and then normalized to measured values of specific surface area to calculate a chemical dissolution rate con-
stant (k) for each material. Values of k, in g/(cm?day), for screener BeO particles (1.3 4+ 1.9x 107%) and for BeO powder
(1.1 4 0.5 x 107%) were similar (p = 0.45). The value of k observed for beryllium metal powder (1.1 & 1.4 x 10~7) was significantly
greater than observed for the BeO materials (p < 0.0003). For arc furnace particles, k (1.6 + 0.6 x 10~7) was significantly greater
than observed for the BeO materials (p <0.00001), despite the fact that the chemical form of beryllium in the aerosol was BeO.
These results suggest that dissolution of beryllium differs among physicochemical forms of beryllium and direct measurement of
dissolution is needed for multi-constituent aerosol. Additional studies of the dissolution behavior of beryllium materials in a variety
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of mixture configurations will aid in developing exposure-response models to improve understanding of the risk of beryllium sen-

sitization and CBD.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Beryllium; Multi-constituent aerosol; Dissolution; Phagolysosome

1. Introduction

Chronic beryllium disease (CBD) is a progressive
lung disease characterized by non-caseating granulomas,
interstitial infiltrates, and fibrosis, that occurs in individ-
vals who are sensitized to beryllium (Maier and
Newman, 1998). Development of CBD is associated
with inhalation of relatively insoluble beryllium metal
and oxide particles (Eisenbud, 1998; Kreiss et al.,
1997; Sterner and Eisenbud, 1951). Copper—beryllium
is also of special concern because elevated prevalence
of sensitization and disease have been observed in work-
ers exposed at airborne concentrations of beryllium
below the current statutory limit of 2 pg/m* (Schuler
et al., 2005). At the cellular level, dissolution of particles
(conversion from a particle to dissolved beryllium) with-
in phagolysosomes is hypothesized to be an important
input to the cell-mediated CBD immune reaction (Eid-
son et al., 1991; Richeldi et al., 1993). Few studies have
evaluated dissolution of beryllium aerosol materials.
Finch et al. (1988) evaluated the dissolution of beryllium
metal powder and laboratory prepared beryllium oxide
(BeO) particles at pH 1 and pH 7.3. No studies have
evaluated dissolution of beryllium materials at the pH
within phagolysosomes, pH 4.5 (see for example, Ny-
berg et al., 1989a,b). In the current work, phagolysoso-
mal simulant fluid at pH 4.5 was used to measure
dissolution rates for single-constituent and multi-con-
stituent beryllium aerosol materials associated with ele-
vated prevalence of beryllium sensitization and CBD
(Kreiss et al., 1997; Stange et al., 1996). Single-constitu-
ent aerosols were defined as single chemical compound
particles, whereas, multi-constituent aerosols were de-
fined as consisting of a mixture of single-constituent par-
ticles, multi-constituent particles, or a mixture of single-
constituent particles and multi-constituent particles. We
compare the experimental results to published literature,
describe how the observed dissolution properties may
relate to development of beryllium sensitization and
CBD, and discuss how this information can be used to
improve worker protection.

2. Materials and methods
2.1. Study overview

We measured dissolution rates for single-constituent
and multi-constituent beryllium aerosol materials and

modeled results using a surface-area-proportional disso-
lution model. As noted below, the rate of beryllium dis-
solution from the multi-constituent aerosol material was
greater than expected compared to dissolution of the
single-constituent materials. This finding prompted a
follow-on experiment in which additional details about
the bulk and surface composition of the study materials
were used to account for observed beryllium dissolution
from the multi-constituent material.

2.2. Beryllium study materials

Finished product powders and process-sampled par-
ticles associated with beryllium sensitization and CBD
(Henneberger et al., 2001; Kreiss et al., 1997; Stange
et al., 1996) were selected for study. The BeO powder
was product type UOX-125 (Brush Wellman Inc.,
Elmore, OH), which is a high-purity end-product
prepared (heat-treated) at 1150-1450 °C. The beryllium
metal powder was product type [-400 (Brush Wellman
Inc.), which is a high-purity end-product prepared from
attritted metal chips. These powders represent the pri-
mary feed material for the manufacture of metal and
oxide parts and are representative of powders used in
the workplace. Samples of these powders were aerosol-
ized at Lovelace Respiratory Research Institute (Albu-
querque, NM) using a dry powder blower (Model 175,
DeVilbiss, Somerset, PA) and aerodynamically size-
separated using a five-stage aerosol cyclone (Smith
et al., 1979) as previously described (Hoover et al.,
1989; Stefaniak et al., 2004).

Process-sampled particles were emissions from a BeO
powder production line and a copper—beryllium produc-
tion line. Particles were sampled from a screener unit
operation downstream of a calcine furnace (operating
temperature 1150-1450 °C) in the BeO powder produc-
tion line. Particles were also sampled from an arc fur-
nace unit operation in a copper—beryllium alloy ingot
production line. The operating temperature of the arc
furnace is not precisely known but is estimated to exceed
2200 °C. Particles were collected with an aerosol cyclone
from the ventilation ductwork of the screener unit oper-
ation in the BeO powder production line and the master
alloy arc furnace unit operation in a copper—beryllium
alloy ingot production line as previously described (Stef-
aniak et al., 2003, 2004).

Fig. 1 illustrates morphology of the materials deter-
mined using transmission electron microscopy (Model
CM30 electron microscope, Philips Electron Optics,
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Fig. 1. Transmission electron microscope photomicrographs of (a) screener particles, (b) oxide powder, (c) metal powder, and (d) arc furnace
particles. Beryllium aerosol materials had different morphology: screener particles, oxide powder, and arc furnace particles were agglomerate clusters

of primary particles while metal powder was compact.

Eindhoven, The Netherlands). The BeO materials were
clusters of primary particles, beryllium metal powder
was compact, and arc furnace were also clusters of pri-
mary particles.

2.3. Dissolution solvent

Phagolysosomal simulant fluid (PSF) was used for
this study because its pH matches that of phagolyso-
somes (pH 4.5) and because it has previously been eval-
uvated in dissolution studies of beryllium aerosol
materials (Stefaniak et al., 2005). The chemical compo-
sition of 0.02-M potassium hydrogen phthalate buffered
PSF is presented as Table 1. Analytical grade chemicals
(Fisher Scientific, Fairlawn, NJ) were used to prepare
the PSF. As in previous dissolution studies, 50-ppm

alkylbenzyldimethylammonium chloride (ABDC) was
added as an antifungal agent (Finch et al., 1988). The

Table 1
Composition of 0.02-M potassium hydrogen phthalate buffered
phagolysosomal simulant fluid

Constituent mg/L

Sodium phosphate dibasic anhydrous (Na,HPO,) 142.0
Sodium chloride (NaCl) 6650.0
Sodium sulfate anhydrous (Na,SOy) 71.0
Calcium chloride dihydrate (CaCl, - 2H,0) 29.0
Glycine (C,HsNO,)* 450.0

Potassium hydrogen phthalate (1-(HO,C)-2-(CO,K)-C¢H,) 4084.6
Alkylbenzyldimethylammonium chloride (ABDC)® 50 ppm

# Representative of organic acids.
® Added as an antifungal agent.
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initial pH of the PSF was typically 4.0. The solvent pH
was raised to 4.5 by adding 0.1-M potassium hydroxide
while monitoring using a calibrated pH electrode con-
nected to a meter (Model AB15, Fisher Scientific)
according to United States Environmental Protection
Agency (US EPA) Method 9040B: pH electrometric
measurement (US EPA, 1996).

2.4. Static dissolution technique

A static dissolution technique was chosen for the
experiments because it is a well-established method for
evaluating the dissolution behavior of relatively insolu-
ble materials (Kanapilly et al., 1973; Ansoborlo et al.,
1999). In addition, a recent study using this technique
yielded dissolution results for beryllium that were in
agreement with beryllium dissolution results obtained
in vitro using a monocyte-macropahge cell line (Stefa-
niak et al., 2005). Static dissolution chambers were pre-
pared by placing a known mass of beryllium material on
a 37-mm diameter cellulose sample pad (stock number
AP10, Millipore, Bedford, MA) and inserting the filter
between two 0.025-pm pore size 47-mm diameter mixed
cellulose ester filters (Millipore) to form a sandwich
(Stefaniak et al., 2005). The outer few millimeters of
each 47-mm diameter sandwich was securely clamped
in the o-ring seal between the retaining rings of a static
dissolution chamber (Intox Products, Moriarity, NM).
Each sandwich was then placed in a separate beaker
containing 80 mL of PSF. This arrangement allows for
free contact and diffusion of the solvent through both
the top and bottom surfaces of the filter sandwich. Each
beaker was covered and maintained at 37 °C in a water
bath (Model 286, Precision, Winchester, VA) and the
pH in each beaker was monitored daily using a cali-
brated pH celectrode to verify that pH remained at
4.5+ 0.1. After 10 days, the dissolution chambers were
removed from their beakers and the solvent was trans-
ferred to separate borosilicate glass sample jars (Qor-
pak, Bridgeville, PA). (Use of a single-time point
permitted the examination of many replicate samples
and multiple beryllium materials. See the section below
on determination of chemical dissolution rate constants
for the rationale for selecting 10 days as the dissolution
period for this particular study.) Samples were stored
frozen at —5°C until analysis for beryllium content
using inductively coupled plasma-mass spectrometry
(ICP-MS).

2.5. Mercer dissolution theory

The dissolution behavior of materials evaluated in
this study was assumed to conform to the theory of
Mercer (1967). According to Mercer (1967) dissolution
theory, the mass fraction remaining from a single homo-
geneous particle at a time, ¢, is:

3
ﬁ:{l— okt }7 (1)
my 3O(VpDo

where

m mass of particle remaining

my initial particle mass

Ot surface shape factor

Oy volume shape factor

k chemical dissolution rate constant, 4

t time

0 particle density

Dy initial particle diameter

Mercer (1967) also describes an equation for the mass
fraction remaining, Mﬂo, from a log-normally distributed
population of homogeneous particles characterized by
a mass median diameter (D,,) and geometric standard
deviation (a):
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Using Eq. (2), Mercer (1967) calculated £ as a func-
tion of f for ¢ ranging from 0.5 to 1.0 (i.e., 6, ranging
from 1 to 2.7). Mercer (1967) demonstrated that for val-
ues of f up to 6 and values of ¢ in the range 0.5-1.0, the
integrals for MMO in Eq. (2) could be approximated by the
sum of two exponentials:

= Frexp(—iaf) + foexp(—iah), ®)
0

where the constants f'and A are determined by curve fit-
ting for the value of ¢, under consideration

According to Eq. (3), for ¢ = 0.5, X js approximated
by a single exponential, i.e., a stralght 'line on a log-lin-
ear plot. For values of ¢ larger than 0.5, the second
exponential term is needed to approximate the 2L behav-
ior for large f§ (Fig. 2). Note that the purpose of the sec-
ond exponential term is to account for the shift in
dissolution from small particles in the size distribution,
which initially dominate dissolution, to large particles
in the distribution, which dominate dissolution for lar-
ger values of f§ at later dissolution times. This shift in
dissolution behavior is a manifestation of the kinetics,
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Mass fraction remaining (M/Mg)

0.01

Fig. 2. Mass fraction remaining (£- ) for a log-normally distributed
population of homogeneous partlcles as a function of f and o
according to Eq. (3) (adapted from Mercer, 1967).

which are dependent on the specific surface area (SSA)
of the particle population and the surface area distribu-
tion of the particles. For a log-normal distribution, ini-
tial dissolution rate is dominated by the contributions
from smaller particles, where the bulk of the surface area
resides. As dissolution proceeds, the smallest particles
are removed from the population through complete dis-
solution and the particle population distribution shape
undergoes a transition, with the distribution mode shift-
ing to the larger particles, which have high mass and low
SSA. For ¢ = 0.5, the transition in particle population
distribution shape takes place at values of 2L less than
0.1 and at values of f larger than 1.5 (Fig. 2) As ¢ in-
creases above 0.5, the log-normal size distribution skews
toward the larger particles and the transition takes place
at values of Mﬂo less than 0.3 and at values of f§ from 1.5
to 6. Thus, by limiting our data analysis to values of
MMO greater than 0.3, values of [ less than 1.5, and a
value of ¢ =0.5 a single exponential term can be used
to characterize our dissolution results. Using values of
the constants f; and 4; provided by Mercer (1967) for
g =0.5, Eq. (3) reduces to:

M% = fiexp(—41 ) = 1.0exp(—1.18p). 4)
0

According to Mercer (1967), if information regarding
os and o, is lacking for a material, the SSA of the mate-
rial can be measured, and the following relationship for
a log-normal distribution:

Ol a?
2D, SSAexp( 5 ) (5)

where SSA = specific surface area, substituted into Eq.
(4) to obtain:

M o
m:exp{—l.mktSSAexp (—7)}, (6)

which reduces to

M _ exp(—1.04kzSSA). (7
M,
Thus, for the conditions studied, dissolution of a mate-
rial depends on its chemical dissolution rate constant (k)
value, a constant unique to a given chemical form of
material and SSA.

To ensure compliance with the boundary condition of
Eq. (7) for evaluating dissolution data (g, of 1-2.72),
estimates of o,, along with the count median diameter
(CMD), were made by measuring the Feret’s diameter
(Hinds, 1999) of n = 1000 particles of each study mate-
rial. Particle sizing was performed using a filar ocular
micrometer eyepiece (GEK, Inc., Charlottesville, VA)
attached to a phase contrast microscope (Carl Zeiss,
Inc., Germany).

Eq. (7) can also be expressed as the ratio of mass dis-
solved, Mp, to the initial mass M:

— 2 — 1 — exp(—1.04SSA k). (8)

This equation provides a convenient method for calcu-
lating an estimate of the fraction of material dissolved
in a period of time based on the SSA of the sample mate-
rial and its value of k.

Eq. (7) can be rearranged to solve for k:

(M

Similarly, Eq. (8) can be rearranged to solve for k if
available data were in terms of the amount of material
dissolved.

2.6. Determination of chemical dissolution rate constants

(k)

Values of k were calculated for four different beryl-
lium aerosol materials: screener particles, oxide powder,
metal powder, and arc furnace particles (Table 2). The
screener particles and oxide powder are single-constitu-
ent materials of BeO, the metal powder is a single-con-
stituent material of beryllium metal, and the arc
furnace particles are a multi-constituent material con-
sisting of BeO and copper oxides (Stefaniak et al.,
2004). The SSA for these materials were determined pre-
viously by nitrogen gas adsorption using the Brunauer,
Emmett and Teller method. Triplicate surface area
measurements were performed for each material using
a calibrated surface area analyzer (Model MS-16,
Quantachrome Corp., Syossett, NY). Estimates of sur-
face area obtained were in agreement with values pre-
dicted from a theoretical geometric model (Stefaniak
et al., 2003). Values of SSA for the study materials are
provided in Table 2.
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Table 2
Physicochemical properties of beryllium aerosol materials, initial beryllium mass, and calculated values of the chemical dissolution rate constant

Beryllium Composition® SSA (m?/g)°  Size? Initial mass k [g/(cm? day)
material CMD (pm) g, Particulate’ (ug) Beryllium® (ng) Trial Pooled

Screener BeO 11.94+0.0 1.1 1.6 168 595+1.9 1.0£07x107% 13+19x107*
particles 504 163.4 £ 5.6 1.1+04x1078
1008 261.8 £27.3 1.9+32x1078

Oxide BeO 11.1+0.0 1.2 1.5 180 563 +1.2 124£05%x107% 1.1+05x107%
powder 539 184.6 +10.7 1.1+03x1078
1077 300.4 £+ 20.5 09+04x1078

Metal Be 7.6 +0.1 3.0 1.8 385 368.0 + 14.8 10+1.1x1077 1.1+14x1077
powder 1156 1043.3 +92.9 1.542.0x1077
2313 2110.0" 0.8+ 1.1x1077

Arc furnace Cu,0, 44+0.0 1.9 1.7 450 20.9 +0.29 214+08x1077 1.64+06x1077
particles CuO, 1351 64.6 + 3.55 234+0.7%x1077
BeO 2703 8224139 1.6+£0.5%1077

& Beryllium aerosol material was collected in stage-2 (metal powder) and stage-3 (screener oxide particles, oxide powder, and arc furnace particles)
of aerosol cyclones as previously described (Hoover et al., 1989; Stefaniak et al., 2003, 2004).

® Compositions were determined using X-ray diffraction, transmission electron microscopy-selected area electron diffraction, and transmission
electron microscopy-microelectron diffraction as first reported in Stefaniak et al. (2004). BeO = beryllium oxide, Be = beryllium, Cu,O = copper(I)

oxide, CuO = copper(Il) oxide.

¢ Measured values of specific surface area (SSA) were first reported in Stefaniak et al. (2003).

4 Count median diameter (CMD) and geometric standard deviation (o) calculated from n = 1000 counts of Feret’s diameter.

¢ Arithmetic mean =+ standard deviation; within each beryllium material, values of k calculated at the low, medium, and high initial beryllium mass
(M,) trials were not statistically different and data were pooled to calculate an average value of k for each material.

 Initial particulate mass estimated from the volume of gravimetrically prepared suspension pipetted onto static dissolution chambers.

£ Initial beryllium mass (M) measured using inductively coupled plasma-mass spectroscopy for n = 5 replicate static dissolution chambers of each

material prepared at the time of experimental setup.

" nitial beryllium mass (M) measured using inductively coupled plasma-mass spectroscopy for n = 1 static dissolution chamber of this material

prepared at the time of experimental setup for this dose level.

For each aerosol material, k was determined for 11
replicate static dissolution chambers at each of three ini-
tial mass levels, M, (Table 2). The value 11 was the re-
sult of a sample size calculation (Snedecor and
Cochran, 1967) with probability of a type 1 error set
to 0.05, probability of a type II error set to 0.05, and
coefficient of wvariation of the ICP-MS analytical
method set at 20%. The calculation also assumed an ex-
pected difference in dissolution of 30% between beryl-
lium metal and BeO based on the data of Finch et al.
(1988).

The data of Finch et al. (1988) also provided insight
into the feasibility of obtaining the desired dissolution
information using a short-term dissolution screening
test, as well as insight into the appropriate time-point
for the dissolution test. Finch et al. (1988) reported sin-
gle-phase dissolution for beryllium metal, which means
that any dissolution period long enough to obtain
quantifiable dissolved beryllium could be used. Their
results for high-fired BeO were biphasic, with the
long-term (dominant) dissolution phase being well
established within only a few days which means that
a study duration of a week or more could be appropri-
ate. Eq. (8) was used to calculate the amount of mate-
rial expected to be dissolved as a function of time
assuming the measured values of SSA for the beryllium

metal, BeO, and arc furnace materials, and an upper
limit k value of 10~° g/(cm? day) determined by Finch
et al. (1988) for BeO at neutral pH. In this manner,
it was determined that a 10 day test duration was ade-
quate to ensure that the amount of material dissolved
from an initial mass of several milligrams during the
study period would be greater than our detection limit
for ICP-MS (see below). The exact values of M,
for each sample material were then calculated using
Eq. (7).

Each value of M, was quantified by analyzing five
additional replicate filter sandwiches of each material
prepared at the time of experimental setup. Using three
particulate mass levels (nominally 1x, 3%, and 6x the
lowest value of M) allowed evaluation of the dynamic
range of the protocol (i.e., from dissolution levels near
the detection limit to much greater than the detection
limit) and of the assumption that the measured values
of k will be independent of M (i.e., in accordance with
Mercer dissolution theory). Two field blank static disso-
lution chambers were included at each mass level. Eq.
(9) was used to calculate values of k for each beryllium
material at each M. The values of M for use in Eq. (9)
were calculated using the relationship M = My — Mp,
where Mp was the mass of beryllium dissolved in
PSF.
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2.7. Further investigation of dissolution behavior for a Dissolution was measured for 14 replicate samples of
multi-constituent material each study material at each of three particle sizes (Table
3). The sample size for this experiment was increased
The role of material and surface composition in from 11 to 14 to ensure that in the event of a mishap (fil-
beryllium dissolution was investigated using oxide pow- ter tear, etc.), although rare, a statistically valid data set
der (a single-constituent BeO material) and arc furnace would still be obtained. Inclusion of multiple particle
particles (a multi-constituent material containing BeO) sizes permitted determination of whether effective BeO
(Table 3). The hypothesis was that the dissolution SSA was strongly dependent on small changes in parti-
behavior of the oxide powder can be accurately pre- cle size. Although the CMDs of the BeO powder and
dicted based on knowledge of the material specific value the arc furnace particles were similar, the o, values were
of k and SSA but that the dissolution of beryllium from less than 2 and the 95% confidence intervals (Silverman
the arc furnace particles will be incorrectly estimated et al., 1971) for the CMD values did not overlap. Each
based on the k value for BeO and the measured SSA value of M, was quantified by analyzing five additional
of the multi-constituent material. replicate filter sandwiches of each material prepared at
High-resolution X-ray photoelectron spectroscopy the time of experimental setup. Two field blank static
(XPS) (Model PHI 5600, Perkin—-Elmer Corp., Eden dissolution chambers were included at each particle size.
Prairie, MN, with a 1253.6-eV MgK-alpha X-ray source) Eq. (8) was used to calculate the expected 7; M for each
was used to determine the chemical composition and sample based on ¢ =10 days, the SSA of the sample
relative percent abundance of elements on the outer 50— material, and the mean value of k for the oxide powder
75 A surface layers of oxide powder and arc furnace par- from the previous experiment (Table 2). Eq. (8) was then
ticles. Samples were prepared as thin layers of material on rearranged to calculate the “effective” SSA (SSA.y) that
carbon tape adhered to a stainless steel shim. Charge-cor- would correspond to the value of k for BeO (as deter-
rected spectra were compared to the published reference mined in the previous experiment) and the measured val-
spectra of Moulder et al. (1992). XPS measurements were ues of Afl—'; from this experiment:
also made on samples of the beryllium metal powder and v
the thickness of the beryllium oxide surface layer was cal- . —In (1 B VE)
: . . Effective SSA = ————~. (10)
culated using standard assumptions that the oxide layer 1.04kt
was coherent (no breaks) and that the “take-off”” angle The expected values of % at 1=10 days were then
for emitted electrons was 45°. compared to the measured values of ’}‘(’72’, and the material
Table 3
Physicochemical properties of beryllium aerosol materials used to calculate beryllium oxide effective specific surface area
Beryllium Composition®  SSA Size? Surface® {%’f Effective SSA
material® (m/g)° CMD (um) o, Composition ~ Be/Cu ratio  Expected  Measured (m*/g)*
Oxide BeO 11.1+£00 14 15 - 0.013 0.0124+0.006 10
powder BeO 11.1 £0.0 1.2 1.5 BeO 0.013 0.019 £ 0.009 15
BeO 10.7+0.0 1.0 14 - 0.012 0.018 £ 0.004 15
Arc furnace  — 3.7+0.0 2.1 1.9 BeO, CuO 2.1 0.004 0.067 £ 0.044 56
particles Cu,0, 4.44+0.0 1.9 1.7 BeO, CuO 3.1 0.004 0.111 £ 0.038 94
CuO,
BeO
- 39+0.0 1.6 1.7 BeO, CuO 2.3 0.005 0.153 £ 0.040 130

—: Not determined for this size of material.

# Beryllium aerosol material was collected in stage-2, 3, and 4 of aerosol cyclones as previously described (Hoover et al., 1989; Stefaniak et al., 2003,
2004).

® Compositions were determined using X-ray diffraction, transmission electron microscopy-selected area electron diffraction, and transmission
electron microscopy-microelectron diffraction; BeO = beryllium oxide, Cu,O = copper(I) oxide, CuO = copper(II) oxide. Ratio of total beryllium
atoms to copper atoms in particle bulk ranged from 1.1 to 1.6, as determined using inductively coupled plasma-mass spectroscopy. Data were first
reported in Stefaniak et al. (2004).

¢ Measured values of specific surface area (SSA) were first reported in Stefaniak et al. (2003).

4 Count median diameter (CMD) and geometric standard deviation ( (0g) calculated from n = 1000 counts of Feret’s diameter.

¢ Identity of atoms in the surfaces (outer 50-75 A layer) and their chemical state determined using X-ray photoelectron spectroscopy.
BeO = beryllium oxide, CuO = copper(1l) oxide.

T Expected values of the mass fraction dissolved were calculated using Eq. (8) with the value of k for oxide powder determined in the initial
experiment (Table 2), measured SSA for the material of interest and 7 = 10 days.

¢ Effective specific surface area (SSA) were calculated using Eq. (10) with the value of k for oxide powder determined in the initial experiment
(Table 2) and measured values of the mass fraction dissolved for the material of interest.
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specific values of SSA (Table 3) were compared to the cal-
culated values of SSA.4 for the single-constituent and
multi-constituent materials. Note that calculation of
SSA.q required the assumptions that all beryllium in arc
furnace particles was in the form of BeO and that k for
beryllium dissolution from arc furnace particles was the
same as k for beryllium dissolution from oxide powder.

2.8. Beryllium analysis and quality control

All samples were submitted to Carlsbad Environmen-
tal Monitoring and Research Center (Carlsbad, NM) for
analysis of beryllium content. Quality control samples
included field blank samples, reagent blank samples
(PSF or filters), and spike and split samples prepared
gravimetrically using a beryllium standard reference
material (SRM3105a, National Institute of Standards
and Technology, Gaithersburg, MD). Liquid samples
were analyzed by United States Environmental Protec-
tion Agency (US EPA) SW-846 Method 3015 (Micro-
wave assisted acid digestion of aqueous samples and
extracts). Filters were analyzed by US EPA SW-846
Method 3051 (Microwave assisted acid digestion of sed-
iments, sludges, soils and oils) (US EPA, 1996). Both
methods use a microwave digestion to completely dis-
solve beryllium oxide. The approach described in 40
CFR Part 136 was used to calculate the method detec-
tion limits of 1.56 pg beryllium/L and 0.006 pg beryl-
lium/filter. These calculations involved taking the
standard deviation from analysis of seven replicate ali-
quots of a beryllium standard prepared at five times
the instrument limit of detection and multiplying it by
3.14, which is the Student’s z-value for a sample size of
seven (40 CFR 136.2).

Statistical comparisons were made using one-way
analysis of variance (ANOVA) assuming that dissolu-
tion data were normally distributed and using the distri-
bution-free Wilcoxon rank-sum test. For both statistical
techniques, a significance level of o = 0.05 was used for
comparisons and Bonferroni corrected (Pagano and
Gauvreau, 1992) as appropriate. Statistical analyses
were performed using Stata (Version 7.0, StataCorp,
College Station, TX). Note that results of statistical
comparisons were independent of the assumed shape
of the underlying distribution of the dissolution data,
and for clarity, only results of the ANOVA analyses
are reported.

3. Results

3.1. Compliance of material parameters with Mercer
theory

The material property conditions required for use of
Eq. (7) to evaluate dissolution data (g, of 1-2.72 and

AL > 0.3) were satisfied for the study materials. The o,
ranged from 1.4 to 1.9 (see Tables 2 and 3) and ﬂ calcu-
lated from the dissolution data ranged from 0. 66 £00.99.

3.2. Measured chemical dissolution rate constants

Values of k were normally distributed for each study
material as shown by the plot in Fig. 3. Within each
beryllium material, values of k calculated at the low,
medium, and high M, were not statistically different,
so data were pooled to calculate an average value of k
for each material (Table 2). The values of k, in g/
(cm? day), for BeO particles released from the screener
unit operation (1.3 +1.9x107%) and for the finished
product oxide powder (1.1 £0.5x107%) were similar
(p = 0.45). Pooling data for the two oxides yielded an
overall k =12+ 1.4x10"® g/(cm? day) for BeO. The
value of k calculated for the finished product beryllium
metal powder (1.1 + 1.4 x 10~7) was significantly greater
than observed for the BeO materials (p < 0.0003). The
value of k (1.6 = 0.6 x 10~7) for the arc furnace particles
was significantly greater than observed for single-con-
stituent BeO (p <0.00001), despite the fact that the
chemical form of beryllium in the aerosol was BeO.

3.3. Particle surface properties

Fig. 4 is high-resolution XPS spectra for the binding
energy region of beryllium obtained from the surfaces
(outer 50-75 A layer) of oxide powder, beryllium metal
powder, and arc furnace particles. The surface layer of
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Fig. 3. Box plots of calculated k values for screener particles (n = 33),
oxide powder (n=33), metal powder (n=33), and arc furnace
particles (n =33) in macrophage phagolsysosomal simulant fluid.
The center of each box is the median, the top and bottom of each box
are the 75th and 25th percentile, respectively; ends of the whiskers are
1.5 times the interquartile range; and values beyond the whiskers
(“outliers”) are shown as open circles. The average value of k for
the beryllium metal powder was significantly greater than observed for
the beryllium oxide materials (p <0.0003). The average value of k
for the arc furnace particles was significantly greater than observed for
the beryllium oxide materials (p < 0.00001).
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Fig. 4. OHigh-resolution X-ray photoelectron spectra from the binding energy region of beryllium that were obtained from material surfaces (outer
50-75 A layer) illustrating that (a) the surface of oxide powder was exclusively beryllium oxide, (b) the surface of metal powder was predominantly
beryllium oxide with beryllium, and (c) the surface of arc furnace particles contained beryllium only in the form of beryllium oxide.

the oxide powder was exclusively BeO. The surface of
the metal powder was a mixture of beryllium metal
and BeO, with the BeO concentrated in an outer surface
layer calculated to be approximately 42 A thick. The
surface layer of the arc furnace particles contained
beryllium in the form of BeO and copper in the form
of CuO (copper data not shown). The shapes of the
high-resolution XPS spectra from the beryllium and
copper binding energy regions were identical for the
three sizes of arc furnace particles (data not shown),
but differed in their peak intensities as indicated by the
variation in the ratio of beryllium to copper atoms pre-
sented in Table 3; the spectra in Fig. 4 was from material
with CMD = 1.8 um.

3.4. Calculated effective BeO SSA

Table 3 contains the expected and measured beryl-
lium mass fraction dissolved, %—E, from the three sizes
of oxide powder and arc furnace particles, as well as
the calculated SSA.y for these study materials. Good
agreement was observed between measured and pre-
dicted values of %—D for all sizes of oxide powder studied;
measured values of SSA were equal to SSA that gov-
erned beryllium dissolution, i.e., within 40% of calcu-
lated values of SSA.y. In contrast, for all sizes of arc
furnace particles studied, measured values of %—ﬁ were
one to two orders of magnitude higher than the pre-
dicted values.

4. Discussion

4.1. Compliance of material parameters with Mercer
theory

Because the particles used in the current study were
aerodynamically size-fractionated with an aerosol cy-
clone, the o, of the particle samples (1.4-1.9; see Tables

2 and 3) were smaller than the expected o, for the entire
particle size distribution, and, therefore, easily complied
with the material property conditions required for use of
Eq. (7) to evaluate dissolution data (o, of 1-2.72 and
A% > 0.3). It is interesting to note that the material prop-
erty condition requirement of Eq. (7) includes the o,
value of 2.5, which the Human Respiratory Tract Model
of the International Commission on Radiological Pro-
tection (ICRP, 1994) considers to be typical for work-
place aerosols. The g, for beryllium aerosols measured
in machining operations by Kelleher et al. (2001) were
typically 2, with range 1.1-4.4.

4.2. Interpretation of chemical dissolution rate
constant (k) values

For screener particles, oxide powder, and metal pow-
der, the calculated values of k supported our assumption
that material dissolution was in accordance with Mercer
(1967) dissolution theory, i.e., kK was independent of M,
and measured values of SSA were equal to SSA that
governed beryllium dissolution. For the arc furnace aer-
osol material, the calculated values of k did not support
our assumption that material dissolution was in accor-
dance with Mercer (1967) dissolution theory, i.e.,
although k for the mixture was independent of M, the
measured values of SSA differed from the SSA that gov-
erned beryllium dissolution. As discussed below, we
found that making a distinction between single- and
multi-constituent materials was important for interpret-
ing dissolution results for the arc furnace aerosol
material.

4.2.1. Screener particles and oxide powder

The screener particles and oxide powder were single
component materials (Stefaniak et al., 2004) with nearly
identical measured SSA contributed by primary particle
size (Stefaniak et al., 2003). There was no difference in &k
values between these materials (Table 2). Thus, in this
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case it appears that the fugitive aerosol material is sim-
ilar to the process material. As expected, the k value of
1.2+ 1.4x10°® g/(cm® day) for the BeO materials in
PSF (pH 4.5) was greater than the historical value of
3.7+ 1.2x 107 reported by Finch et al. (1988) for
BeO in a simulant of extracellular lung fluid (pH 7.3).
Similarly, the value of k£ in PSF was less than the histor-
ical value of 6.1 +2.2x107% reported by Finch et al.
(1988) for dissolution of BeO material in a more acidic,
but less physiologically relevant, HCl solvent system
(pH 1). Additionally, k determined in PSF was nearly
identical to k determined for BeO in vivo using beagle
dogs, 0.7+ 1.0x10"® (Finch et al., 1990), and was
within a factor of two of the k& determined for BeO
in vitro using the J774A.1 murine monocyte-macro-
phage cell line, 2.3 + 1.9 x 10~ (Day et al., 2005).

4.2.2. Beryllium metal powder

Our results for the solubility of metal powder and
BeO in PSF (pH 4.5) showed that beryllium metal disso-
lution was intrinsically greater than BeO dissolution.
This finding is consistent with the Finch et al. (1988)
studies that showed k values for metal powder were also
greater than for BeO using serum ultrafiltrate (SUF)
(pH 7.3), a simulant of extracellular lung fluid, and
HCI (pH 1) solvents. Similar to the rank order of solu-
bilities for BeO in the various solvents, the dissolution
of metal powder was lowest in SUF, k=1.5+
0.8 x 10~? g/(cm? day) (Finch et al., 1988), intermediate
in PSF, k = 1.1 & 1.4 x 10”7 (this study), and highest in
more acidic HCl, k=4.1 +0.2x 107’ (Finch et al.,
1988).

Note that the presence of an oxide coating on the sur-
face of metal powder did not result in the dissolution
behavior of metal powder being identical to that of
BeO. Despite the presence of a BeO layer approximately
40 A thick, k determined for metal powder was an order
of magnitude greater than k for BeO. Note also the
excellent agreement between measured values of the
oxide layer thickness in the current study using XPS
(42 A) and previous measurements (52 A) using neutron
activation analysis (Hoover et al., 1989). Using 52 A as
the upper bound estimate of the oxide layer thickness,
the mass fraction of oxide on the surface of the metal
powder under study was approximately 10% of the total
particle mass (Hoover et al., 1989). After the 10 day
study period, a spherical BeO particle having an initial
diameter of 3.0 um and the characteristic £ value of
the BeO materials (k= 1.2 x 10~% g/(cm” day)) would
have diameter 2.9992 ym (Eq. (1)), which is only 8 A
smaller than the initial diameter. Thus, if the oxide layer
on metal powder had the same refractory characteristic
as the BeO materials, then the PSF solvent would only
have dissolved a fraction (4 A/SZ A= 8%) of the esti-
mated 52-A thick layer of oxide on the surface. Based
on the actual observed dissolution behavior of metal

powder (k=1.1x 1077 g/(cm? day)), a spherical metal
particle having an initial diameter of 3.0 um would have
been dissolved to a diameter of 2.9890 um (Eq. (1)),
which is a calculated reduction in diameter of 110 A.
Note that this calculated reduction in diameter is only
slightly greater than the reduction in diameter needed
to remove the entire thickness of the unintentionally
formed surface oxide layer (52 A+ 52A =104 A).
These calculations support the conclusion that the qual-
ity of the unintentionally formed oxide layer on the sur-
face of the metal powder is less durable than the oxide in
the intentionally prepared BeO materials.

4.2.3. Arc furnace particles

The value of k determined using Mercer (1967) theory
for dissolution of beryllium in the arc furnace aerosol
material, 1.6 + 0.6 x 1077 g/(cm? day), was an order of
magnitude greater than the value of k£ determined for
the single-constituent BeO aerosol materials, 1.2 +
1.4x 1073, This was despite the fact that BeO was the
only chemical form of beryllium identified in arc furnace
aerosol material. Therefore, as discussed below, the fol-
low-on experiment was performed in which detailed
information about the material and surface composition
of the study materials were used to account for observed
dissolution of the multi-constituent arc furnace
particles.

4.3. Dissolution behavior of the multi-constituent
material

The calculated values of k for the arc furnace aerosol
material did not support our assumption that material
dissolution was in accordance with Mercer (1967) disso-
lution theory. Although k for the mixture was indepen-
dent of M, the measured values of SSA differed from
the SSA that governed beryllium dissolution. One possi-
ble explanation for this deviation from Mercer (1967)
dissolution theory may be due to an intrinsically greater
solubility of the copper matrix of the arc furnace parti-
cles compared to the intrinsic solubility of the minor
beryllium component. The fact that X-ray diffraction
peaks consistent with BeO were generated from arc fur-
nace particles indicated that BeO was at least several
crystalline planes thick, and not as individual molecules
dispersed throughout the particles. The observed segre-
gation of BeO from copper oxides on the particle surface
further supports the premise that BeO was present in the
form of inclusions. Therefore, we hypothesize that
the greater than expected solubility of beryllium from
the arc furnace particles was the result of rapid dissolu-
tion of copper from the particles, which exposed small
inclusions of BeO. These BeO inclusions would have
higher SSA than measured for the total particle sample
and would therefore dissolve at a proportionally higher
rate. To test the hypothesis regarding the intrinsically
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greater solubility of the copper matrix of the arc furnace
particles, additional experimentation is needed to mea-
sure the simultaneous dissolution kinetics of copper
and beryllium from arc furnace particles.

Note that the mechanism for enhanced dissolution of
a metal in the presence of copper has been proposed by
Brown et al. (1982) to explain the observation that more
gold dissolves from higher-copper-content gold—copper
alloys than from lower-copper-content gold—copper
alloys in a 0.1 M glycine solvent. Hirano et al. (1993)
observed that respirable, single-constituent CuO parti-
cles intratracheally instilled in rats cleared the lung with
a half-time of 37 h. Benson et al. (2000) observed that
90% of copper in respirable particles of copper-beryllium
alloy (nominal 98% copper, 2% beryllium) intratra-
cheally instilled in rats cleared the lung with a half-time
of 12-48 h, whereas the beryllium content of the particles
cleared more slowly (half-time of several weeks).

4.4. Methodological issues

In the present study, k was estimated at a single-time
point, i.e., day 10. This approach allowed for examina-
tion of many replicate samples and multiple beryllium
materials. In general, dissolution is measured over a
number of time points. Both single-phase and biphasic
dissolution behavior have been observed for beryllium
from single-constituent beryllium aerosol materials
(Finch et al., 1988). In the case of single-phase dissolu-
tion, k is estimated using all of the dissolution data,
whereas, if dissolution is biphasic, k is estimated from
the data associated with the slower long-term dissolu-
tion phase. In the case of single-phase dissolution, col-
lecting samples at a single time point, e.g., day | or
day 10, should yield an unbiased estimate of k. For bi-
phasic dissolution, measuring dissolution at a single-
time point after the initial rapid phase may overestimate
k for the slower long-term phase. However, in the cur-
rent study, the single-time point approach resulted in
estimates of k that were in agreement with existing beryl-
lium dissolution data from the multi-time point studies
of Finch et al. (1988, 1990). To estimate k in the present
study, beryllium particles were sandwiched between two
filters and the beryllium that dissolved from the particles
and escaped to the free volume of the dissolution solvent
was measured. A fundamental limitation of any dissolu-
tion technique that uses filters to prevent undissolved
particulate material from entering the free volume of
the dissolution solvent is the potential for dissolved
material to adsorb to the filters. If material that dis-
solved from particles adsorbed to the filter sandwich,
rather than escape to the free volume of the dissolution
solvent, it would result in an underestimation of k by the
dissolution technique. At low dissolution levels, the im-
pact of dissolved material that adsorbs to the filter sand-
wich on k& will be more pronounced than at high

dissolution levels. However, in the current study, the
estimates of k did not differ significantly as a function
of initial mass within each beryllium study material
(Table 2).

Regarding the calculation of SSA.y for our assumed
BeO inclusions in the arc furnace particles, there were
two underlying assumptions. The first was that the
chemical form of beryllium in both the oxide powder
and in the arc furnace particles was the same, namely
BeO. This condition was satisfied because the X-ray
and electron diffraction analyses and the high-resolution
XPS analyses demonstrated that BeO was the only form
of beryllium in oxide powder and arc furnace particles.
The second assumption was that k for beryllium dissolu-
tion from BeO in arc furnace particles was the same as k
for beryllium dissolution from oxide powder. According
to Mercer (1967) k will remain a constant as long as par-
ticle size is sufficiently large, i.e., greater than 10 nm.
Based on the values of 56, 94, and 130 m2/g for the
SSA.r of BeO in the arc furnace particles (Table 3),
the calculated diameter of the inclusions based on a
spherical model was 36, 21, and 15 nm, respectively.
Therefore, the Mercer (1967) minimum-size condition
was met. Note also that after the 10 day study period,
a spherical BeO inclusion having an initial diameter of
15nm and k= 1.2 x 10® g/(cm? day) would have dia-
meter 14.2 nm (Eq. (1)), which is still larger than the
10 nm minimum.

Regarding the use of filters with a nominal pore size
of 25 nm in the in vitro dissolution chambers, the possi-
bility exists that some material may escape the dissolu-
tion chamber as molecular aggregates rather than as
dissolved material. That is a fundamental limitation of
any dissolution technique that uses filters to prevent
undissolved material from entering the free volume of
the dissolution solvent. However, the initial particle size
was greater than 1 um for the metal powder, greater
than 200 nm for the BeO primary particles, and on the
order of hundreds of nanometers for the arc furnace
particles (see Fig. 1 and Table 2). In addition, after the
10 day study period, a spherical metal particle having
an initial diameter of 1 pum and k= 1.1x 1077 g/(cm?
day) would have diameter 0.99 pm and a spherical
BeO primary particle having an initial diameter of
200nm and k=12x10"%g/(cm? day) would have
diameter 199 nm (Eq. (1)). Thus, concerns for overesti-
mation of particle dissolution due to loss of sub-25-nm
material from the dissolution chamber would only be
associated with evaluation of the smallest postulated
BeO inclusions of arc furnace particles. If such errors oc-
curred, they would result in the overestimation of
SSA.q. It would be useful to assess changes in the parti-
cle size distribution of the arc furnace material over
time. If a liquid particle spectrometer was capable of dis-
criminating BeO inclusions from other chemical forms
of colloids in the free volume of the solvent, it might
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be possible to determine the size distribution of the BeO
inclusions.

Regarding the observed independence of dissolution
results as a function of initial beryllium mass in the dis-
solution chambers, values of k did not differ significantly
as a function of initial mass within each study material
(Table 2). This independence was despite the fact that
the range of beryllium M, values used to determine &
spanned an order of magnitude for metal powder and
the beryllium oxide materials and a factor of four for
arc furnace particles. These results provide guidance
for appropriate selection of values of beryllium M, for
design of future beryllium dissolution studies. For exam-
ple, if the study material is plentiful, milligram amounts
of material could be used in each dissolution chamber
and acceptable analytical results might be possible with
moderately sensitive analytical techniques. Conversely,
if only small amounts of the study material are avail-
able, then equally reliable results might be obtained
using tens of micrograms of initial mass in conjunction
with more sensitive analytical techniques.

4.5. Implications for beryllium sensitization and CBD

The relevance of copper—beryllium aerosol solubility
to health effects in exposed individuals needs to be
explored. The question of whether the unexpected disso-
lution results for arc furnace particles were due to a
multi-constituent aerosol in general, or to the copper—
beryllium elemental content in particular, or to the fur-
nace process that generated arc furnace particles, might
be answered by collecting and characterizing samples of
copper—beryllium aerosol from additional processes
associated with prevalence of sensitization and CBD.
Schuler et al. (2005) studied beryllium sensitization
and CBD in a facility where semi-finished copper—beryl-
lium is rolled into strip or drawn into wire. Although,
the Schuler et al. (2005) work provides an epidemiologic
basis for future sample collection, there are some signif-
icant methodological challenges to obtaining quantifi-
able aerosol samples. Airborne beryllium levels in the
facility are very low (approximately 0.02 pg/m* of air),
which will make collection of adequate mass quantities
of material for physicochemical characterization and
dissolution studies difficult. Note that the physicochem-
ical characterization and dissolution studies described
herein for the arc furnace particles required approxi-
mately 250 mg of material. Complex and expensive sam-
pling strategies, e.g., use of an aerosol cyclone to collect
particles from a more concentrated source than ambient
workplace air such as the ventilation ductwork of an
operation (Stefaniak et al., 2003, 2004), will be needed
to obtain the necessary quantities of material for future
studies.

Beryllium particles can be detected in the human lung
several years after exposure has ceased (Dutra, 1948;

Stoeckle et al., 1969; Williams and Wallach, 1989; But-
nor et al., 2003). Data presented in this study for beryl-
lium metal powder and for BeO suggest that beryllium
particles retained in the lung may undergo dissolution
slowly and could contribute to beryllium dosimetry for
years after exposure has ceased. This hypothesized con-
tribution of beryllium dissolution to lung dose is consis-
tent with the findings of Fontenot et al. (1998) who
observed that beryllium-specific CD4+ T-cells express
a consistent repertoire of T-cell receptors in the lungs
of persons with CBD for several years, which suggests
a persistent specific provocation of the beryllium
immune response.

5. Summary remarks

Dissolution rates were measured for single-constitu-
ent and multi-constituent beryllium aerosol materials
using a simulant of phagolysosomal fluid with pH that
is physiologically relevant and has not been previously
used in beryllium dissolution studies. Results were
modeled using a surface-area-proportional dissolution
model. Beryllium materials known to be associated with
beryllium sensitization and CBD have a range of physi-
cochemical properties, which translate into different
dissolution behaviors and different degrees of bioavail-
ability. Consistent with previously published observa-
tions of the relative solubility of beryllium metal and
beryllium oxide in a variety of solvents, values of the
dissolution constant k for single-constituent beryllium
metal in the simulated phagolysosomal fluid were signif-
icantly greater than for BeO. As expected, dissolution of
both materials was greater in the simulated phagolysos-
omal fluid than previously published values in the more
pH-neutral fluid of the extracellular lung environment,
and less than dissolution in a more acidic HCI solvent.
In addition, values of k were independent of the initial
mass of material in the dissolution chamber, demon-
strating the flexibility of requirements for initial mass
and analytical sensitivity in the in vitro dissolution
technique.

The rate of beryllium dissolution from the multi-con-
stituent arc furnace particles was greater than expected
compared to dissolution of the single-constituent beryl-
lium oxide powder, despite the fact that the chemical
form of beryllium in the arc furnace particles was beryl-
lium oxide. This greater-than-expected beryllium solu-
bility appears to stem from the bulk and surface
composition of the study materials: it is likely that cop-
per rapidly dissolves from the particles, thereby expos-
ing the small inclusions of BeO which have higher
SSA than measured for the total particle sample and
therefore dissolve at a proportionally higher rate.

Additional studies of the dissolution behavior of beryl-
lium materials in a variety of mixture configurations
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(uniform mixtures, non-homogeneous mixtures, surface
coatings, etc.) are needed to aid in developing exposure—
response models to improve understanding of the risk of
beryllium sensitization and CBD. Improved exposure—
response models could provide a basis for understanding
and managing process- or job-related risks for beryllium
sensitization and CBD by using detailed information
about the physicochemical form and bioavailability of
the exposure material.
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