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Beryllium exposure can cause a number of deleterious
health effects, including beryllium sensitization and the po-
tentially fatal chronic beryllium disease. Efficient methods
for monitoring beryllium contamination in workplaces are
valuable to help prevent dangerous exposures to this element.
In this work, performance data on the extraction of beryllium
from various size fractions of high-fired beryllium oxide (BeO)
particles (from < 32 µm up to 212 µm) using dilute aqueous
ammonium bifluoride (ABF) solution were obtained under var-
ious conditions. Beryllium concentrations were determined by
fluorescence using a hydroxybenzoquinoline fluorophore. The
effects of ABF concentration and volume, extraction tempera-
ture, sample tube types, and presence of filter or wipe media
were examined. Three percent ABF extracts beryllium nearly
twice as quickly as 1% ABF; extraction solution volume has
minimal influence. Elevated temperatures increase the rate of
extraction dramatically compared with room temperature ex-
traction. Sample tubes with constricted tips yield poor extrac-
tion rates owing to the inability of the extraction medium to ac-
cess the undissolved particles. The relative rates of extraction
of Be from BeO of varying particle sizes were examined. Beryl-
lium from BeO particles in fractions ranging from less than 32
µm up to 212 µm were subjected to various extraction schemes.
The smallest BeO particles are extracted more quickly than
the largest particles, although at 90◦C even the largest BeO
particles reach nearly quantitative extraction within 4 hr in
3% ABF. Extraction from mixed cellulosic-ester filters, cel-
lulosic surface-sampling filters, wetted cellulosic dust wipes,
and cotton gloves yielded 90% or greater recoveries. Scanning
electron microscopy of BeO particles, including partially dis-
solved particles, shows that dissolution in dilute ABF occurs
not just on the exterior surface but also via accessing particles’
interiors due to porosity of the BeO material. Comparison of
dissolution kinetics data shows that as particle diameter ap-
proximately doubles, extraction time is increased by a factor of
about 1.5, which is consistent with the influence of porosity on
dissolution.
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analysis, surface samples
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INTRODUCTION

B eryllium (Be) has many applications as a constituent of
materials in aerospace, nuclear energy, defense, elec-

tronics, circuitry, and machinery industries, owing to its light
weight, high strength, and advantageous electrical insulating
and alloying properties.(1,2) However, exposures to beryllium-
containing particulate materials can cause a number of serious
deleterious health effects. In addition to being classified by
the Environmental Protection Agency (EPA) as a carcinogen,
skin contact may cause beryllium sensitization because the
human immune system may respond to Be exposure.(2–4)

Of special concern is exposure by the inhalation of airborne
beryllium-containing particles, which can cause the potentially
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fatal respiratory condition known as chronic beryllium disease
(CBD).(5,6)

In view of these health effects, monitoring of beryllium
exposures, particularly to airborne Be-containing particles, is
important from an occupational health standpoint. In addition
to traditional laboratory analytical techniques such as graphite
furnace atomic absorption spectroscopy (GFAAS),(7) induc-
tively coupled plasma atomic emission spectrometry (ICP-
AES),(8) and inductively coupled plasma mass spectrometry
(ICP-MS),(9) a fluorescence method has recently been devel-
oped for trace Be detection.(10)

For highly sensitive detection of beryllium, this fluores-
cence method employs a solution of the high quantum yield flu-
orophore, hydroxybenzoquinoline sulfonate (HBQS).(10) This
method gives accurate and sensitive detection results after
extraction of Be from Be metal, Be salts, and refractory BeO, as
pure solids, spikes on filter media, and in soils.(11–14) The flu-
orescence technique has the advantage of being field portable,
which allows for efficient on-site evaluations of Be levels
measured from a variety of sampling methods, while also
offering detection limits comparable to ICP-MS methods.

Beryllium oxide sintered at very high temperatures (up
to 2000◦C) is a highly refractory material that (for analysis
purposes) is typically digested using strong acid mixtures,
notably those including sulfuric or hydrofluoric acid.(15) Dilute
ammonium bifluoride (ABF, 1–3% m/m) solutions effectively
dissolves beryllium metal, beryllium sulfate, and “high-fired”
beryllium oxide.(11–16)

However, minimal performance data have been presented
as to the effects of extraction and sample conditions on the re-
coveries of these Be extractions for particles with primary sizes
(in terms of aerodynamic diameter) greater than ∼10 µm. The
effect of BeO particle size on the effectiveness of extraction
with dilute ABF has been questioned.(17) Dissolution times for
solute particles have been predicted by Mercer theory, where
the percentage of the solute particles remaining undissolved is
proportional to [1-(t/d)]3, where t is time and d is the particle
diameter.(18) Thus, for increasing analyte particle size, this
theory predicts that the extraction time will be proportional to
the particle diameter.

Here, we have investigated the effects of BeO particle
size on the rate of dissolution of BeO solids in dilute ABF
solutions are presented. In addition to particle size, other
extraction parameters were also examined, including BeO
solid sample mass, extraction time and temperature, ABF
extraction solution concentration and volume, and choice of
sample tube. The extraction of BeO solids from a variety of
sampling media (mixed cellulose ester filters, cellulosic filters,
and cellulosic dust wipes) and cotton gloves, including those
spiked with metalworking fluid as a possible interference,
were examined. Nearly quantitative extraction of beryllium
from BeO particles of a wide range of sizes (<32 µm up to
212 µm) was achieved in dilute ammonium bifluoride at mildly
elevated temperatures (90◦C). Also, the results demonstrated
much faster dissolution rates than those predicted by Mercer
theory.

METHODS

B eryllium-containing materials are classified by the EPA
as carcinogens. Contact of Be-containing materials with

the skin may cause sensitization to beryllium. Inhalation of Be-
containing materials can ultimately result in chronic beryllium
disease. Appropriate care should be taken when handling Be-
containing materials, including but not limited to the use of
personal safety equipment, such as gloves, respirators, and
appropriate laboratory ventilation.

Reagents and Solutions
BeO-containing solids were obtained as Thermalox BeO

ceramic, produced by Brush Ceramics (Tucson, Ariz.) by
sintering UOX powder at 1550◦C for 4 hr. A ceramic piece
was pulverized by impact grinding. The particles produced
were size separated into various size fractions ranging from
less than 32 µm up to 212 µm. Ammonium bifluoride (ABF)
solutions (1% and 3% m/m) were prepared by dissolving the
appropriate amount of solid ammonium bifluoride (Sigma
Aldrich, Milwaukee, Wis.) in deionized water (18 M�-cm
resistivity; Milli-Q Water System, Millipore, Billerica, Mass.).

Beryllium calibration standard solutions were prepared by
diluting a stock 1000-ppm Be standard solution (Fisher Scien-
tific, Hampton, N.H.) with 1% ABF. The fluorescence de-
tection solution was provided by Berylliant, Inc. (Tucson,
Ariz.), and contained 1.1 mM hydroxybenzoquinoline sulfo-
nate (HBQS), 2.5 mM ethylenediaminetetraacetic acid
(EDTA), and 100 mM L-lysine monohydrochloride, with the
pH adjusted to 12.8 ± 0.1. Metalworking fluid (WS 6900;
Wallover Oil Company, Strongsville, Ohio), both unused and
used, was obtained from a copper-beryllium alloy foundry in
the Midwestern United States. The metalworking fluid con-
tained mineral oil (<50%), with smaller percentages of water,
emulsifiers, alkanolamines, and biocides.

MATERIALS AND INSTRUMENTATION

E quipment included 15-mL and 50-mL polypropylene
“Falcon” sample tubes from Becton Dickinson (Franklin

Lakes, N.J.) and 15-mL polystyrene sample tubes, 10-mL
disposable syringes with nylon syringe filters (25 mm dia.,
0.45 µm pore size), and 10-mm × 10-mm plastic fluores-
cence cuvettes from Fisher Scientific. Plastic 1.5-mL micro-
centrifuge tubes with snap caps were from Eppendorf (Ham-
burg, Germany). Mixed cellulose ester (MCE) filters (0.8 µm,
37 mm diameter) and Whatman 541 cellulosic filters (55 mm
diameter) were from SKC, Inc. (Eighty Four, Pa.). Cellulosic
dust wipes (moistened with aqueous benzalkonium chloride)
were from Palintest USA (Erlanger, Ky.).

BeO solid samples were weighed on a Mettler Toledo
(Columbus, Ohio) model AB265-S analytical balance
(±0.00001 g readability). Mechanical pipettors and disposable
plastic tips for dispensing small volumes were from Gilson
(Middleton, Wis.). The calibrations of the analytical balance
and mechanical pipettors were checked twice daily. Samples
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were heated in an Econotemp Laboratory Oven Model 55G
from Fisher Scientific (Hampton, N.H.).

Fluorescence measurements were performed on a Modulus
9200-000 fluorometer from Turner Biosystems (Sunnyvale,
Calif.). The fluorometer was equipped with an LED source for
excitation at 365 nm and an optical kit from the manufacturer
with a bandpass filter for photomultiplier detection at wave-
lengths of 475–485 nm. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) analysis was performed
using a Spectro Flame-EOP instrument (Spectro, Kleve, Ger-
many) at a detection wavelength of 313 nm.

BeO Sample Preparation and Analysis
For samples without filter/wipe media, BeO solids (ranging

from approximately 1 to 2 mg or 4.5 to 5.5 mg) were weighed
out directly into clean polypropylene Falcon tubes on an an-
alytical balance. For samples with smaller filter media (MCE
and Whatman 541 filters), the BeO solids were dispersed on
the filter inside the sample extraction tube (where the BeO was
originally weighed out) so no BeO would be lost in transfer.
For Palintest cellulosic wipes and cotton gloves, the BeO was
weighed out in the extraction tube, then poured onto an open
wipe or glove in a wide area (as widely dispersed on the wipe as
possible); the wipe or glove was then loosely folded and placed
back into the original tube (where the BeO was weighed out
initially) for extraction.

Extraction Procedure
To each solid sample, 5.0 mL of ABF extraction solution

(either 1% or 3% m/m) were added, and the lid of the tube was
closed tightly. Samples were heated in a preheated oven at the
prescribed temperature for the prescribed amount of time. If
analyzing a sample at various time intervals, the sample tube
was briefly removed (1–2 min) from the oven; a small aliquot
(40–50 µL) of the solution was then removed and placed
in a plastic microcentrifuge-style tube for temporary storage.
The original BeO sample tubes were replaced in the oven for
continued heating. All sample aliquots to be analyzed were
allowed to cool to room temperature before analysis. Reagent
blanks were similarly prepared by heating ABF solutions in
sample tubes.

Samples on filter or wipe media were prepared by spiking
the media with 1–2 mg of the BeO solid (weighed to the nearest
0.01 mg). The media were then placed into sample containers:
50-mL polypropylene Falcon tubes for MCE filters, Whatman
541 filters, and Palintest wipes; 120-mL polypropylene sample
jars for cotton gloves. A volume of 3% ABF solution (MCE and
Whatman 541 filters: 10 mL; Palintest wipes: 15 mL; cotton
gloves: 50 mL) was then added to the sample containers, the
lids were closed tightly, and the samples were shaken for about
2 min. For Palintest wipes and cotton gloves, the lids were
reopened and the media were pressed into the solution with
clean glass stirring rods to submerge the media and to release
trapped air bubbles. For cotton gloves, repeated pressing with
stirring rods was necessary to completely release trapped air.

The samples were then capped and heated in the oven at
90±1◦C for 5 hr.

Fluorescence Analysis
The fluorescence spectrometer was calibrated using a

reagent blank (0.10 mL 1% ABF + 1.9 mL HBQS-containing
fluorescence dye solution) and five Be standards.(13) The first
calibration standard was prepared by mixing 0.10 mL of a
stock 10 ppb Be solution (in 1% ABF) with 1.9 mL of the dye
solution directly in a plastic disposable fluorescence cuvette.
The contents of the cuvette were shaken gently to facilitate
mixing. The remaining four standards were prepared identi-
cally, using the following Be stock concentrations: 50 ppb,
100 ppb, 200 ppb, and 500 ppb, all in 1% ABF.

BeO sample extracts were used without filtration if all
undissolved solids settled to the bottle of the sampling tube.
Otherwise, samples with visible suspended particles were fil-
tered using plastic, disposable 10-mL syringes equipped with
nylon syringe filters. All sample extracts, filtered or unfiltered,
were then diluted by mixing 10 µL of the extract solution with
5.0 mL of 1% ABF solution in clean 15-mL polypropylene
sample tubes.

For fluorescence analysis, 0.10 mL of diluted sample extract
from each sample was mixed directly in a plastic, disposable
fluorescence cuvette with 1.9 mL of the HBQS-containing
fluorescence dye solution. The contents of the cuvette were
shaken gently to facilitate mixing, and the samples were then
analyzed using the fluorescence spectrometer.

ICP-AES Analysis
Inductively coupled plasma atomic emission spectroscopy

(ICP-AES) analysis was performed on aliquots of samples
(identical to those extracted for fluorescence analysis) in ac-
cordance with NIOSH Method 7300 (after extraction in 3%
ABF at 90◦C) at a detection wavelength of 313 nm.(19)

Scanning Electron Microscopy
BeO samples were mounted on conductive tape and then af-

fixed to 15 mm diameter scanning electron microscopy (SEM)
stubs (Ted Pella, Inc., Redding, Calif.). These mounts were
then sputter coated with gold/palladium for 40 sec at 25 mA
using a Denton model Desk 2 sputter coater (Denton Vacuum,
Moorestown, N.J.). Analyses were performed using a Hitachi
S-3000N (Tokyo, Japan) variable pressure scanning electron
microscope. Both secondary and backscatter electron detec-
tors were employed, with an accelerating voltage of 15 keV.
Secondary electron images were obtained for each sample at
80×, 500×, 1000× and 3000× magnification.

RESULTS AND DISCUSSION

Effect of Concentration of Ammonium Bifluoride
Extraction Solution

Dilute solutions of ammonium bifluoride (ABF) have been
previously used to extract beryllium from BeO-containing
materials. One percent ABF solutions have been effective for
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TABLE I. Mesh Sizes and Their Corresponding BeO
Solids Particle Size Fractions

BeO Particle Sizes

Mesh Particle Size (µm)

−500 < 32
−270 + 325 45 to 53
−140 + 170 90 to 106
−80 + 140 106 to 180
−70 + 80 180 to 212

quantitatively extracting small masses of pure solids and solids
spiked on filter media.(11,12) Also, 3% ABF solutions have
been successfully used for quantitative BeO dissolution in soil
samples.(13)

To examine the effect of the concentration of ammonium
bifluoride on the rate of dissolution of BeO, samples (∼1 mg)
of BeO of various mesh sizes (Table I) were extracted in 50-mL
polypropylene Falcon tubes at 90 ± 1◦C using 5.0 mL of either
1% or 3% (m/v) ABF. Analysis of the extracts by fluorescence
(Tables II and III) shows that, in general, 3% ABF solutions
yield percent recoveries of 90% or greater approximately twice
as quickly as do solutions of 1% ABF. For the smallest size
fraction of BeO particles examined (< 32 µm), 89% of the
material is extracted within 2 hr with 3% ABF. For the largest
size particles examined (180–212 µm), quantitative recovery
is reached in about 4 hr with 3% ABF. In contrast, to achieve
90% or greater recovery in 1% ABF, the smallest BeO particles
require about 4 hr and the largest BeO particles require nearly
8 hr.

Effect of BeO Particle Size
BeO particle size significantly affected the rate of disso-

lution by ABF solutions, and previous work had used BeO
solids of relatively small particle size.(11,12) Few data previ-
ously existed comparing the dissolution of BeO particles of
varying sizes using dilute ABF solutions. Results from this

TABLE II. Percent Recovery vs. Time for Various
Particle Size Fractions of BeO after Dissolution in
5 mL 1% ABF Extraction Solution at 90◦C

Percent Recovery in 1% ABF
BeO Particle Size (µm)

Time (hr) < 32 45 to 53 106 to 180 180 to 212

2 63 (2) 35 (3) 26 (1) 19 (1)
4 90 (6) 66 (8) 53 (1) 48 (1)
6 85 (1) 79 (8) 74 (5)
8 90 (5) 98 (2) 96 (3)

Note: N = 3 for all samples, relative standard deviation (RSD) in parentheses.

TABLE III. Percent Recovery vs. Time for Various
Particle Size Fractions of BeO after Dissolution in
5 mL 3% ABF Extraction Solution at 90◦C

Percent Recovery in 3% ABF
BeO Particle Size (µm)

Time (hr) < 32 45 to 53 106 to 180 180 to 212

2 89 (2) 64 (5) 55 (2) 41 (4)
4 95 (5) 106 (1) 102 (12) 97 (5)

Note: N = 3 for all samples, RSD in parentheses.

study comparing the percent recoveries from the extraction
of BeO solids of varying mesh sizes are shown in Tables II
and III. As would be predicted, the smallest size particles
(< 32 µm) dissolved the most quickly, with rates decreasing
as particle size increases. In 3% ABF, all of the BeO solids
analyzed, including the largest (180–212 µm), were extracted
with yields of 90% or greater within 4 hr under the conditions
used.

Effect of Temperature
Extractions of BeO with fraction sizes of < 32 µm, 90 to

106 µm, and 180 to 212 µm were performed at temperatures
of 90◦C, 80◦C, 60◦C, and 25 (±1)◦C to investigate the effect
of temperature on the rate of dissolution. Sample masses of ap-
proximately 1 mg were extracted using 5 mL 3% ABF in 50 mL
polypropylene Falcon tubes. Results of these temperature-
dependent studies are shown in Table IV.

Fluorescence analysis of the extracts at set time intervals
shows that, as would be predicted, the BeO solids of each
size fraction studied dissolved most quickly at the highest
temperature (90◦C) and most slowly at the lowest temperature
(25◦C). Samples of the 180 to 212 µm BeO size fraction (the
largest sized particles) yielded quantitative recoveries after
4 hr at 90◦C, but required 6 hr of heating at 80◦C for near
quantitative recovery (≥ 90%) to occur. In samples extracted
at room temperature (25◦C), while BeO particles with sizes
<32 µm showed a considerably faster rate of extraction, none
of the solids was dissolved above the level of 90% or greater
within 24 hr, making room temperature extraction impractical
for any of the size fractions of BeO studied.

It is noteworthy that for samples extracted at elevated tem-
peratures in this work, a preheated gravity convection oven
was used. The temperature of the samples during the ini-
tial period of extraction using this method was measured by
placing thermocouples inside sealed 50-mL Falcon sample
tubes containing 5 mL or 10 mL of water (to mimic sample
extraction volumes). Comparison of oven temperature to sam-
ple temperature during the first 2 hr of heating, as shown in
Figure 1, shows a significant delay in samples reaching their
intended extraction temperatures: a time period of 45–60 min
was required for samples to reach temperatures of 80◦C in an
oven that was preheated to 90◦C. Thus, for samples extracted
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TABLE IV. Percent Recovery vs. Time for Various Particle Size Fractions of BeO after Dissolution in 5 mL 3%
ABF Extraction Solution at Four Different Temperatures

Percent Recovery
BeO Particle Size (µm)

< 32 90 to 106 180 to 212

Time (hr) 25◦C 60◦C 80◦C 90◦C 25◦C 60◦C 80◦C 90◦C 25◦C 60◦C 80◦C 90◦C

2 19 (2) 52 (1) 81 (4) 89 (2) 3.9 (0.1) 23 (1) 55 (5) 55 (2) 2.6 (0.8) 16 (2) 28 (2) 41 (4)
4 26.5 (0.2) 75 (2) 93 (2) 95 (5) 6.8 (0.8) 47 (5) 91 (6) 102 (12) 5.8 (0.6) 31 (3) 61.3 (0.2) 97 (5)
6 34 (1) 83 (2) 9.8 (0.1) 65 (8) 7.9 (0.5) 46 (3) 91 (1)
8 45 (3) 90 (2) 13.4 (0.2) 84 (3) 9.6 (0.8) 67 (3)

10 95 (4) 84 (5)
12 57 (1) 19.3 (0.2) 13 (1) 91 (5)
24 72 (3) 29 (1) 22 (2)

Note: N = 3 for all samples, RSD in parentheses.

using other heating methods such as forced air convection
ovens, extraction times may be shortened.

Effects of Sample Mass, Extraction Solution
Volume, and Sample Tube

Samples of the largest size fraction of BeO particles (180
to 212 µm) were extracted in 3% ABF at 90◦C under mul-
tiple variations of the following conditions: Sample mass:
∼1 mg vs. ∼5 mg; Extraction solution volume: 5 mL vs. 10
mL; and Sample tube: 15-mL polypropylene Falcon tube vs.
50-mL polypropylene Falcon tube. The results are summarized
in Tables V and VI. In general, ∼1 mg samples were more

FIGURE 1. Oven temperature (bold line) vs. sample tempera-
ture (solid line: 10-mL sample; dashed line: 5-mL sample) in a
gravity convection oven preheated to 90◦C

quickly extracted than ∼5 mg samples, with ∼5 mg samples
at best reaching only 73% recovery after 5 hr in 3% ABF
solution.

The volume of the extraction solution had no statistically
significant effect on the rate of extraction (t-test at 95% confi-
dence level). Examination of the rate of heating of deionized
water inside sealed 50-mL polypropylene Falcon tubes (to
mimic the same heating conditions as for the BeO samples)
showed that 10-mL samples are about 2–5◦C cooler than
samples of 5-mL for about the first 80 min of heating. Thus
samples extracted with larger volumes may require more time
to reach BeO recovery levels of those extracted in smaller
volumes.

The choice of sample tube had a significant effect on the rate
of extraction. The 15-mL polypropylene Falcon tubes, which
have a pointed bottom, showed slower rates of extraction as
compared with the 50-mL polypropylene Falcon tubes, which
have a significantly flatter bottom at the tip of the tube. In the

TABLE V. Percent Recovery vs. Time for BeO
(particle sizes 180 to 212 µm) Extracted in 15-mL
Polypropylene Falcon Tubes Under Varying Combi-
nations of BeO Mass (∼1 mg vs. ∼5 mg) and ABF
Extraction Solution Volume (5 mL vs. 10 mL)

Percent Recovery: 15-mL Tubes

Extraction 5 mL 3% ABF 10 mL 3% ABF
Time Solution:
(hr) Mass of BeO: ∼1mg ∼5mg ∼1mg ∼5mg

2 36 (4) 11 (1) 29 (3) 12 (2)
4 67 (5) 25 (4) 71 (13) 25 (3)
5 71 (5) 29 (2) 69 (11) 29 (9)

Note: Samples were extracted in 3% ABF at 90◦C; N = 3 for all samples,
RSD in parentheses.
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TABLE VI. Percent Recovery vs. Time for BeO
(particle sizes 180 to 212 µm) Extracted in 50-mL
Polypropylene Falcon Tubes Under Varying Combi-
nations of BeO Mass (∼1 mg vs. ∼ 5mg) and ABF
Extraction Solution Volume (5 mL vs. 10 mL)

Percent Recovery: 50-mL Tubes

Extraction 5 mL 3% ABF 10 mL 3% ABF
Time Solution:
(hr) Mass of BeO: ∼1mg ∼5mg ∼1mg ∼5mg

2 48 (3) 29 (2) 27 (3) 31 (5)
4 94 (9) 55 (6) 78 (3) 56 (11)
5 92 (6) 73 (5) 82 (5) 71 (12)

Note: Samples were extracted in 3% ABF at 90◦C; N = 3 for all samples,
RSD in parentheses.

15-mL tubes, the sample solid becomes compacted and does
not interface well with the extraction solution, as opposed to in
the more open 50-mL tubes, which provides for good exposure
of the undissolved solid to the extraction solution. Additional
evidence for this was noted when separately utilizing different
15-mL polystyrene tubes that had a rounded bottom, but were
otherwise similar in shape and size to the 15-mL Falcon
tubes with the pointed bottom. The extraction and analysis
of samples of BeO particles of size fraction 180 to 212 µm
using these round-bottom tubes yielded statistically identical
results to those when using the 50-mL polypropylene Falcon
tubes. This suggests that the pointed bottom of the 15-mL
polypropylene Falcon tube was retarding the rate of BeO
extraction.

Overall, the most effective set of parameter conditions of
those tested for sample mass, extraction solution volume, and
sample tube were: ∼1 mg solid sample, 5 mL extraction
solution, and 50-mL polypropylene Falcon tube (or another
comparable tube that does not have a “pointed” tip).

Extraction of BeO on Filter and Wipe Media
Sampling in occupational settings can be achieved using

a variety of methods, most of which utilize a filter or wipe
medium to collect particulate matter for analysis.(7,20–22) Ex-
amples of typical media include MCE filters for air samples
and Whatman 541 cellulosic filters and dust wipes such as Pal-
intest wipes for surface sampling. To test the performance of
the extraction and fluorescence method under typical sampling
conditions, samples of BeO solid (∼1–2 mg of < 32 µm, 90
to 106 µm, or 180 to 212 µm size fractions) were spiked onto
these media.

In addition, samples of BeO solid spiked onto cotton gloves
were examined. These samples included those with spikes of
metalworking fluid (both unused and used) added, as well as
those without metalworking fluid added. All of these BeO sam-
ples on various media were then extracted in 3% ABF solution
in an oven at 90◦C for 5 hr. Sample tubes and solution volumes

were varied to contain the chosen medium and to completely
submerge the medium in the extraction solution. Filters and
wipes were placed into 50-mL polypropylene Falcon tubes
and extracted with 10 mL or 15 mL of 3% ABF solution,
respectively, to completely submerge the filter in the extrac-
tion solution; gloves were placed into 120-mL polypropylene
sample jars with lids and extracted with 50 mL of 3% ABF
solution to completely submerge the glove in the extraction
solution.

The results for the extraction and analysis of BeO on var-
ious media are shown in Table VII. In nearly every case the
extractions yielded nearly quantitative recoveries greater than
or equal to 90%. Thus, the extraction of beryllium from BeO
particles under these conditions (3% ABF solution, 90◦C,
5 hr) is effective for a wide range of BeO particle sizes and on
a variety of media.

Samples of BeO solid (size fraction 90 to 106 µm) on
cotton gloves in the presence of metalworking fluid were also
investigated. Two types of metalworking fluid spikes were
utilized: 1 mL of unused metalworking fluid and 1 mL of
used metalworking fluid (obtained from a Cu-Be foundry
in the midwestern United States). Blanks of the extractions
of the metalworking fluids on cotton gloves were also exam-
ined: the unused metalworking fluid contained no detectable
Be, while the used fluid contained a trace of Be. The results for
BeO on cotton gloves with spikes of the used metalworking
fluid added are presented with the Be amounts from the blanks
subtracted. The presence of metalworking fluid showed a
slight decrease in recoveries (spiked with unused metalwork-
ing fluid: 92 ± 3%, n =3; spiked with used metalworking fluid:
91 ± 4%, n = 3) vs. samples containing no metalworking fluid
(98 ± 12%, n = 3), but the recoveries were all still greater than
90% and the decrease was not statistically significant.

To confirm these results, Be from BeO spikes on gloves
(with metalworking fluid spikes) was determined by both

TABLE VII. Percent Recovery of BeO Solids of
Varying Size Fractions on Several Filter/Wipe Media
Types

Percent Recovery on Sampling Media
Filter / Wipe Medium

BeO Particle Cotton
Size (µm) MCE Whatman 541 Palintest Glove

< 32 92 (6) 92 (5) 89 (6) 111 (16)
90 to 106 100 (7) 99 (2) 94 (5) 98 (12)

180 to 212 92 (1) 96 (3) 98 (5) 90 (6)

Notes: All samples were extracted in 3% ABF solution at 90◦C for 5 hr.
Samples with MCE and Whatman 541 filters were extracted in 10 mL ABF
solution in 50-mL polypropylene Falcon tubes; samples with Palintest dust
wipes were extracted in 15 mL ABF solution in 50-mL polypropylene Falcon
tubes; samples with cotton gloves were extracted with 50 mL ABF solution
in 120-mL polypropylene sample cups with lids. N = 3 for all samples, RSD
in parentheses.
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FIGURE 2. SEM images of Thermalox BeO ceramic of particle size fraction <32 µm at 500× (left), 1000× (center), and 3000× (right)
magnifications

the fluorescence method and ICP-AES for comparison. After
fluorescence analysis, Be was determined on different aliquots
of the same samples by ICP-AES in accordance with NIOSH
Method 7300 (after extraction in 3% ABF at 90◦C). Results

from the fluorescence method vs. the ICP-AES analysis show
Be recoveries greater than 90% for all samples analyzed by
both methods. The average relative deviation between deter-
minations (fluorescence vs. ICP-AES) of identical samples

FIGURE 3. SEM images of Thermalox BeO ceramic of particle size fraction 90 to 106 µm at 80× (top left), 500× (top right), 1000× (bottom
left), and 3000× (bottom right) magnifications
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FIGURE 4. SEM images of Thermalox BeO ceramic of particle size fraction 180 to 212 µm at 500× (left), 1000× (center), and 3000× (right)
magnifications

was 1.8%, with the lowest deviation being 0% and the highest
7.6%.

Scanning Electron Microscopy
Figures 2, 3, and 4 show scanning electron micrographs

(SEMs) of the “as-received” particles at various magnifica-
tions. Figure 2 shows the smallest sized particles studied
(<32 µm size fraction), Figure 3 shows particles of an in-
termediate size fraction (90–106 µm size fraction), and Figure
4 shows the largest sized particles studied (180–212 µm size
fraction). Because these particles are produced by an impact
process, they have irregular shapes with sharp edges.

Furthermore, at larger magnifications (i.e., 3000× magni-
fication), a fine powder with sharp edges is observed to adhere
onto the particle surfaces. This powder does not appear to be
nonsintered UOX material, which typically is comprised of
cube-shaped particles (0.1 to 0.2 mm in size) strung together
as a loose network to form larger particles.(12,18) In addition,
some of the porosity left behind by the sintering process is also

evident. The theoretical density of BeO is 3.01 g/cm3; however,
the typical density of Thermolox 995 (which is the material
examined in this study) is 2.88 g/cm3, where the difference is
ascribed to porous vs. nonporous particles. Porosity in BeO
ceramics can be reduced but not eliminated (e.g., BW 3250
from Brush Ceramics can reach a maximum density of 2.95
g/cm3).

Partially dissolved particles that are shown in Figure 5 were
examined by SEM after a measured Be recovery of about
15% using 1% ABF at 90◦C (as determined by fluorescence
analysis). For the particles shown in Figure 6, the recovery
was near 20% after extraction using 3% ABF at 90◦C. The
SEMs presented in both of these figures (particularly at 3000×
magnification) show that the dissolution process is influenced
by the porosity that remains after the sintering process. The im-
plication is that the dissolution solution accesses the interior of
the particles via the pores and the exposed grain boundaries of
the particles to cause their disintegration into smaller particles
(Figures 5 and 6).

FIGURE 5. SEM images of Thermalox BeO ceramic (particle size fraction 45 to 53 µm) after partial dissolution in 1% ammonium bifluoride
solution at 500× (left) and 3000× (right) magnifications
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FIGURE 6. SEM images of Thermalox BeO ceramic (particle size fraction 180 to 212 µm) after partial dissolution in 3% ammonium bifluoride
solution at 500× (left) and 3000× (right) magnifications

Data presented in Table II (for 1% ABF) and Table III (for
3% ABF) also show that the dissolution time is quite rapid for
large particles and that it does not have a directly proportional
dependence on particle diameter as suggested by Mercer’s
theory and adapted by Stefaniak et al.(18) In our work, a particle
that is nearly twice as large in aerodynamic diameter (180–
212 µm size fraction vs. 90–106 µm size fraction) requires
only about 1.5× as much time to dissolve. Using data for the
these two particle size fractions (at temperatures of 25◦C and
60◦C) and assuming a pseudo first-order model for the dissolu-
tion kinetics, the ratio of rate constants for dissolution for these
size fractions increased by factors of 1.4 and 1.6, respectively.

In Mercer’s theory, which assumes that the particles (mod-
eled as solid spheres) dissolve uniformly from the outside
only, the rate should decrease by a factor of 2 when doubling
the particle diameter, which is not the case here. This would
also suggest that the larger particles of this type of ceramic,
if ingested, may disintegrate more rapidly in the human body
than as suggested by the above model. The higher surface
roughness in Figure 6 as compared with that in Figure 5 also
shows the enhanced aggressiveness of the 3% ABF solution
as compared with extraction in 1% ABF solution.

CONCLUSIONS

A number of parameters have been examined in the extrac-
tion of beryllium from high-fired BeO particles using

dilute ammonium bifluoride (ABF) solutions. Three percent
ABF solution demonstrates significant increases in the rates
of dissolution of BeO over 1% ABF, with medium to large
size particles dissolving nearly twice as quickly in the 3%
ABF solution. The rate of dissolution is also significantly
affected by the choice of sample tube used in the extraction, as
samples in 15-mL tubes with pointed bottoms exhibited slower
rates of dissolution, probably due to hindered interaction of
the solid with the extraction solution. Elevated temperatures

increased the rate of extraction, with temperatures of 90◦C
giving sufficiently fast dissolution of all BeO solids tested.
Thus the use of 3% ABF with heating has been shown to be
of practical use for analytical applications in the field.

Several different particle sizes of BeO solids were exam-
ined, representative of those that would be expected to be
collected by typical sampling methods used in occupational
settings. Using the optimal conditions found in this work
(3% ABF, 90◦C), even the largest particles dissolved to give
quantitative yields (> 90%) within 4 hr. Scanning electron
microscopy images of partially dissolved BeO particles sug-
gest that the porosity of the BeO particles has a significant
influence on their dissolution in dilute ammonium bifluoride
solution. Extraction of BeO on a variety of filter and wipe
media showed nearly quantitative yields under the similar
extraction conditions (3% ABF, 90◦C, 5 hr) for all sizes of
BeO particles examined.
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