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a b s t r a c t

The hyphenation of lab-on-valve (LOV) and multisyringe flow analysis (MSFIA), coupled to a long path
length liquid waveguide capillary cell (LWCC), allows the spectrophotometric determination of uranium
in different types of environmental sample matrices, without any manual pre-treatment, and achieving
high selectivity and sensitivity levels. On-line separation and preconcentration of uranium is carried out
by means of UTEVA resin. The potential of the LOV-MSFIA makes possible the fully automation of the
ranium
reconcentration
WCC
nvironmental samples

system by the in-line regeneration of the column. After elution, uranium(VI) is spectrophotometrically
detected after reaction with arsenazo-III. The determination of levels of uranium present in environmen-
tal samples is required in order to establish an environmental control. Thus, we propose a rapid, cheap
and fully automated method to determine uranium(VI) in environmental samples. The limit of detec-
tion reached is 1.9 �g of uranium and depending on the preconcentrated volume; it results in ppt levels
(10.3 �g L−1). Different water sample matrices (seawater, well water, freshwater, tap water and mineral

sum
water) and a phosphogyp

. Introduction

Lab-on-valve (LOV) [1,2] brings to flow-based analysis the
hird generation, which significantly facilitates integration of var-
ous analytical units in the valve and provides great potential for

iniaturization of the entire instrumentation. LOV is also a novel
ethodology for downscaling reagent based assays to micro- and

ubmicroliter level. It is shown that sample handling in the sequen-
ial injection mode, which employs forward, reversed and stopped
ow, can be programmed to accommodate a wide variety of assays
ithin the same microfluidic device. It is noteworthy that LOV-

ased techniques [3–6] have not only been extensively employed in
omogeneous solution-based assays, but have also shown promise

n heterogeneous assays because flexible fluid manipulation is also
uitable for delivering beads in flow-based manifolds (i.e. precise
uid manipulation by the LOV system and the channel configu-
ation also make it a powerful platform for bead injection (BI)).
n combination with the renewable surface concept, BI has been
idely exploited for separation and preconcentration of analyte
n the presence of complex matrix components. Most importantly,
he automated transport of solid materials in such a system allows
heir renewal at will and thus provides measurement, packing and

∗ Corresponding author.
E-mail address: victor.cerda@uib.es (V. Cerdà).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.12.018
sample (with natural uranium content) were satisfactorily analyzed.
© 2010 Elsevier B.V. All rights reserved.

perfusion of beads with samples and reagents with a high degree
of repeatability.

Multisyringe flow injection analysis (MSFIA) [7,8] profits simul-
taneously from the advantages offered by flow injection analysis
(FIA) and sequential injection analysis (SIA) methodologies, com-
bining the multi-channel operation and high injection throughput
of FIA with the robustness and the versatility of SIA. Using this
technique, several radioisotope automatic separations have been
applied to environmental and biological samples [9].

Furthermore MSFIA and LOV are especially suitable for min-
imization of reagent consumption (green chemistry), because
reagents are propelled to the system only when necessary, and they
allow development of fully automated systems with high injec-
tion throughput. Besides these techniques improve reproducibility
and achieve a significant decrease of both time and cost per
analysis.

Determination of uranium in environmental and biological sam-
ples has considerable potential as a tool for assessing human
exposure. Despite the relatively low specific activity of natural ura-
nium isotopes, there exits an important health concern because of
their chemical toxicity and ratio toxicity of their decay products.
This element, present in soil, rocks water and other samples, can

be incorporated into human food chain through various pathways.
The simplest way for their intake is through water and beverages
consumption. Therefore, WHO recommends that uranium in drink-
ing water should not exceed 15 �g L−1 [10]. This recommendation
requires a regular monitoring of uranium (as isotopes and element),



1 nta 84 (2011) 1221–1227

a
s

m
r
h
a
a
n
d
i
d
p
o
i

t
p
e
H
c
a
a
t

t
c
b
l

a
r
v
t
c

2

2

w
b
R
S
E
a
a
S
d
2

(
5
M

2

s
b

f
(
T

222 J. Avivar et al. / Tala

nd consequently, forces the analysts to find rapid, inexpensive and
ensitive methods for its determination.

In the proposed method arsenazo-III has been chosen as a chro-
ogenic reagent to detect uranium spectrophotometrically. This

eaction has been successfully applied in prior works due to the
igh stability of its uranium complex [11]. Spectrophotometry is
n acceptable detection method, due to its good precision and
ccuracy, associated with its lower cost compared with other tech-
iques. The critical point against the use of spectrophotometry for
etermination of uranium is generally associated with low sensitiv-

ty of the spectrophotometric determinations and impossibility of
irect determination without sample pretreatment. This is accom-
lished in this work by exploiting both uranium preconcentration
n a chromatographic extraction resin and a long waveguide cap-
llary cell (LWCC) for sensitivity enhancement.

Extraction chromatography is a technique that is ideally suited
o the separation of radionuclides from a wide range of sam-
le types. This technique combines the selectivity of liquid-liquid
xtraction with the ease of operation of column chromatography.
orwitz et al. [12,13] have developed several types of extraction
hromatographic resins that can be used for enrichment and sep-
ration of uranium. So it is well known that uranium tetravalent
ctinide specific resin UTEVA [14–19] is very applicable for separa-
ion of U from various types of samples.

In order to enhance the sensitivity and improve limits of detec-
ion of optical instrumentation, a long path length liquid waveguide
apillary cell (LWCC) has been coupled to the system. LWCCs have
een widely used to determine environmental parameters at trace

evels [20,21].
Thus the main aim of this work is the development of a simple

nd fully automated method for uranium preconcentration, sepa-
ation and detection in environmental samples, easily adaptable to
arious types of sample matrices. Therefore, in this paper, selec-
ive and sensitive determination of uranium exploiting extraction
hromatographic materials in LOV-MSFIA is presented.

. Experimental

.1. Reagents and standard solutions

All solutions were prepared from analytical grade reagents
ith Millipore quality water. All uranium solutions were obtained

y appropriate dilution of the standard with 3 mol L−1 HNO3.
eagents and materials included HNO3 60% Scharlau (Barcelona,
pain), HCl 37% Scharlau, HF 40% Merck (Darmstadt, Germany),
DTA Scharlau, Arsenazo-III Fluka (Madrid, Spain), chloroacetic
cid Scharlau, sodium chloroacetate Scharlau, uranium atomic
bsorption standard solution (1004 mg L−1 in 1.2 wt % HNO3)
igma–Aldrich (Madrid, Spain), thorium atomic absorption stan-
ard solution (1012 mg L−1 in 5.1 wt % HNO3) Sigma–Aldrich,
39+240Pu (203 ± 1 ng L−1 standard in 1 mol L−1 HCl) Ciemat
Madrid, Spain), UTEVA (uranium and tetravalents actinides) resin
0–100 �m, Triskem Industries (France) and glass fibre prefilters
illipore (Madrid, Spain).

.2. Samples

All samples were prepared in a final solution of 3 mol L−1 HNO3.
For acid digestion of phosphogypsum, approximately 10 g of dry

ample were dissolved in 150 mL 8 mol L−1 HNO3 with constant

oiling and stirring for 8 h.

A channel sediment standard reference material (BCR-320R)
rom the Institute for Reference Materials and Measurements
IRMM) was analyzed for validation of uranium determination.
his sample was digested via a microwave digestor (MLS-1200
Fig. 1. Miniaturized LOV-MSFIA system for uranium(VI) isolation, preconcentration
and detection. S: syringe, LOV: lab-on-valve, HC: holding coil, KRC: knotted reaction
coil, V: solenoid valve, LWCC: Long path length waveguide capillary cell, C: column
and W: waste.

Mega) from Milestone (Sorisole, Italy). A weighed dried sample (viz.,
200 mg) was transferred to PTFE vessels to which an acid mixture
containing 9 mL of concentrated HNO3 and 2 mL of concentrated
HF was added. The clear digests were heated again to near dryness
and diluted to 20 mL in a final solution containing 3 mol L−1 HNO3
and 2.5 g L−1 EDTA.

2.3. Manifold and software

The hyphenated LOV-MSFIA system used is shown in Fig. 1.
The LOV microconduit (Sciware, Palma de Mallorca, Spain),

fabricated from methacrylate encompassing eight integrated
microchannels (1.5 mm i.d./16.0 mm length, excepting the bead
column channel made of 3.2 mm i.d.), was mounted atop of an
eight-port multiposition selection valve (SV). The central port of
the integrated LOV sample processing unit, connected to S1, via a
holding coil, is made to address the peripheral ports of the unit
(1–8), for sequential aspiration of the various constituents for the
BI process, via the central communication channel (CC) in the selec-
tion valve. One of the LOV channels (port 1) serves as microcolumn

position for the renewable beads. This column is filled in with an
appropriate amount of UTEVA resin (0.03 g) to avoid compaction
and, thus, possible overpressures. To contain the sorbent within
the cavity of the LOV microbore module and prevent them from
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Table 1
Automatic procedure for uranium separation, preconcentration and spectrophotometric detection.

Step Flow rate (mL min−1) LOV-MSFIA

S1 S2 S3 LOV position V

Conditioning of UTEVA resin
(a) Loading 1 mL HNO3 into HC1 5 On Off Off 2 Off
(b)Rinsing 1 mL on the column 2 On Off Off 1 Off

Sample loading
(a)Loading x mL sample into HC1 5 On Off Off 4 Off
(b)Rinsing x mL on the column 0.8 On Off Off 1 Off

Interferences elimination
(a)Loading 0.1 mL 3 mol L−1 HNO3 5 On Off Off 2 Off
(b)Rinsing 0.1 mL on the column 2 On Off Off 1 Off
(c)Loading 0.1 mL 9 mol L−1 HCl 5 On Off Off 3 Off
(d)Rinsing 0.1 mL on the column 2 On Off Off 1 Off
(e)Loading 2 mL 5 mol L−1 HCl 5 On Off Off 7 Off
(f)Rinsing 2 mL on the column 2 On Off Off 1 Off

Elution of U
(a)Loading 1 mL 0.01 mol L−1 HCl 5 On Off Off 6 Off
(b)Rinsing 1 mL on the column 0.8 On Off Off 1 On

Reaction
(a)Simultaneous dispense: eluent (1 mL) and arsenazo-III (1 mL) 1 On Off On 1 On

Reaction plug to the detector. 2 Off On Off 1 Off
Change of sample

(a)Loading 1 mL new sample 5 On Off Off 4 Off
(b)Discarding 2 mL 5 On Off Off 8 Off

Beads replacing
(a)Loading old beads into HC1 5 On Off Off 1 Off
(b)Discarding old beads 5 On Off Off 8 Off
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(c)Loading new beads into HC1 5
(d)Filling the column 2

SFIA – S1: H2O; S2: H2O; S3: Arsenazo-III in buffer solution; V: Off means to wast

scaping, the outlet of the column was furnished with a glass fibre
refilter (Millipore) retaining the beads while allowing the solu-
ion to flow freely. The suspension of extraction chromatographic
esin was contained in a 3.0 mL plastic syringe, which was mounted
ertically on port 5 of the integrated microsystem. The eluent and
leansing dissolutions reservoirs were attached to peripheral ports
s follows: 2 (3 mol L−1 HNO3), 3 (9 mol L−1 HCl), 6 (5 mol L−1 HCl)
nd 7 (0.01 mol L−1 HCl), whereas ports 4 and 8 were employed for
ample disposal and waste, respectively.

MSFIA comprises basically a multisyringe burette (BU4S; Cri-
on Instruments, Barcelona, Spain) with programmable flow rates.
his burette is equipped with three 10 mL glass syringes (Hamil-
on, Switzerland) which are used as liquid drivers. Each syringe
as a three-way solenoid valve (N-Research, Caldwell, NJ, USA) at
he head, which facilitates the application of multicommutation
chemes (on: in-line flow; off: to reservoirs). There is also one
olenoid commutation valve V (on: in-line flow to the detector;
ff: to waste) (MTV-3-N 1/4 UKG; Takasago, Japan), which helps
rive the flow in the desired way.

The flow network is constructed with 0.8 mm internal diameter
oly(tetrafluoroethylene) (PTFE) tubing, including a 3-m holding
oil (HC2) and a 3-m knotted reaction coil (KRC). The holding
oil connected with the LOV (HC1) is constructed with 1.5 mm
nternal diameter poly(tetrafluoroethylene) (PTFE) tubing, corre-
ponding to a volume of 15 mL. All connections are made by means
f PVDF connectors, except cross-junction, which are made of
ethacrylate.
The detection system is composed of a deuterium-halogen

ight source (Mikropack, Germany), two optical fibres of 400 and
00 �m internal diameter (Ocean Optics, USA), a flow cell made
rom a 100 cm type II Teflon AF 2400 long path-length liquid core

aveguide capillary cell (World Precision Instruments, FL, USA)

internal diameter 550 �m, effective path length 100.0 ± 0.5 cm,
nternal volume 240 �L), and a USB 2000 miniaturized fibre optic
CD spectrometer (Ocean Optics), connected to a computer via
n USB interface. LWCCs are based on the use of a capillary with
On Off Off 5 Off
On Off Off 1 Off

o the detector.

a lower refractive index than the liquid core contained in it, so
the light introduced into the liquid core of the capillary is totally
internally reflected down the capillary towards the detector. There-
fore, LWCCs can detect as much of the optical signal as possible
while minimizing background noise. The absorbance is measured
at 660 nm.

Instrument control and acquisition of spectrophotometric data
are performed using the software package AutoAnalysis 5.0
(Sciware, Palma de Mallorca, Spain). The distinctive feature of
developed software based on dynamic link libraries (DLLs) at 32
bits is the possibility of using a single and versatile application
without further modification for whatever instrumentation and
detection system needed. It involves a basic protocol which allows
the implementation of specific and individual DLLs, addressing the
configuration of the assembled flow analyzer.

2.4. Analytical procedure

The complete operational sequence for U(VI) isolation and
preconcentration with further on-line determination is listed in
Table 1,and summarized as follows:

1. Conditioning of UTEVA resin: The CC is connected to port 2 to
aspirate 1 mL of 3 mol L−1 HNO3 into HC1, then it comes back to
port 1 and the HNO3 is propelled towards the column at a flow
rate of 2.0 mL min−1. V is deactivated (V-off, to waste) in order
to bypass the LWCC, allowing higher flow rates.

2. Sample loading: once the column is ready, x mL of standard or
sample (port 4) are dispensed toward the column (port 1) at a
flow rate of 0.8 mL min−1.

3. Elimination of interferences: The sequence used to eliminate

interferences is the following: first 100 �L 3 mol L−1 HNO3 (port
2) to avoid Pu interference, then 100 �L 9 mol L−1 HCl (port 3)
are dispensed in order to change the resin to chloride system
and finally 2 mL of 5 mol L−1 HCl (port 7) to eliminate thorium
interference. The flow rate used in this step is 2 mL min−1. All
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Table 2
Optimized conditions.

Arsenazo-III concentration 0.001%
Arsenazo-III volume 1 mL
HCl (eluent) concentration 0.01 mol L−1

HCl (eluent) volume 1 mL
Buffer concentration 0.5 mol L−1
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Table 3
Analytical parameters.

Analytical parameters

Detection limit 10.3 �g L−1

Regression coefficient 0.9997
Repeatability (%) (n = 10) 1.6
Reproducibility (%) (n = 5) 1.7
Resin durability 100 injections
Preconcentration volume Up to 30 mL
Loading flow rate 0.8 mL min−1

Striping flow rate 0.8 mL min−1

Sample medium (HNO3) 3 mol L−1

these solutions are loaded into HC1 and dispensed at port 1
sequentially.

. Elution of U(VI): At this point all the uranium contained in
the sample and nothing else is retained on the column. 1 mL
0.01 mol L−1 HCl (port 6) is loaded into HC1 and V is activated
(V-on) to propel the eluent (1 mL 0.01 mol L−1 HCl) through
the column (port 1) towards the detector at a flow rate of
0.8 mL min−1.

. Reaction: S1 and S3 are activated (S1-on, S3-on) and 1 mL
arsenazo-III is simultaneously mixed with the eluent in the knot-
ted reaction coil.

. Final dispense: S2 is activated (S2-on) and the reaction plug
passes through the detector.

. Change of sample: In order to avoid contamination between
samples, 1 mL of the next sample is loaded into the holding coil
(HC1) and dispensed at the waste position (port 8).

. Change of the resin: applicable when required depending on the
sample matrix. The column is regenerated by replacing the resin
automatically. First, the old resin is loaded into the holding coil
(HC1) and sent to waste (port 8), then 1 mL of resin is loaded into
the holding coil from the resin reservoir (port 5) which contains
a saturated solution of the resin (30 g L−1 of UTEVA resin in HNO3
3 mol L−1) and dispensed at port 1 with V-off (to waste) to fill the
column.

.5. Optimization of experimental conditions

In order to find the best operational conditions for separation,
reconcentration and detection analysis of ultra-trace levels of ura-
ium in the LOV-MSFIA flow system a series of investigations were
onducted. Amongst the various parameters affecting the perfor-
ance of the sorbent bead-injection preconcentration in terms of

orption efficiency for U(VI), sample medium (3 mol L−1 HNO3),
oading flow rate (0.8 mL min−1 was the optimum loading and
tripping flow rate, as it was the highest in which the maximal
orption and elution efficiency was observed) and stripping condi-
ions, tolerance to potential interfering species are regarded as the

ost crucial ones. Reaction of detection conditions such as type of
eagent, acidity of the reaction plug and wavelength (660 nm) were
ptimized in a previous work [22].

The pH is an essential condition to carry out the colorimetric
eaction in order to avoid interference from calcium and overlap
f the arsenazo-III spectrum with the maximum of the complex
ormed. Thus, the optimum pH is 2, and the arsenazo-III is prepared
n buffer solution (chloroacetic acid–sodium chloroacetate).

The computer statistics package StatGraphics (Stat-Graphics
enturion XV, Stat Point, Herndon, VA, USA, 2005) was used to build
response surface experimental design. A full factorial composite
esign with a total number of twenty-seven runs, including cen-
re points, was carried out in order to optimize the experimental
onditions.
Effects of individual factors (arsenazo-III volume and concentra-
ion, eluent volume and concentration, and buffer concentration)
nd their second order interactions were thus investigated. Opti-
ized conditions are summarized in Table 2.
Sensitivity 3.6289 AU �g−1

Linear working range 0–0.3 �g
Injection throughput 1.2–5.5 h−1

3. Results and discussion

3.1. Flow system set-up

In addition to compactness, the advantage of this “lab-on-valve”
system is the permanent rigid position of the sample processing
channels that ensures repeatability of microfluidic manipulations,
controlled by conventional sized peripherals. This provides proven
robustness and reliability of operation, and makes the microfluidic
system compatible with real life samples and peripheral instru-
ments.

MSFIA is a very versatile flow technique which allowed its easy
hyphenation with LOV. With the help of a three-way solenoid valve,
the plug of reagents is directed toward the detector (on position)
or toward the waste (off position), as required, with great precision
and reproducibility.

In this way both flow techniques LOV-MSFIA complement each
other, improving their individual advantages according to the
required analytical needs. This allows drastic reduction of reagents
consumption, waste generation, reduction of resin consumption
and time saving in relation to manual methodologies, whose oper-
ations can last days against an injection frequency of 1.2–5.5
injection h−1, depending on the sample volume. Achieving the fully
automation of the proposed method by the in-line column regen-
eration.

3.2. Column properties

The extractant in the UTEVA resin, diamyl, amylphosphonate
(DAAP), forms nitrato complexes with uranium(VI) and tetravalent
actinide elements. The formation of these complexes is driven by
the concentration of nitrate in the sample solution. This resin has
been widely used to isolate and preconcentrate actinide elements
with a variety of detection systems. A large number of commonly
occurring matrix elements show no or little retention in nitric acid
media and can be separated from actinides during sample load and
column wash steps. UTEVA resin is able to retain up to 100 mg of U
per g of resin.

The resin needs to be conditioned with nitric acid of the same
concentration as the samples medium. Thus, the concentration
of nitric acid was optimized and for acid concentrations up to
3 mol L−1 uranium showed no retention on the resin. So, we decided
to use 3 mol L−1 nitric acid for both processes because it is the lower
concentration for total uranium(VI) retention. In fact the resin is
prepared and left at the syringe mounted as a bead reservoir in
port 5 of the LOV with 3 mol L−1 HNO3 solution.

Once the resin is ready, on-column extraction and precon-
centration of the analyte are carried out automatically, ensuring

high repeatability between replicates. Automated preconcentra-
tion enables reduction of the detection limit in a remarkable and
reproducible way.

As observed in the results shown in Table 3, up to a sample
volume of 30 mL recovery of uranium retained in the column is
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ig. 2. Mass calibration curve. Net absorbance versus uranium(VI) mass in �g. It is
epresented the mean value ± standard deviation.

igher than 90%. Preconcentration of sample by a factor of 30:1 can
e considered a fairly good result for this type of analysis. Evidently,
he larger the volume capable of being preconcentrated the lower
OD attained.

.3. Working range

A mass calibration curve (net absorbance versus mass in �g
ranium(VI)), with a statistically satisfactory fit was obtained
y = 3.6289x–0.0097, r2 = 0.9997). Under the optimum conditions
escribed above the calibration curve is linear over the concen-
ration range 0–0.3 �g uranium(VI). A mass calibration curve is
hown in Fig. 2. The fact of using a preconcentration process implies
ass calibration, because the volume to be concentrated can be

hosen by the analyst depending on the concentration of the sam-
le. Therefore it provides high versatility to the proposed method
llowing preconcentration of variable sample volumes, admitting
he analysis to a wide concentration range.

.4. Limit of detection

Taking into account that the described method is applied to
nvironmental samples analysis, one of the main advantages is the
OD obtained passing through the column up to 30 mL of sample
ithout disturbing significantly the response signal. Thus, the limit

f detection achieved is 10.3 �g L−1 (ppt), calculated from three
imes the standard deviation of ten replicates of the blank divided
y the slope of the calibration curve. So with this method the WHO
eference value of uranium could be easily measured.

As can be seen in Table 4 the LOD of the current method is very

ow, one to three orders of magnitude lower than those obtained

ith radiometric methods (LOD between: 18 and 0.40 �g L−1)
23–25], furthermore requiring much less time. A radiometric
etermination can last 24 h versus the 11 min required by the pro-
osed method for uranium determination. Another disadvantage

able 4
OD comparison between methods with different detection systems for uranium
etermination.

Detection systems Flow system LOD (ng L−1) Ref.

Radiometric Batch method 18000 [23]
Batch method 2457 [24]
Batch method 400 [25]

ICP-MS FIA 690 [29]
FIA 15 [28]
Batch method 1 [27]
FIA 0.2 [26]

Spectrophotometric MSFIA-MPFS 12.6 [22]
LOV-MSFIA 10.3 Our method
 (2011) 1221–1227 1225

of classical radiochemical methods is that these may generate sig-
nificant quantities of secondary hazardous waste.

It should be emphasized that the proposed method is sim-
ple, compact, fully automated and low cost, since it requires less
maintenance and inexpensive instrumentation and can easily be
adapted for field measurements. Even so, the LOD achieved is sim-
ilar to those obtained using ICP–MS [26–29] which vary in a range
0.2–690 ng L−1 (ppt).

The combination of UTEVA–resin, the sensitivity of the colori-
metric reaction, and the LWCC made possible the achievement
of such a low LOD. Without one of these essential components,
results would not have been so good. Thus, the developed method
is actually able to determine concentrations of uranium at real
environmental levels.

3.5. Resin durability

Extraction column lifetime is intimately linked to the repeata-
bility of the methodology and is indicative of the number of
consecutive analyses feasible without changing the column pack-
ing. Results obtained up to the hundredth replicate reveal recovery
of the analyte higher than 90% with a RSD of 5.1%. In this way we
estimate that the lifetime is 100 injections; replacement of the col-
umn is then recommended. This long durability (100 injections) of
such small amount of resin (30 mg) makes the method very inex-
pensive compared with batch methods, which utilize single-use
cartridges that contain 800 mg of resin. In addition, the proposed
LOV-MSFIA system is able to renew the solid phase extraction
at will in a fully automated way, without requiring the analyst
intervention, resulting in higher reproducibility and repeatabil-
ity, minimizing at the same time reagents consumption, even the
amount of resin required is almost three times lower than the
amount required in a previous work [22], in which the resin had to
be renewed manually, what resulted also in lower reproducibility
and repeatability. Moreover, the durability of the present column
is more than the double, although containing less extraction chro-
matographic resin than in the previous work.

The reproducibility of the method, RSD 1.7%, was determined
from results obtained on different working days, changing the resin
column and using a solution which contained 0.2 �g uranium, the
resin replacement effect was included in the RSD given.

3.6. Interferences

The main advantage of using arsenazo-III lies in the high sta-
bility of its uranium complex which makes possible its analytical
utilization in strongly acidic media. The usefulness of the reactivity
of arsenazo-III lies in the fact that metals whose complex forma-
tion depends on high pH, do not interfere with the determination
of other elements. In other words by specifying the pH it is possible
to use arsenazo-III very selectively [11,30,31].

UTEVA resin (uranium und tetravalents actinides) not only
retains uranium(VI), but also Pu, and Th. Am is not retained in
3 mol L−1 HNO3 solution. Step 3 of the analytical procedure is nec-
essary to strip the remaining potentially interference metals (Pu
and Th) from the resin before uranium(VI) is eluted. These possible
interferences were studied and none resulted in significant inter-
ference (differences in analytical signal of ±10%). We even tested
up to 2000 times the concentrations of plutonium [32,33] that can
be found in the environment and they did not significantly disturb
uranium(VI) determination.
Furthermore, it has been reported that arsenazo-III forms sta-
ble complexes with thorium [34] and calcium [35]. Thorium could
be a great interference if it is not striped from the column prior
to uranium(VI). In order to evaluate potential interferences on
the target specie, both in the complexation reaction and in the



1226 J. Avivar et al. / Talanta 84 (2011) 1221–1227

Table 5
Analysis of different types of sample.

Sample (n = 3) Added U (�g L−1) Found U (�g L−1) Recovery (%)

Tap water 0 <LOD
20 19.8 ± 0.4 98

Mineral water 0 <LOD
20 19.9 ± 0.5 99

Freshwater 0 <LOD
20 20.80 ± 0.05 105

Seawater 0 <LOD
20 19.2 ± 1.5 93

Well water 0 <LOD 102
20 21.0 ± 0.3

Sample (n = 3) Validation methoda (�g L−1) Found U (�g L−1) Significant difference ˛ = 0.05

Phosphogypsum 179.2 ± 9.7 186.7 ± 6.6 Not found

Sample (n = 3) Certified value (�g L−1) Found U (�g L−1) Significant difference ˛ = 0.05
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Channel sediment BCR-320R 1.56 ± 0.20

a Determined by ICP-MS.
esults are expressed as mean value ± standard deviation.

orption process onto the surface of the packed column we tested
p to 0.2 mg L−1 of Th, in a proportion of 4 to 1 respect to uranium,
hich is the maximum proportion of these elements found in the

nvironment [34,36]. To overcome thorium and plutonium inter-
erence, it was necessary to pass through the column up to 2 mL of
mol L−1 HCl and 0.1 mL of 3 mol L−1 HNO3, respectively. Calcium

nterference was overcome by fixing the pH at 2, at this pH calcium
oes not react with arsenazo-III.

.7. Application to real samples

The automatic methodology was evaluated by analyzing five dif-
erent water matrixes (fresh water, mineral water, tap water, well
ater and seawater), a channel sediment and a phosphogypsum

ample with natural uranium content (phosphate fertilizer plant
ocated in Huelva, Spain). Results of analyses for three replicates
n = 3) are shown in Table 5.

For water matrices, the procedure was applied to spiked samples
ith known U(VI) mass, obtained from the corresponding standard.
esults revealed recovery was fairly good, higher than 93% in all
ases.

In order to validate the proposed method a phosphogypsum
ample was analyzed by the proposed method and by ICP–MS.
he channel sediment standard reference material (BCR-320R)
btained from the IRMM was also analyzed by the proposed
ethod. In both cases, the t-test for comparison of means revealed

here were no significant differences at the 95% confidence level.

. Conclusions

To the best of our knowledge, this is the first LOV-MSFIA
ully automated method developed for ultra trace radioisotope
etermination. Combination of LOV and MSFIA techniques with
TEVA–resin enables fully automated sample treatment, separa-

ion and detection, improving analyst safety.
The proposed procedure was successfully applied to the deter-

ination of trace levels of U(VI) in environmental samples. Besides
ith the proposed method it is possible to analyze uranium(VI) in
rinking waters achieving the reference level established by the

HO.
The main achievements of the proposed method are the LOD

ttained (ppt levels), the automation of the column replacement
rovided by the BI and the cost reduction per analysis due to the

ong durability of such small amount of resin. Thus our method

[

[

[
[

1.59 ± 0.02 Not found

is proposed as an alternative to existing methods which require
more expensive instrumentation, such as radiometric counters or
ICP-MS.

The proposed method reduces analytical costs and improves the
timeliness of support operations for characterization and reme-
diation. Moreover this method has several advantages such as
simplicity, compactness, sensitivity, selectivity, low operational
cost, versatility, repeatability, minimization of sample handling and
robustness.
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