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Measurement of ultra-trace
beryllium in occupational

hygiene samples by extraction

and fluorescence detection

Beryllium is widely used in industry and commercial products for its unique properties; however, occupa-
tional exposure to beryllium particles can cause dermal sensitization and a potentially fatal lung ailment,
chronic beryllium disease (CBD). Consequently, exposure limits for beryllium particles in air and action
levels on surfaces have been established in efforts to minimize exposure risks for workers. In recent research,
a molecular fluorescence method for the determination of trace beryllium in workplace samples, i.e., air
filters and dust wipes, was evaluated and validated through intra- and inter-laboratory testing. The
procedure entails extraction of sampled beryllium in dilute ammonium bifluoride (aqueous), followed by
fluorescence measurement of the complex formed between beryllium and hydroxybenzoquinoline sulfonate
(HBQS). The estimated method detection limit is <1 ng Be per air filter or wipe sample, with a dynamic
range up to greater than 10 p.g per sample. Interferences from numerous metals tested (in >400-fold excess
concentration compared to that of beryllium) are negligible or minimal. The procedure is effective for the
dissolution and quantitative determination of beryllium extracted from refractory beryllium oxide particles,
and was successfully modified for measuring beryllium content in large BeO particles and in soil samples.
The method performance compares favorably with methods employing sample digestion in acid mixtures
that include hydrofluoric acid, followed by inductively coupled plasma-mass spectrometry. ASTM Inter-
national voluntary consensus standards and US National Institute for Occupational Safety and Health
methods based on the methodology have been promulgated.

By Kevin Ashley
INTRODUCTION AND BACKGROUND

Beryllium is a lightweight metal
(atomic number 4) with unique
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mechanical, electronic and thermal
properties that make it ideal for use
in many applications and industries
including defense, aerospace, nuclear
power, telecommunications, automo-
biles, sporting equipment and even
dental prosthetics." In nature beryl-
lium is found in highest concentrations
in beryl and bertrandite ores, from
which the element is mined.? Beryl-
lium-containing alloys and beryllium
compounds have been produced com-
mercially in the US since as early as
1920.%> Production of calcined beryl-
lium oxide, often referred to as
“high-fired” BeO, which is subjected
to heating at temperatures >1,500 °C,
began in the late 1950s.* Unfortu-
nately, beryllium exposures can cause
adverse health effects in a percentage
of those exposed, and may lead to the
development of chronic beryllium dis-
ease (CBD).>® CBD is believed to be
triggered first by sensitization through
dermal exposure to beryllium, which
precedes a subsequent airborne expo-
sure via inhalation.” Development of
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CBD has been documented in about
half of those individuals who have
been sensitized.' CBD is treatable
but cannot be cured.!! Beryllium and
compounds have also been identified
as suspect carcinogens.'!3
Preventing occupational exposures
to beryllium particles via skin contact
and/or inhalation requires the ability
to measure this highly toxic element at
extremely low levels on surfaces and in
workplace air.!* Occupational expo-
sure limits for beryllium in air have
been established in a number of coun-
tries’> and a revised Threshold Limit
Value (TLV) for beryllium has been
established at 0.05 wg/m®, which is
the lowest TLV promulgated for any
metal.!® US Department of Energy reg-
ulations have set action levels for ber-
yllium in air and on surfaces, with a
lowest surface limit of 0.2 ng Be per
100 cm? sampling area for release of
equipment or for non-beryllium work
areas.!” The above exposure limits
require the use of highly sensitive ana-
Iytical techniques in order to achieve
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Figure 1. Scanning electron micrographs of ~100 pm diameter high-fired BeO particles at 80x (top left), 500x (top right),
1000x (bottom left), and 3000 x (bottom right) magnifications.

the method detection limits (MDLs)
necessary for determining ultra-trace
levels of beryllium. For example, in
order to measure airborne beryllium
at levels below the TLV, candidate
analytical methods must be able to
quantify beryllium at masses of nano-
grams per sample or less.'®

Prior to analytical measurement of
beryllium, effective dissolution techni-
ques must be utilized in order to extract
this element from challenging sample
matrices.!® These include refractory
materials such as silicates and high-
fired beryllium oxide®® (Figure 1). In
occupational hygiene chemistry appli-
cations, air filter and wipe samples con-
taining collected refractory particulate
matter historically have been subjected
to acid digestions that include hydro-
fluoric or sulfuric acids.!??1??

In other work, concentrated ammo-
nium bifluoride, NH4HF,, has been
employed in the dissolution of quartz
silicate materials.>> The rate of the
reaction with silica

SiO, + 4NH4HF, — (NH,4),SiFs
+2NH,F + 2H,0,

is concentration and temperature
dependent. NH4HF, has also been
used to dissolve beryllium oxide, ber-
yllium hydroxide and metallic beryl-
lium.?* The reaction with beryllium
oxide can be expressed®’

BeO + 2NH4HF, — (NHy),BeF,
+H20,

in analogous fashion to the reaction
with beryllium hydroxide®°:

BC(OH)Z +2NH4HF, — (NH4)2BCF4
+2H,0.

For wipes and air filter samples, extrac-
tion of beryllium with dilute aqueous
NH,4HF,, is a useful alternative to
digestion in concentrated acids.?®
NH4HF, in diluted form has also been
successfully employed in the dissolu-
tion of beryllium from soils, although
long extraction times at elevated tem-
perature are required.?” This extrac-
tion medium offers a safe and facile
alternative to the use of concentrated
acids that have traditionally been used
for dissolution of beryllium in challen-
ging environmental samples.
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Subsequent to dissolution, laboratory
methods to measure beryllium in occu-
pational hygiene samples have relied
mainly on atomic spectrometric meth-
ods such as electrothermal atomic
absorption and inductively coupled
plasma optical emission spectrome-
try.!*?? In order to obtain yet lower
detection limits for beryllium, recent
work has focused on the use of induc-
tively coupled plasma mass spectrome-
try (ICP-MS)?¥2° and a new molecular
fluorescence method®° that relies on a
high quantum yield fluorophore, hydro-
xybenzoquinoline sulfonate (HBQS).3!
When complexed with the beryllium
dication in basic solution, HBQS offers
much greater intensity of fluorescence
than previously studied fluorophores,
thereby enabling ultra-trace beryllium
detection.*°

Fluorescence spectra of trace levels of
beryllium in the presence of HBQS are
presented in Figure 2. Using excitation
in the near ultraviolet (A =365-
380 nm), unreacted HBQS reagent
fluoresces at Amax =~ 590 nm, while the
intense fluorescence of the Be-HBQS
adduct is blue-shifted to
Amax ~ 475 nm. With this fluorescence
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Figure 2. Fluorescence spectra of unreacted HBQS (A ,,ax ~ 590 nm) and Be-HBQS

complex (A ax ~ 475 nm).

reagent, beryllium concentrations in
the sub-parts-per-billion range can be
measured quantitatively,%°2 thereby
offering detection limits that are
comparable with those attainable by
ICP-MS.3%3

This paper briefly reviews the devel-
opment and validation of the overall
method that entails dissolution with
NH4HF, and ultra-trace detection of
extracted beryllium by fluorescence
measurement of the Be-HBQS com-
plex. Applications to air filter samples,
wipes, soils and other sample matrices
are demonstrated.

LABORATORY PERFORMANCE

Evaluation of the overall NH HF,
extraction and fluorescence measure-
ment method®® (schematized in
Figure 3) has been carried out in accor-
dance with published validation proto-
cols.>®3” The MDL of the procedure has
been estimated using various fluorom-
eters, with an optimum reported MDL
of less than 0.8 ng per sample for filter
media.*° Still lower MDLs are attain-
able with longer fluorescence measure-
ment times. By comparison, similar
beryllium MDLs have been reported
for environmental samples by ICP-
MS.>3>® The analytical range of the
fluorescence detection method spans
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nearly five orders of magnitude.>* Over-
all method uncertainty, as estimated
through inter-laboratory testing, is bet-
ter than +20%.3° This performance
satisfies criteria for quantitative analysis
established by voluntary consensus for
occupational air monitoring in Eur-
ope*® and also meets the criterion for
accuracy of +25% recommended by
the U.S. National Institute for Occupa-
tional Safety and Health (NIOSH).3%37

Analytical recoveries of beryllium
from beryllium sulfate, beryllium metal
powder and high-fired beryllium oxide,

Figure 3. Scheme for sample prepara-
tion and analysis of occupational hy-
giene samples by means of NH HF,
extraction and fluorescence detection
using HBQS dye solution.

and also sampling media spiked with
these beryllium compounds, are pre-
sented in Table 1.3%32 BeSO,, Be metal
powder and high-fired BeO represent
water-soluble, water-insoluble and
refractory materials, respectively. In
these experiments, sample extraction
in 1% NH4HF, for a minimum of
30 min was performed with and with-
out heating. Subsequent analysis of ali-
quots from extracted samples was
carried out using the HBQS fluores-
cence technique. Recoveries from
BeSO, and Be metal are satisfactory
without the use of deliberate heating;
however, BeO recoveries are higher
when heating is used during extraction
(Table 1). During extraction, the pre-
sence of active fluoride ions (from
hydrofluoric acid (HF) by dissociation
of NH,4HF; in aqueous acidic medium)
enables dissolution of insoluble and
refractory materials, notably high-fired
BeO.

Potential interferences from numer-
ous commonly co-occurring metals in
the presence of trace beryllium have
been investigated.>> Negligible inter-
ferences are obtained with the follow-
ing elements in >400-fold molar excess
to the beryllium present in solution: Al,
Ca, Co, Cu, Li, Ni, Pb, Sn, U, V, W, and
Zn. Significant interferences from Fe
and TiO, are manifested in the form of
observed yellowness or cloudiness in
the extract solutions. These interfer-
ences are extremely rare in air samples
but occur more commonly in wipe and
especially bulk (e.g., soil or accumu-
lated dust) samples. Interference from
Fe or TiO, can be readily addressed by
allowing for precipitation of hydro-
xides, followed by an additional filter-
ing step to remove the precipitates.
This treatment for interference correc-
tion does not adversely affect detection
limits or analytical sensitivity for ber-
yllium. Specificity for beryllium in the
presence of potentially interfering ele-
ments is achieved by use of: (a) ethy-
lenediamine-tetraacetic acid, which
binds larger metals in solution; (b) a
highly basic detection solution, which
causes unbound metals to precipitate;
and (c) HBQS, which binds selectively
with beryllium dication.

Application of the HBQS fluores-
cence detection method to occupa-
tional hygiene samples collected in
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Table 1. Beryllium Recoveries After Extraction in 1% NH4HF. and Fluorescence

Measurement Using HBQS.

Sample/Media Be Mass Extraction Mean
Range Temp. (°C) Recovery + Std.
Dev.

BeSO, (n*=3) 0.02-2.0 pg 23 102 + 4
BeSO4 (n=3) 5-10 mg 23 100 + 4
BeSO4/MCEP (n=9) 0.02-2.0 pg 23 105+ 6
BeSO4/MCE (n=23) 5-10 mg 23 99 +2
BeSO,/cellulosic wipe (n=12) 0.02-2.0 pg 23 9 +5
BeSO,/cellulosic wipe (n=3) 5-10 mg 23 98+3
Be metal (n=23) 5-10 mg 23 9% +3
Be metal/MCE (n = 3) 5-10 mg 23 93 +7
Be metal/cellulosic wipe (1 =23) 5-10 mg 23 95 +4
BeO (n=6) 0.02-2.0 pg 23 86+ 6
BeO (n=3) 0.02-2.0 pg 85 95 +10
BeO (n=3) 5-10 mg 23 90 +5
BeO (n=3) 5-10 mg 85 97 +£7
BeO/MCE (n=20) 0.02-2.0 pg 23 86 +5
BeO/MCE (n=15) 0.02-2.0 pg 85 99+ 8
BeO/MCE (n=7) 5-10 mg 23 86 +5
BeO/MCE (n=9) 5-10 mg 85 96 £ 6
BeO/cellulosic wipe (n =18) 0.02-2.0 pg 23 82+5
BeO/cellulosic wipe (n =15) 0.02-2.0 pg 85 90 +7
BeO/cellulosic wipe (1 =3) 5-10 mg 23 86 +7
BeO/cellulosic wipe (n=3) 5-10 mg 85 96+ 6

# Number of replicate samples.
b Mixed cellulose ester filters.

field sites demonstrated excellent cor-
respondence with atomic spectrometric
measurements.>®>? Quantitative beryl-
lium recoveries from surface wipe sam-
ples have been obtained from field
samples by use of NH,HF, extraction.?®
No interferences to beryllium determi-
nation were observed, even from sam-
ples known to contain significant levels
of mineral oils and other organic and
metallic contaminants.

For the determination of beryllium
in soils, sediments, crushed rock, and
coal fly ash samples, the NH4HF,/
fluorescence method is modified in
order to dissolve the trace beryllium
that is present in these silicate
matrices. Analytical methods for the
determination of trace beryllium in
soils are needed so that anthropogenic
sources of this element can be distin-
guished from native (background)
levels of beryllium. With the use of
higher NH4HF, concentration (3%)
and longer extraction times (40 hr) at
90 °C, beryllium in geological refer-
ence materials can be extracted and
measured with acceptable accuracy
(Table 2)27 After extraction, pH

adjustment of sample aliquots is espe-
cially important given the higher acid-
ity of the dissolution solution. As
applied to geological samples, this pro-
cedure provides an effective, practical
alternative to the use of high-tempera-
ture digestions employing HF and ICP-
MS analysis.!®

The NH4HF,; extraction and HBQS
fluorescence detection methodology

has been applied successfully to the
quantitative determination of beryllium
in high-fired BeO particles of larger
aerodynamic diameter, that is, for size
fractions of <32 wm up to ~200 um.*!
An NH,4HF, concentration of 3% with
an extraction time of up to 5 hr at 80—
90 °Cyields quantitative determination
of beryllium from samples of this refrac-
tory material, both alone and spiked
onto various types of sampling media
(Table 3). Scanning electron micro-
scopic analysis of partially dissolved
BeO particles (Figure 4) illustrates that
dissolution in NH,HF, solution occurs
not just on the exterior surface of the
particles, but also via accessing their
interiors due to the inherent porosity
of the BeO material.

INTER-LABORATORY STUDIES

Inter-laboratory data from application
of the NH,HF, extraction/HBQS
fluorescence detection method on
BeSOy4-spiked filters over a range of
beryllium levels are reported in
Table 4.3%%2 For beryllium loadings
down to ultra-trace levels, these results
demonstrate mean reported values that
are close to the spike levels. Precision
estimates, as measured by inter-labora-
tory relative standard deviations
(RSDs), compare favorably with ICP-
MS inter-laboratory data®® and also
with uncertainties typically reported
in relevant proficiency testing pro-
grams.*? The performance data shown
in Table 4 were generated in support of

Table 2. Beryllium Measured in Geological Reference Materials (~0.5 g samples)
after 40-hr Extraction in 3% NH4HF > and Fluorescence Measurement Using HBQS.

Reference Material®

Reference [Be] Measured [Be]

(ng/g)" (ng/g)°
GSJ JB-2 (basalt) 0.27 4+ 0.043 0.31 4+ 0.02
NIST SRM 1944 (waterway sediment) 1.6+0.3 2.37 +£0.05
GSJ JA-2 (andesite) 2.05+0.44 2.11 £0.02
CCRMP Till-1 (soil) 2.4 2.53+0.03
NIST SRM 2710 (soil) 2.5 +0.07 3.35+0.10
NIST SRM 2702 (marine sediment) 3 3.50 £ 0.06
GSJ JR-3 (rhyolite) 7.6 £0.83 7.1+0.18
NIST SRM 1633a (coal fly ash) 12.1 12.85 + 0.36
CCRMP SY2 (syenite) 22 21.35 +0.60

# GS]J, Geological Survey of Japan; NIST, US National Institute of Standards and Technol-
ogy; CCRMP, Canadian Certified Reference Materials Project.
b Uncertainty estimate given if reported by certifying organization.

¢ +values are standard deviations (7 = 8).
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Table 3. Beryllium Recoveries from High-fired BeO Particles (1-2 mg) with and without Sampling Media After 90 °C Extraction in
3% NH4HF for 4-5 hr and Fluorescence Measurement Using HBQS.

BeO Particle
Size Fraction (um)

No Sampling Media

Percent Recoveries with and without Sampling Media®

MCEDP Filters

n=3) (n=23)

<32 95+ 5 92+ 6
90-106 102 £ 12 100+ 7
180-212 97 +5 92 +1

# tvalues are standard deviations.
b Mixed cellulose ester.

Cellulosic Wipes

Cotton Gloves

(n=6) n=3)
91+5 111 + 17
97 +4 98 +12
97 + 4 90+ 5

Figure 4. Scanning electron micrographic images of BeO particles after partial dissolution in dilute NH;HF> at 500 (left) and

3,000 (right) magnifications.

NIOSH methods® and a voluntary
consensus standard®® that have been
promulgated which describe the deter-
mination of beryllium in occupational
hygiene samples. The NH4HF, extrac-
tion and HBQS fluorescence detection
method can be used for the determina-
tion of beryllium in workplace air and
surfaces at levels as low as a few nano-
grams per sample, and field-portable
devices have been evaluated and
validated.*> Moreover, the NH,HF,/
fluorescence methodology has been
recognized as a specific field of testing
under the laboratory accreditation pro-
grams of the American Industrial
Hygiene Association.**

An inter-laboratory evaluation of the
NH4HF, extraction and fluorescence
detection method for determining ber-
yllium in soil samples®’ was carried out
using a Canadian soil reference mate-
rial, both unspiked and spiked with
various concentrations of high-fired
BeO.*> The results from this study
are summarized in Table 5. These chal-
lenging samples posed no problem for
dissolution by means of heated extrac-
tion in dilute (3%, aqueous) NH,HF,
and measurement by fluorescence with
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HBQS dye solution, as evidenced by
recoveries of 95-118% determined
through inter-laboratory analysis. It

is also noteworthy that the highest

inter-laboratory RSDs were =10%,
which is indicative of the ruggedness
of the method. This work shows that
beryllium extraction with dilute

Table 4. Inter-laboratory Analysis Results from Filter Samples Spiked with Beryl-
lium Sulfate (0.002-0.40 ..g Be/sample).

Be Spike Level
(ng/sample)

Average Reported

Be + Std. Deyv.
(ng/sample)

Mixed cellulose ester filters

0.002 (n=4) 0.0023 + 0.00030
0.005 (n=4) 0.0052 + 0.00012
0.020 (n=4) 0.021 £+ 0.00055
0.050 (n=12) 0.051 £ 0.0027
0.10 (n=9) 0.10 + 0.0048
0.20 (n=9) 0.214+0.018
0.40 (n=9) 0.42 +0.040
Cellulosic wipes

0.002 (n=4) 0.0025 + 0.00048
0.005 (n=4) 0.0056 + 0.00035
0.020 (n=4) 0.0209 + 0.00049
0.050 (n=12) 0.052 + 0.0044
0.10 (n=9) 0.11 +0.011
0.20 (n=9) 0.21 + 0.0094
0.40 (n=9) 0.41 £ 0.025

Inter-laboratory Estimated
RSD? (%) Bias

13 +0.15
2.3 +0.040
2.6 +0.050
53 +0.020
4.8 0.00
8.6 +0.050
9.5 +0.050

19 +0.25
6.3 +0.12
2.3 +0.045
85 +0.040

10.0 +0.10
4.5 +0.050
6.1 +0.025

Beryllium data (ug/sample) were reported by participating laboratories after extraction in 1%
NH4HF, and fluorescence measurement with HBQS.
# Relative standard deviation.
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Table 5. Inter-laboratory Analysis Results (n=6) for Reference Material Soil
Samples Spiked with BeO (40-hr extraction in 3% NH4HF> at 90 °C with
subsequent HBQS fluorescent measurement).

[Be] Reference,
Value (ng/g)

2.4P 243 +0.215
436 5.13 + 0.528
115 12.4 +0.59
124 126 £ 9.0
246 234 + 16.1

& Relative standard deviation.
b Unspiked material (CCRMP Till-1 soil).

NH4HF, can be used in lieu of fusion
techniques and/or HF digestions,
thereby greatly simplifying sample pre-
paration and enhancing overall safety
of the laboratory procedure. Addition-
ally, the HBQS fluorescence technique
can be employed as an alternative to
ICP-MS measurement of beryllium in
soil samples. The excellent perfor-
mance of the NHyHF, extraction/
HBQS fluorescence protocol led to
its development as an international
voluntary standard test method for
the determination of beryllium in sam-
ples of geological origin.*®

SUMMARY

Beryllium exposures are of particular
concern in the industrial hygiene
arena, and recent efforts to improve
beryllium sampling and analysis meth-
odologies have resulted in significant
advances and improvements.*”*®
Research summarized in this paper
has demonstrated that trace and
ultra-trace determination of beryllium
in occupational hygiene samples such
as air filters and surface wipes can be
effectively carried out by means of
extraction in dilute NH4HF, and
detection using HBQS dye. The method
performance compares favorably
with more traditional methods entailing
acid digestions involving HF and
subsequent ICP-MS measurement of
beryllium. Additionally, the method
performs well on challenging sample
matrices such as silicate materials
(e.g., soils, fly ash) and refractory ber-
yllium oxide particles. It is noted that
the NH4HF,; extraction/HBQS fluores-
cence protocol can be carried out at a
fraction of the cost of methods requiring

Average Reported
[Be] & Std. Dev. (ng/g)

Inter-laboratory Estimated
RSD? (%) Bias
8.85 +0.013
10.3 +0.177
4.76 +0.078
7.14 +0.016
6.88 —-0.049

acid digestion and atomic spectro-
metric measurement of beryllium by
ICP-MS. High-throughput, automated
laboratory instrumentation is available,
as well as field-portable equipment
(Figure 5). Analytical attributes include:
(1) estimated MDLs of 1ng Be per
sample or less; (2) high specificity for
beryllium; (3) quantitative beryllium

recoveries from geological materials
and from refractory BeO; and (4) a
dynamic range of up to five orders of
magnitude. Standardized procedures
based on the NH,HF, extraction/
HBQS fluorescence method have been
promulgated by CDC/NIOSH and by
ASTM International. Also, an accredit-
ing organization in the US has recog-
nized the methodology as a new field of
testing for industrial hygiene chemistry
laboratories that conduct beryllium
analyses.**

DISCLAIMERS

Mention of company names or pro-
ducts does not constitute endorsement
by the Centers for Disease Control and
Prevention. The findings and conclu-
sions in this article are those of the
author and do not necessarily repre-

Figure 5. Equipment for (a) automated laboratory analysis and (b) field-portable
measurement of beryllium by NH 4HF, extraction and fluorescence measurement

using HBQS.
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