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Abstract A simple and sensitive method is presented for
solid phase extraction (SPE) and preconcentration of trace
quantities of beryllium using octadecyl silica gel modifed
with aurin tricarboxylic acid (aluminon). Beryllium is then
determined by flame atomic absorption spectroscopy.
Parameters affecting SPE such as pH, sample solution and
eluent flow rate, type, concentration and volume of eluent,
interfering ions and breakthrough volume, were investigat-
ed. Under optimal conditions, the beryllium ions were
retained on the sorbent at pH 6-6.7, while 3.0 mL of
0.05 mol L' HNOs is sufficient to elute the ions. The limit
of detection (LOD) based on 30 was 0.8 pg L' for 250 mL
sample solution and 5 mL 0.05 mol L' HNO; as eluent.
The LOD can reach 0.1 pg L™ for 1 L sample solution and
3 mL of 0.05 mol L™ HNO;. The accuracy and precision
(RSD %) of the method is >90% and <10%, respectively.
The method was applied to the determination of beryllium
in aqueous samples.
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Introduction

Beryllium has been used widely in specific areas of nuclear
technology because of its ability to reflect neutrons and its
efficiency in the production of neutrons when exposed to
alpha emitters.

Beryllium particles produced from anthropogenic
processes (more than 99% of beryllium emitted into the
atmosphere is the result of oil or coal combustion for
electric power generation) are generally emitted as the
oxide; namely, beryllium oxide (BeO). Exposure to
beryllium particulate at very low levels can lead to an
immune response known as beryllium sensitization, or to
chronic beryllium disease (CBD) [1]. The inhalation
toxicity of insoluble beryllium oxide depends to a great
extent on its physical and chemical properties, which can
be altered considerably depending on production condi-
tions. Beryllium, once deposited on land as the oxide,
remains bound to the soil within the environmental pH
range of 4-8 and does not dissolve in water, thus
preventing release to ground water. However, such
particles are solubilized by a fluoride source or sources
of extremely strong acids (pH<0) and strong bases (pH>
14). The estimated average concentration of beryllium in
any fresh surface water is 1 pugL™' (1 ppb). Be has been
reported to occur in US drinking water at a concentration
of 0.01-0.7 ug L' with a mean of 0.013 ug L' [2],
therefore a sensitive and accurate method is necessary for
determination of ultra-trace and trace amounts of Be"?.

There are many techniques for preconcentration of
ions such as Be™?: micelle-mediated extraction and
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preconcentration [3, 4], SPE preconcentration [5—15] and
coprecipitation [16].

Several workers have used different techniques for the
determination of beryllium in waters. These include
spectrophotometry [3, 10], spectrofluorometry [17, 18],
ion chromatography [19, 20], flame atomic absorption
spectrometry (FAAS) [4, 6, 7, 9] electrothermal atomic
absorption spectrometry (ETAAS) [11], inductively coupled
plasma atomic emission spectrometry (ICP-AES) [4, 5].
Today solid phase extraction is widely used because it is
simple, fast, inexpensive, requires no solvents and can be
automated [21-26]. Aluminon is a ligand which can form
uncharged metal complexes with beryllium and some other
cations [1, 27].

In this study, solid phase extraction based on
modified octadecyl silica gel with aluminon acid is
presented for the preconcentration of trace amounts of
beryllium. Parameters affecting solid phase extraction
process were investigated, and the method was applied
to the determination of Be' in real samples in optimum
conditions.

Experimental
Reagents

All chemicals used in this study were of analytical grade
from Merck (www.merck.de) except ammonium salt of
aurin tricarboxylic acid (aluminon) which was of reagent
grade quality. All aqueous solutions were prepared in
doubly distilled deionized water.

Working standard solutions were prepared by appropriate
dilution of stock standard solution.

Apparatus

Sep-Pak C18 cartridges containing 500 mg octadecyl silica
(50 mm particle size, 60A° pore size) were obtained from

Fig. 1 Structure of aluminon
and its complex with Be'
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Waters Associates Co (MA-www.waters.com). The Be*"
determinations were carried out on a 20 plus Varian atomic
absorption spectrometer with a hallow cathode lamp at a
wavelength of 234.9 nm and a slit of 1.0 nm using an N,O-
acetylene flame. The pH value was measured with a
Metrohm pH meter (model 827) equipped with a combined
glass-calomel electrode. An oilless vacuum pump model
Rocker 600 (Todays, Taiwan) was used to pass the solution
through the cartridge.

General procedure

Each cartridge was washed with 5 mL methanol, 5 mL
HNO; (0.5 mol L™"), 10 mL water and then another 5 mL
methanol to remove all contaminants from the manufactur-
ing process and the environment. After drying the cartridge
by passing air through it for several minutes, 2 mL of
500 ppm aluminon was introduced into the cartridge and
allowed to completely penetrate into the solid phase. The
solvent was evaporated at 80 °C for 15 min and dried by
passing air for 15 min. Extraction was carried out by
passing the sample solution containing Be™ ions through
the cartridge. Back-extraction was performed by passing
3 mL of HNO; (0.1 mol L") solution. Finally, the
beryllium concentration was determined by flame atomic
absorption spectrometry.

Results and discussion

Preliminary experiments

In a primary study, 50 mL of 100 ug L™ (pH=6.1) was
passed through a conditioned cartridge (without aluminon)
and collected. The results showed that only 6% of Be">
can be retained by the cartridge. After cartridge modifica-
tion with aluminon, the tendency of the solid phase
increased and approximately all of Be™ was retained.
This can be explained by complexation of Be™ with
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aluminon (Fig. 1). Recent reports have shown that Be'?
can form a complex with a ligand containing a CO-C-CO
unit [9, 16]. To take full advantage of the procedure, the
SPE conditions must be optimized. Various experimental
parameters were studied in order to obtain optimized
conditions. These parameters were optimized by setting
all the parameters to be constant and optimizing one at a
time.

Eluant selection

Due to the complex chemical structure, HCI, HNOsj,
CH;3;COOH and ethanol were investigated for desorption
of Be™ from the cartridge. 4 ml from a separate 50 mL
solution containing 50 pgL™' of Be™ and 0.1 mol L™
ammonium acetate (pH=6.7) were passed through the
cartridge and eluted with 5 mL of 1.0 mol L™ 'of each acid
solution and 5 mL of ethanol separately.

As can be seen in Fig. 2. the recovery is 100% in the
case of nitric acid and hydrochloric acid, but 85% for
acetic acid and 220% for ethanol. Because the atomization
process increases in the organic solvent with respect to the
aqueous matrix, for ethanol the recovery is above 200%.
Since ethanol elutes aluminon as well as Be™ from
octadecyl silicagel, HNO3z was selected as elution solvent
(nitrate was a more acceptable matrix for both the flame
and electrothermal atomic absorption spectrometry experi-
ments than the other anions) [28].

Concentration and volume of eluent

For this purpose, 50 ml of six separate solutions contain-
ing 50 ug L' of Be™ and 0.1 mol L™' ammonium acetate
(pH=6.7) each were passed through the cartridge and
eluted with 5 mL of HNO; of varying concentration
(range 0.01-2 mol L™"). As can be seen, the recovery of
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Fig. 2 Effect of eluant type on the recovery of Be™. Conditions:
sample volume: 50 mL, amount of aluminon: 1.0 pg, sample flow
rate: 20 mL min !, eluant flow rate: 10 mL min ', concentration of
eluant: 1.0 mol L', eluant volume: 5 mL, pH of solution: 6.7
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Fig. 3 Effect of concentration and amount of HNO3 on the recovery
of Be'?. Conditions: sample volume: 50 mL, amount of aluminon:
1.0 pg, sample flow rate: 20 mL min ', eluant flow rate: 10 mL
min ', concentration of eluant: 0.1 mol L™ (for volume of HNO3),
eluant volume: 5 mL (for concentration of HNOs), pH of solution: 6.7

Be*? is complete above 0.05 mol L™' HNO; (Fig. 3).
Thus, 0.1 mol L™' HNO; was selected for subsequent
experiments. The quantitative stripping of the retained
Be'? ions with the help of the modified cartridge was then
studied by using various volumes (2-8 mL) of 0.1 mol L™
HNO;, and the data are summarized in Fig. 3. The results
show that in all cases the recovery is above 90% and
above 3 mL of HNOs, the stripping of Be™ is quantitative.

Effect of pH and ligand volume

The efficiency of aluminon to react with Be™* and form
uncharged metal complexes is largely dependent on pH.
This is because aluminon is protonated in acid solutions
and forms free acid structures and deprotonates in basic
solutions. The influence of the solution pH on the
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Fig. 4 Effect of pH of sample solution and amount of aluminon on
the recovery of Be™. Conditions: sample volume: 50 mL, amount of
aluminon: 1.0 ug (for effect of pH), sample flow rate: 20 mL min ',
eluant flow rate: 10 mL min ', concentration of eluant: 0.1 mol L
(for volume of HNO3), eluant volume: 5 mL (for concentration of

HNO:s), pH of solution: 6.7 (for effect of aluminon weight)
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Table 1 Effect of foreign ions

on the recovery of beryllium Foreign ion Salt Ratio of foreign ion to Be™ ion(w/w) Recovery%
Al AI(NO5); 100 104 (£5)
Ba'? BaCl,.2H,0 100 97 (£3)
Ca™ CaCl, 100 97 (£2)
Ccd*™? Cd(NO3), 100 93 (+5)
cr NaCl 100 95 (+7)
Co™? Co(NO3), 100 93 (+10)
Cr'e K,Cr,0; 100 100 (£2)
Cu®? Cu(NO3), 100 93 (+4)
F~ NH,F 100 93 (£5)
Fe'? Fe(NO;)s 100 93 (+8)
K" KCl 100 100 (£9)
Li" LiCl 100 100 (£7)
Mg*? MgCl, 100 97 (£5)
Mn "2 Mn(NO3), 100 97 (£5)
Mo "¢ Na,Mo0O,-2H,0 100 93 (£3)
Na* NaCl 100 100 (+6)
Ni? Ni(NO;), 100 93 (+2)
Pb*™? Pb(NO;), 100 93 (+4)
SO, Na,SO, 100 99 (+6)
Sr'? SrClL,.6H,0O 100 97 (+8)
710, 7r0,Cl,.8H,0 20 42 (£3)
NO;~ KNO; 100 93 (£5)

retention of Be*? onto the column has been investigated
separately. The pH of the solution was adjusted in a range
of 1.0-9.4 using HCI (pH<6), NH,OAC (6<pH<7) or
NaOH (pH>7), and solutions containing Be™* were
passed through the column. It was observed that in the
pH range of 6.0-6.7 (Fig. 4) the recovery of Be'™ is
quantitative (~100%). However, at a pH value below 6.0,
the extraction of metal ions is low due to the protonation
of chelation sites of the ligands. In order to avoid
hydrolyzing of sorbent at higher pH values, a pH of 6.7
(0.1 M ammonium acetate) was selected as optimum pH.
The influence of the amount of aluminon on the recovery
of Be"was studied using 50 mL solutions containing
1.0 pg of beryllium ions. The recovery of Be*? increased

with the increase in amount of aluminon up to 0.5 mL
(500 mg L") and remained constant after that. Thus,
1.0 mL was selected to ensure a sufficient excess of the
reagent throughout the experiment.

The solution and eluent flow rate

The flow rate of the solution was changed within 5-25 mL
min !, and the results showed that the flow rate has no
effect on the retention of Be™ up to 10 mL min', and in
the higher flow rates (>10 mL min ') the recovery
decreased at least 30%. The eluent flow rate had no effect
on the stripping of Be™ up to 20 mL min ', and the
recovery was quantitative.

Table 2 Determination of beryllium in water samples by the proposed method

Sample i. d. Amount of Be™ (ug)

Certificated amount (%)

Amount added

Amount found (+%RSD)" Extraction (+%RSD)"

*Tap water (Tehran) - -
Tap water (Tehran) - 5.0

<0.2 .
4.5 (£0.3) 90 (+6)

#Some 250 mL of each water sample was taken
®Mean of triplicates with percent R.S.D.
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Breakthrough volume and foreign ion effect

It is important to study the dilution effect (breakthrough
volume) on the process kinetics and the LOD calculation.
For this purpose, 1.25 pg of Be™ was added to a solution
volume of 25, 50, 100, 250, 500 and 1,000 mL, respec-
tively. These samples were passed through the cartridge
according to the general procedure under the optimum
conditions. The results showed that a recovery of above
90% was achieved in all cases. An enrichment factor of 300
can be obtained for a sample solution of 1,000 mL and
3 mL of eluent.

Potential interference with the present system was
investigated. Interference is due to the competition of other
heavy metal ions for the chelating agent and their
subsequent co-extraction with Be'?. To evaluate the
selectivity of the proposed method, the effect of typical
potential interfering ions was investigated. For this purpose,
50 mL of solution containing 50 pg L' of Be™ and
0.1 mol L™' ammonium acetate (pH=6.7) and foreign ions
at a desired ratio (w/w) were passed through the cartridge
and finally eluted with 5 mL of 0.01-2 mol L' HNO;
separately. The results showed that the modified cartridge
retained other ions without any effect on Be™ recovery.
Zirconium ions can interfere with the Be™ recovery at a
ratio above 20, and other ions have no effect on the Be™?
recovery (Table 1).

Figure of merit and analytical performance

The analytical figures of merit were evaluated in the
optimum conditions obtained by plotting the calibration
curve within eight standard solutions of beryllium and
comparing to other methods (Table 3). The calibration

curve was linear in the range of 1.0-150.0 pg L™ with a
coefficient correction better than 0.99. A preconcentration
factor of 330 and a detection limit of 0.1 ug L' of Be'?
was obtained by using 1,000 mL sample solution. The
standard deviation of the method evaluated by three
replicate analyses was in the range of 2.1-10.8, and the
relative error was less than 10%. In order to evaluate the
analytical applicability of the proposed method, it was
applied to the determination of beryllium in several water
samples. The results are given in Table 2. The recoveries
for the addition of different concentrations of beryllium to
water samples were above 90%.

In Table 3, the figures of the merit of method are
compared with other methods for preconcentration /deter-
mination of Be'™ ions in water samples that were reported
previously. As can be seen, the present method has the
highest enrichment factor with respect to other methods,
and it has a limit of detection comparable to spectro-
fluorimetry.

Conclusion

The proposed procedure showed a selective, very sensitive
and routine method for the determination of beryllium
which can be applied to real samples. The conditions for
preconcentration of Be'? were selected using the one-at-a-
time method. The accuracy and precision of the proposed
SPE method was reported in terms of a recovery above
90% and an acceptable R.S.D.. The proposed method can
be applied to the determination of Be™ in water samples
with a low detection limit, high accuracy and high
precision.

Table 3 Figures of merit of comparable methods for determination of beryllium

Method Reagent LOD (png Maximum enrichment  Determination References
L™ factor

FIA NH40H 0.025 13.8 GFAAS 16

IC Iminodiacetate functional groups 10 - Conductometry 19

SPE Quinalizarine 0.2 200 FAAS 9

SPE Anion exchange resin 0.045 125 FAAS

Complexation 2-hydroxy-1-naphthaldehydene-8- 0.099 - Spectrofluorimetry 18
aminoquinoline

Micelle-mediated Chrome Azurol S and 0.51 20 Spectrophotometry 3

phase cetyltrimethylammonium bromide

Polyethylene Chrome azurol S 0.8 20 GFAAS 26

Powder

SPE Aluminon 0.1 330 FAAS This work

FIA flow injection analysis; /C ion chromatography; GFAAS graphite furnace atomic absorption spectroscopy; SPE solid phase extraction; FAAS

flame atomic absorption spectroscopy
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