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Abstract The potential toxicity of beryllium at low levels of
exposure means that a biological and/or air monitoring strat-
egy may be required to monitor the exposure of subjects. The
main objective of the work presented in this manuscript was
to develop and validate a sensitive and reproducible method
for determining levels of beryllium in human urine and to
establish reference values in workers and in non-occupationally
exposed people. A chelate of beryllium acetylacetonate formed
from beryllium(II) in human urine was pre-concentrated on a
SPE C18 cartridge and eluted with methanol. After drying the
eluate, the residue was solubilised in nitric acid and analysed by
atomic absorption spectrometry and/or inductively coupled
plasma mass spectrometry. The proposed method is 4 to 100
times more sensitive than other methods currently in routine
use. The new method was validated with the concordance
correlation coefficient test for beryllium concentrations ranging
from 10 to 100 ng/L. Creatinine concentration, urine pH,
interfering compounds and freeze–thaw cycles were found to
have only slight effects on the performance of the method (less
than 6 %). The effectiveness of the two analytical techniques
was compared statistically with each other and to direct analy-
sis techniques. Evenwith a detection limit of 0.6 ng/L (obtained
with inductively coupled plasma mass spectrometry), the
method is not sensitive enough to detect levels in non-
occupationally exposed persons. The method performance

does however appear to be suitable for monitoring worker
exposure in some industrial settings and it could therefore be
of use in biological monitoring strategies.
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Abbreviations
ABD Acute beryllium disease
acac Acetylacetonate
ACGIH-TLV-
TWA

American Conference of Governmental
Industrial Hygienists—Threshold Limit
Value—Time Weighted Average

CCC Concordance correlation coefficient
CPS Counts per second
CRI Collision reaction interface
GF-AAS Graphite furnace atomic absorption

spectroscopy
ICP-MS Inductively coupled plasma mass

spectrometry
SPE Solid phase extraction

Introduction

Beryllium (Be) is a steel-grey metal which exhibits extraordi-
nary chemical and physical properties as strength (six times
harder than steel) and lightness (three times lighter than alu-
minium) [1]. Because of these unique properties, Be has be-
come an essential component in many industries, including
aerospace, electronics, the nuclear industry, the automotive
industry, telecommunications, computers, jewellery and ce-
ramics [2, 3]. It has also been used in the dental laboratory
as a component in dental amalgams and prostheses [4].

Beryllium and its compounds exhibit an extreme toxicity to
human health, with lung as themain target organ. Cases of acute
beryllium disease (ABD), an inflammation of the respiratory
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tract, were reported as early as the 1930s in beryllium extraction
and processing industries. The implementation of new occupa-
tional air standards, notably a reduction of the US workplace
threshold limit value from 2.0 to 0.05 μg m−3, has drastically
reduced the prevalence of ABD. However, a chronic pathology,
continues to occur today. The sensitisation of workers has been
observed even at low levels (around 0.5 μg m−3) of exposure.
The development of biomonitoring of exposed workers is there-
fore necessary for controlling low exposure and preventing
onset of the disease.

Beryllium exposure occurs through ingestion and inhala-
tion. In the general population and in some workers, urinary
beryllium levels are usually reported as undetectable. The
lack of new knowledge in the biological monitoring of Be is
undoubtedly related to the absence of adequate analytical
methods for determining Be in human urine at an appropriate
level. The aim of this study is to validate a method for
determining Be in human urine with a low quantification
limit in order to be able to quantify beryllium in the urine of
both exposed and non-exposed healthy persons [2, 3].

Among the different techniques used for the determination of
urinary beryllium, the most sensitive and most commonly used
are graphite furnace atomic absorption spectrometry (GF-AAS)
[5, 6] and inductively coupled plasma mass spectrometry (ICP-
MS) [7–10].

The use of a fluorimetric reagent, 10-hydroxybenzo[h]
quinoline-7-sulfonate (HBQS) under alkaline conditions
(pH~12) has also been proposed for Be analysis [11]. The
interest of HBQS in both applications in the fields of indus-
trial hygiene (measurement of Be in air) [12] and biomedical
sciences [13] has been demonstrated. Fluorimetric methods with
HBQS after extractionwith ammonium bifluoride offer detection
limits in the range of atomic spectroscopy methods [12].

Activated carbon [14], silica gel [15], salicylate chelating
resin [16], anion exchange resin [17] and mixed micelle-
mediated extraction [18] have been used to selectively separate
and concentrate trace amounts of beryllium in natural waters. A
particular advantage of these methods is that they allow metal
ions to be determined at nanogram level in natural waters.

In this paper, we describe a method of solid phase extraction
(SPE) coupled with spectrometry for the determination of
ultratrace urinary beryllium. The procedure is based on the
pre-concentration of chelated beryllium on a C18 silica car-
tridge, followed by either GF-AAS or ICP-MS determination of
beryllium after elution.

Experimental method

Apparatus

A Varian AA280Z atomic absorption spectrophotometer,
equipped with a Zeeman background corrector, was used for

the atomic absorption measurement of beryllium at 234.9 nm
with a slit width of 1.0 nm. A hollow cathode lamp of Be
(photron) was operated at 5mA. Uncoated graphite tube cuvettes
were purchased from Schunk Kohlenstofftechnik (Germany).

AVarian 820-MS ICP-MS with an external sample intro-
duction assembly with Peltier-cooled spray chamber, glass
concentric nebuliser, peristaltic pump mounted outside the
torch box and SPS3 auto sampler was applied. A discrete
dynode electron multiplier detector provides nine decades of
dynamic range in an all-digital pulse design. The Varian 820-
MS system also features a collision reaction interface (CRI)
providing fast, flexible, interference-free analysis using sim-
ple collision and reaction gases.

A Radiometer PHM64 pH meter was used for pHmeasure-
ments. SPE products were purchased from Interchim (REC18-
360/6). Creatinine levels were determined in all urine samples
using an automated alkaline picrate method on a Daytona
(Randox, Ireland) analyser [19, 20].

Reagents and solutions

All chemicals used in the study were of analytical grade or
higher. Nitric acid was used to prepare 2 % HNO3 (v/v) with
ultrapure water. All single element stock solutions (1,000 mg/L)
were delivered by SCP Science and certified for purity and
concentration. From these stock solutions, a mixed working
standard solution with a concentration of 10 mg/L for each
element was prepared by adding 1 mL of each stock solution
into a 100-mL measuring flask, adding 5 mL of purified HNO3

and diluting to 100 mL with ultrapure water (MilliQ, Millipore,
Germany).

Beryllium standard solutions for ICP-MS calibration were
prepared, at concentration levels of 2, 4, 8, 10, 30, 50 and
100 ng/L, by diluting a 10 g/L beryllium standard stock solution
(140.061.041, SCP Science) with 2 % v/v HNO3. An internal
standard solution containing 100 μg/L of Sc was prepared by
diluting a 1,000 mg/L internal standard stock solution
(140.051.211, SCP Science) with 2 % v/v HNO3. The internal
standard was added to all samples and standard solutions.

Quality control materials (such as standard or certified
reference materials) are commonly used in routine analytical
laboratories to ensure the accuracy of the instrument and
analytical procedure. In this work, three urine metal control
materials were used [Seronorm Urine Metal Control (LOT
511545), Lyphocheck Urine Metal Control, Level 1 (LOT
69131) and Level 2 (LOT 69132), Bio-Rad Laboratories,
Irvine, CA, USA].

External quality assurance was performed by participa-
tion in the following international comparison programmes
and quality assessment schemes:

– German External Quality Assessment Scheme (G-EQUAS)
from the Institute and Out-Patient Clinic for Occupational,
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Social and EnvironmentalMedicine at Friedrich-Alexander-
University Erlangen-Nuremberg, Germany.

– Quebec Multielement External Quality Assessment
Scheme (QMEQAS) at the Canadian Institut National
de Santé Publique du Québec.

Two hundred millilitres of Nash Reagent containing 30 g
of ammonium acetate (99.99 %, Aldrich), 600 μL of acetic
acid (99.99 %, Aldrich) and 24.0 mL of acetylacetone
(99.99 %, Aldrich) (i.e. 2.0 M ammonium acetate buffer at
pH 6.0 together with 12 % acetylacetone (v/v)) was prepared
weekly.

Human urine samples

For the Be tests, a unique urine sample was obtained by
collecting urine from four adults over a 24-h period. Samples
were collected in pre-cleaned polyethylene bottles and were
refrigerated at −20 °C while not in use. Samples for measur-
ing urinary Be concentrations from occupationally exposed
subjects were collected over 10 days for the purpose of a
separate biological monitoring study not presented in this
paper.

Direct analysis of Be in urine samples using ICP-MS

Direct analysis of beryllium in urine was conducted using a
Varian 820-MS. The typical method parameters (including
CRI settings) used for the urine analyses are listed in Table 1.
The concentration of the internal standard was 50 μg/L Rh in
all sample and calibration solutions. For beryllium determi-
nations with the Varian 820-MS, the urine solutions were
further diluted by a factor of 1:10 by adding 1 mL of the
urine into a pre-cleaned tube containing 9 mL of 2 % v/v
HNO3 and 0.01 % v/v Triton X-100. This diluted urine
solution was used as the sample for the direct ICP-MS
analysis. Beryllium calibration solutions were prepared in
2 % v/v HNO3 and 0.01 % v/v Triton X-100.

Direct analysis of Be in urine samples using GF-AAS

In order to decrease sample viscosity and to dispense the sample
more evenly in the graphite tube, an aliquot containing 14 μL
2 % v/v HNO3, 2 μL of chemical modifier (2 g/L Mg(NO3)2 +
1 g/L La(NO3)3) and 20 μL of urine sample was introduced to a
graphite tube and atomized according to a set temperature
programme (Table 2). Peak areas in absorbance were used for
quantitative analysis.

Analytical procedure for Be in urine

After addition of the Nash reagent (1 mL) and a small amount
of HCl solution (300 μL, 0.2 % (v/v)) to unknown samples
(10 mL) or appropriate amounts (0–40.0 ng) of Be(II) stan-
dard solutions, each solution had a final pH of around 5.5.
After mixing, each solution was left to stand at room temper-
ature for approximately 1 h. Sep-Pak® C18 cartridges (Waters
Associates Co, USA) were preconditioned with 3 mL metha-
nol and 3 mL distilled water. Cartridges were loaded with
samples on vacuum manifold (pump flow rate 1 mL/min).
During the optimization phase, the influence of a washing step
with distilled water was assessed. Finally, the Be(acac)2 che-
late in the cartridge was eluted with 4×1 mL of methanol, and
the methanol was then evaporated under a stream of nitrogen
at room temperature. After evaporation, 1 mL 2 % v/v HNO3

was introduced to the 4-mL tube (Supelco) for easy analysis
by GF-AAS and/or ICP-MS.

Validation of the method

Detection limit, quantification limit, linearity limit, replica-
bility, reproducibility, repeatability, accuracy and sensitivity
were determined in order to validate the analytical method.

Detection limits correspond to three times the standard
deviation of a sample at a concentration of five to seven
times the estimated detection limit. The standard deviation
is calculated from ten replicates of a sample at the correct

Table 1 Instrumental settings for the determination of beryllium in
urine by ICP-MS

Instrument parameters Settings

Gas flow parameters (L/min) Plasma flow 16.5

Auxiliary flow 1.5

Nebulizer flow 1.0

Sheath flow 0.15

Plasma power RF power (kW) 1.35

Sample introduction Sampling depth (mm) 6.0

Pump rate (rpm) 5.0

Ion optics (V) First extraction lens −18

Second extraction lens −195

Third extraction lens −139

Corner lens −226

Mirror lens left 25

Mirror lens right 22

Mirror lens bottom 30

Fringe bias −2.4

CRI gas settings Skimmer gas source Std

Skimmer flow (mL/min)

Quadrupole scan Scan mode Peak hopping

Dwell time (ms) 10

Points per peak 1

Scans/replicate 20

Replicates/sample 5
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concentration. The quantification limit is equal to ten times
the standard deviation. According to the recommendation
given by the International Union of Pure and Applied Chem-
istry (IUPAC) [21, 22], the limit of detection, expressed as
the concentration cL or the quantity qL, is derived from the
smallest measured XL that can be detected with reasonable
certainty for a given analytical procedure.

The value of XL is given by the equation:

XL ¼ Xbl þ k sbl ð1Þ
where Xbl and sbl are the mean and standard deviation of the
blank measurements, respectively, and k is a numerical factor
chosen according to the confidence level desired.

The IUPAC recommends a value of 3 for k, which gives a
confidence level of about 98 %.

In ICP-MS, the Xbl is the mean cps of the blank measure-
ments, and a typical ICP-MS calibration plot can be expressed
using the following equation:

XA ¼ Xbl þ mCA ð2Þ
where XA is the cps measured at an analyte concentration of
CA, and m is the sensitivity (i.e. the slope of the calibration
plot). Hence, the value of XL in ICP-MS can also be given as:

XL ¼ Xbl þ mCL ð3Þ
From Eqs. (1) and (3), the concentration CL can be cal-

culated using:

CL ¼ 3 sbl=m ð4Þ
Both detection and quantification limits are dependent on

the recovery. For a particular batch of analysis, the limits are
equal to quotient of the theoretical limits (i.e. with 100 % of
recovery) by the recovery. The linearity limit is the highest
value of a concentration range where the correlation coeffi-
cient is equal to at least 0.995.

Fidelity consists of replicability, repeatability and repro-
ducibility. The replicability at a given level is defined as the

degree of concordance of individual results obtained from
successive analyses of the same sample, tested in a single
laboratory, by the same analyst, on the same equipment, with
all analyses conducted on the same day.

The repeatability at a given level is the degree of concor-
dance between individual results obtained from the same
sample tested in the same laboratory, but where at least one
of the following varies: analyst, equipment or day.

The reproducibility at a given level is the degree of concor-
dance between individual results obtained from the same
sample tested by different analysts in different laboratories,
using different equipment. The analyses can be performed on
the same or different days.

The accuracy at a given level is the degree of concordance
between the value certified by a recognised organisation and
the mean result achieved by applying the experimental pro-
cedure ten times (n=10 replicates). The accuracy is mea-
sured at a given level of concentration in the area quantifi-
able practice of the method and is expressed by the relative
error.

The sensitivity at a given concentration is the ratio of the
measured variable to the corresponding value of the concen-
tration of the element to be determined.

Comparison of the analytical methods

The reliabilities of the three most sensitive analytical techniques
available (direct ICP-MS, GF-AAS after pre-concentration
(C18-GF-AAS) and ICP-MS after pre-concentration (C18-ICP-
MS)) were compared statistically using spiking experiments.
Urine samples were spiked with beryllium concentrations rang-
ing from 10 to 100 ng/L and the samples were analysed using
each of the analytical methods.

The concordance correlation coefficient (CCC) [23] was
then calculated for each method to evaluate reproducibility
and the agreement between observed measurements and
theoretical values based on both accuracy and precision
measurements. The CCC combines measurements of preci-
sion and accuracy to determine how far observed measure-
ments deviate from the line of perfect concordance (i.e. a 45°
line on a square scatterplot). The CCC increases in value as a
function of the proximity of the data’s reduced major axis to
the line of perfect concordance (the accuracy of the data) and
of the tightness of the data about its reduced major axis (the
precision of the data).

Results and discussion

Optimization of acetylacetone concentration

Different concentrations of acetylacetone were tested in or-
der to evaluate the efficiency of the concentration procedure

Table 2 Instrumental settings for the determination of beryllium in
HNO3 solution by GF-AAS

Wavelength (nm) 234.9

Lamp current (mA) 10

Slit width (nm) 1.0

Dry temperature (°C) 300

Dry time (ramp/hold, s) 150/0

Ashing temperature (°C) 20/10

Ashing time (ramp/hold, s) 50/30

Atomisation temperature (°C) 2,600

Atomisation time (ramp/hold, s) 0.8/2

Cleaning temperature (°C) 2,700

Cleaning time (ramp/hold, s) 2/0
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of Be(II) as Be(acac)2 chelate retained on a SPEC18 cartridge.
Two measurements were made for each concentration. The
results (Fig. 1) indicate that the percentage recovered increases
as a function of the proportion of acetylacetone in the Nash
reagent. Liquids are immiscible at over 15 % acetylacetone.
Because beryllium was quantitatively recovered (82 %) with
12 % acetylacetone, a fixed amount of acetylacetone (24 mL
for 200 mL of Nash reagent) was selected.

The effect of “washing”

Loading of the sample mixture into the cartridge is normally
followed by a “washing” phase in which retained proteins
and/or interfering agents are eluted for analysis. An aqueous
washing phase was chosen for this study. The influence of the
wash step was studied at 12 different urinary Be concentrations,
ranging from 5 to 100 ng/L. The maximum recovery difference
was 7.2 % for a beryllium concentration of 100 ng/L and the
mean difference for all concentrations was 2.5 %. As the wash-
ing step was shown to have no significant effect on recovery, it
was not included in the method.

Linearity

Following the proposedmethod, a calibration curvewas derived
from tenBe standard analyses per day over a 10-day period. The

mean calibration curve equation was 0.00079x+0.00222, with a
linear range of 2–500 ng/L and a correlation coefficient of
0.999. The recovery percentage fluctuated slightly around
80 % (Fig. 2).

The effect of creatinine

Experiments were performed to determine whether elevated
levels of excreted creatinine influence the determination of
Be (Fig. 3). A stock solution of 500 ppt beryllium was split
into 13 samples in which the concentration of creatinine was
adjusted between 0.15 and 3.0 g/L. Be recovery ranged from
75 to 89 %. For a so-called valid creatinine concentration
(0.5 to 3.0 g/L), the recovery ranged from 78 to 83 %, less
than the analytical uncertainty. Creatinine therefore appears
to have a slight effect on the detection of beryllium in urine
samples. Creatinine may compete somewhat with beryllium
complex on C18 cartridge reactive sites.

Interference elution

Interference elution aims to selectively remove undesired
compounds from the sorbent without eluting analytes. Alu-
minium, zirconium and thorium can be complexed with
acetylacetone in the same way as beryllium [24, 25]. First,
aluminiumacetylacetonate (Al(acac)3), zirconiumacetylacetonate

Fig. 1 Effect of acetylacetone concentration in the Nash reagent on
recovery of Be. The beryllium concentration in urine was set at 200 ppt

Fig. 2 Effect of Be
concentration on recovery.
Observations at 20, 30, 40, 60,
80, 90 and 200 μg/L are
duplicate, at 500 μg/L is
uniplicate and others are n>10

Fig. 3 Effect of creatinine concentration on Be recovery

Beryllium determination in urine at nanogram level 8331



(Zr(acac)4·10H2O) and thorium acetylacetonate (Th(acac)4) were
prepared by treatment of acetylacetone with hydrous alu-
minium oxide [25], zirconyl nitrate [26] and thorium nitrate
[27, 28], respectively. As Al, Zr and Th can form acetylace-
tonate complexes, and can therefore exhibit similar behav-
iour to Be on the C18 column, it was necessary to examine
possible interference of these ions on the Be dosage. The
effect of these foreign cations was examined at different con-
centrations ([Al]=[Zr]=[Th]=1, 10, 100 and 1,000μg/L) when
1 ppb of Be was determined in urine samples. Beryllium
recoveries were 86 % for interferent concentrations of 1 and
10 μg/L, and 84 and 80 % for interferent concentrations of 100
and 1,000 μg/L, respectively. As was the case for creatinine,
suspected interferences of aluminium, zirconium and thorium
are only slight. Trace amounts of Be could be recovered quan-
titatively and selectively using our proposed procedure even
with simultaneously high concentrations of Al, Zr and Th.

Urine pH effect on recovery percentage

pH control is usually considered to be very important in
ensuring the development of a robust method. Due to the
presence of free silanol groups in non-polar sorbents, a
combination of non-polar and cation exchange retention
mechanisms is often the norm when extracting from aqueous
samples. The secondary silanol interactions can also be
valuable in providing an extra retention mechanism. pH
control of the sample is essential to avoid problems caused
by variable matrix effects when utilising secondary silanol
interactions. The analytical protocol proposed here includes
the addition of ammonium acetate to buffer the sample. In
order to check the efficiency of the protocol and the influ-
ence of pH on recovery, different urine pH levels were tested
(Fig. 4). A small amount of hydrochloric acid solution and
sodium hydroxide was added to urine samples to obtain pH
levels ranging from 4 to 8. Recovery was shown to be greater
(>90 %) at acidic pH compared to basic pH (<90 %). Thus,
pH appears to have an influence on the retention capacity of
the cartridge in the protocol conditions.

The protocol involves a buffer solution at pH 5.5. Urine
pH is usually between 4.0 and 6.0. In this range, recoveries
are shown to be between 88 and 92 %, which are acceptable
according to the literature [29, 30].

Effect of freezing on Be stability in urine and extractant

The stability of Be in urine and the effects of freeze–thaw
cycle was assessed in two experiments. Firstly, flasks (10 mL)
of urine were frozen at −20 °C together. After 84 days, beryl-
lium was still quantitatively measurable (Fig. 5). The use of
long-term frozen storage without chemical additives is the
most prudent option for beryllium analysis. Refrigerating or
freezing of urine samples has already been advised for the
storage and ICP-MS analysis of many trace elements [9].

Secondly, the stability of the analyte was verified after
going through successive freeze–thaw cycles. Twelve flasks
(10 mL) of stock solution of Be in urine (1 μg/L) were stored
together at −20 °C. Each time a flask was removed for
analysis, all flasks were thawed. The last flask which had
undergone ten freeze–thaw cycles during long-term frozen
storage (253 days) exhibited a Be recovery percentage after
extraction of 91.7 %, which is similar to the extract yield
observed for freshly collected urines. Freezing can therefore
be concluded to have no significant effect on beryllium
stability in urine samples.

A stability check on the extractant was also conducted.
After 117 days, the percentage of Be recovered after extrac-
tion was 97.0. Considering the analytical errors, we conclude
that freezing has no effect on beryllium stability in the
extractant solution.

Performance of the method

After optimisation of the ability of the cartridge to concen-
trate beryllium in urine, two analytical techniques were cho-
sen for either direct analysis of the urine or analysis of
diluted nitric acid from the concentration procedure. Table 3
presents the detection limits, quantification limits, linearity

Fig. 5 Stability of Be in urine. The concentration of beryllium in urine
samples is expressed as the mean±standard deviation. Urine samples
were spiked with 500 ppt of beryllium

Fig. 4 Effect of pH on recovery of Be in urine. The beryllium concen-
tration in urine was set to 100 ppt
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limits, replicability, repeatability, reproducibility, accuracy
and sensitivity of the following: (1) direct analysis of Be in
urine by ICP-MS, (2) direct analysis of Be in urine by GF-
AAS, (3) analysis of Be after SPE by ICP-MS and (4)
analysis of Be after SPE by GF-AAS. The detection limit
of the GF-AAS method was 30 ng/L, whereas the corre-
sponding value for ICP-MS is about 1 order of magnitude
lower (Table 3). This clearly demonstrates the superiority of
ICP-MS compared to GF-AAS for determination of occupa-
tional or environmental beryllium levels in urine. The ability
of the C18 cartridge to concentrate beryllium allows us to
decrease the quantification limits by a factor of ten (from 101
to 12 ng/L for GF-AAS and from 20 to 2.5 ng/L for ICP-
MS). Replicability, repeatability, reproducibility, accuracy
and sensitivity were determined with diluted Lyphocheck
reference materials at two beryllium concentrations after

completing the concentration procedure. The overall Be
recovery was calculated to be 80.6 %. The accuracy was
also assessed with target values obtained in the frame of two
international programmes of inter-laboratory comparison for
the external quality control (QMEQAS and G-EQUAS). The
laboratory successfully participated in those two internation-
al inter-laboratory comparison programmes. Relative errors
(RE%) were determined and plotted against target values
(Fig. 6). For all observations but one, the results meet our
criteria of acceptance (RE%<15 %) [30]

Concordance of the analytical techniques

Beryllium concentrations in spiked urine samples were de-
termined by the three most sensitive analytical techniques
available: ICP-MS (direct ICP-MS), C18-GF-AAS and C18-
ICP-MS.

Concordance correlation coefficients were calculated to char-
acterise the agreement between observed measurements and the
theoretical values. The calculated CCC are 0.97, 0.97 and 0.99
for direct ICP-MS, C18-GF-AAS and C18-ICP-MS, respective-
ly. In light of these results, we conclude that the three analytical
methods are all effective for estimating urinary beryllium. The
C18-ICP-MS protocol, which yields a better quantification limit
and CCC index, is the preferred method of the three.

Application of C18-ICP-MS methods for biological
monitoring

The technique was applied to two groups of urine obtained
from workers employed at a primary aluminium production
site (n=15) and at an opto-electronics industry site (n=23).
At each site, workers who were not involved in processes
involving beryllium exposure were used as controls. Based

Table 3 Method parameters for analytical procedures

ICP-MS GF-AAS C18-GF-AAS C18-ICP-MS

Urinary beryllium (ng/L) 100 490 980 368 735 10 100

Detection limit (ng/L) 6.0 30.0 3.5c 0.75a

Quantification limit (ng/L) 20.0 101.0 12.0d 2.5b

Linearity limit (μg/L) 2,000.0 1,000.0 1,100.0 200.0

Replicability (%) 1.9 1.7 1.6 2.1 1.9 3.7 1.4

Repeatability (%) 5.4 4.6 4.0 4.7 9.6 9.0 4.4

Reproducibility (%) 6.6 1.8 1.9 3.5 2.1 4.5 1.3

Accuracy (%) 104.0 103.0 106.3 96.4 95.0 106.0 95.0

Sensitivity 66.65 (cts s−1 L ng−1) 0.075 (AU s L μg−1) 0.079 (AU s L μg−1) 66.65 (cts s−1 L ng−1)

Recovery (%) 80.6

a Batch detection limit=0.75 ng/L=theoretical detection limit (i.e. with 100 % recovery)/recovery=0.60 ng/L/80.6 %
bBatch quantification limit=2.5 ng/L=theoretical quantification limit (i.e. with 100 % recovery)/recovery=2.0 ng/L/80.6 %
c Batch detection limit = 3.5 ng/L = theoretical detection limit (i.e. with 100 % recovery) / recovery = 2.8 ng/L / 80.6 %
dBatch quantification limit = 12.0 ng/L = theoretical quantification limit (i.e. with 100 % recovery) / recovery = 9.7 ng/L / 80.6 %

Fig. 6 Relative error on beryllium determination plotted against targeted
values (international programmes of inter-laboratory comparison)

Beryllium determination in urine at nanogram level 8333



on air measurements, the sites were defined as high- and low-
level beryllium exposure, respectively (data not shown). The
quantification limit of the technique was 2.6 ng/L.

At the high-level exposure site, 657 urine samples were
collected from workers. Of the samples, 89.6 % were quan-
tified. From the low-level exposure site, none of the 1,111
samples could be quantified; 622 urine samples were below
the detection limit and 489 samples were between the detec-
tion and quantification limits. All of the control subjects,
from both sites, were found to have urinary Be levels below
the detection limit (<0.6 ng/L). With a detection limit of
0.6 ng/L, the method is therefore not sensitive enough to
detect levels in non-occupationally exposed people.

Compared to previous studies (Table 4) that reported means
and 90th percentile of urinary beryllium for non-occupationally
exposed populations, the method should be appropriate for
environmental exposure. Indeed, our method presents a quan-
tification limit which is the lowest of the reviewed studies.

In previous studies, the mean Be concentrations reported
were generally close to [32], or even below [7, 8, 10, 34, 36,
38–40], the limit of quantification. As stated by Apostoli and
Schaller [7], the detection limits in numerous studies are
probably inadequate for estimation of environmental and
occupational exposure. Moreover, Apostolli and Schaller
estimate that the normal reference values proposed in the
literature are too high. Our results, obtained from control
subjects in the two industrial sites investigated, confirm these
observations. The “normal reference value” in non-
occupationally exposed populations is therefore assumed to
be lower than the detection limit of 0.6 ng L−1.

The protocol could be slightly improved by increasing the
volume of urine passing through the column and/or decreas-
ing the extractant volume. It might also be possible to reduce
the quantification limit by performing multiple injections in
the GF-AAS graphite furnace. Higher performances could be
achieved with low-temperature electrothermal vaporisation-
ICP-MS, using benzoylacetone as both extractant and chem-
ical modifier [42]. This method demands a substantive in-
vestment and highly skilled users.

Conclusions

The aim of this study was to develop and validate a method
for determining Be in human urine. The proposed method
provides high reproducibility and a limit of detection that is
lower than that previously proposed for urine samples. It
allows analysis and detection of beryllium in human urine
samples down to 2 and 0.6 ng/L, respectively.

The proposed method provides rapid and simple determi-
nation of ultratrace amounts of beryllium in human urine
samples and is appropriate for the biomonitoring of occupa-
tionally exposed people in the beryllium-using industry.T
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Improvements in the technique could allow the level of de-
tection required for environmental biomonitoring to be reached.
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