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a b s t r a c t

This paper proposes a new automated spectrophotometric method for the simultaneous determination
of phosphate and arsenate without pre-treatment, which is faster, simpler, less expensive and hazardous
than other well-known methods used with water samples. Such method is based on the different kinetic
characteristics of complex formation of phosphate and arsenate with ammonium molybdate. A flow
eywords:
rsenate
hosphate
topped-flow

system was used in order to achieve good mixing and to provide precise time control. All the measure-
ments were performed at the isosbestic point wavelength (885 nm). Chemical variables were optimized
by factorial design (ammonium molybdate 0.015 mol L−1, potassium antimony tartrate 1 × 10−4 mol L−1,
and sulphuric acid 0.7 mol L−1). An appropriate linear range for both analytes (0.50–8.00 �mol L−1), good
inter-day reproducibility (4.9% [P] and 3.3% [P + As]) and a sample throughput of 6 h−1 were obtained.

.4 �m
pectrophotometry The detection limits are 0

. Introduction

Arsenic and phosphorus are very important in aquatic geo-
hemistry and sediment–water interface sciences because they are
sually involved in processes related to water contamination. Phos-
horus is an essential nutrient for the aquatic biota and limits its
rimary productivity [1]. Although it is not toxic, an overload accel-
rates eutrophication [2] and impairs water quality [1]. Phosphorus
s released into the aquatic environment mainly by anthropogenic
ources (industrial, agricultural, and mining activities). Arsenic, on
he other hand, is not only toxic but also carcinogenic, and both
atural and anthropogenic sources are responsible for high levels
f it which contaminate the environment [3,4]. It can be found in
ood, water, and air in organic and inorganic form [5] and it can
xist in several oxidation states (−3, 0, +3 and +5) [6–8]. Inorganic
rsenic species occur as arsenite and arsenate, the former being
uch more toxic [6] and predominant under anaerobic (reduc-

ng) conditions, while arsenate is stable under aerobic (oxidizing)
onditions [3,7]. In recent years, many countries (e.g. China, Chile,
angladesh, Taiwan, Mexico, Argentina, Poland, Canada, Hungary,
apan, and India) have reported high concentrations of arsenate in
ater, soil and sediments [7,9]. Long-term consumption of drink-

ng water contaminated with arsenate is a major threat to human
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rgentina. Tel.: +54 351 4693555; fax: +54 351 4334139.
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ol L−1 P and 0.19 �mol L−1 [P + As] (3.3 Sy/x). The method was validated.
© 2011 Elsevier B.V. All rights reserved.

health since it has been reported to cause skin, lung, kidney, and
liver cancer [3,6].

Although food, which mainly contains organic forms of arsen-
ate, is the main source of arsenate exposure, its toxicity in drinking
water is more significant due to the high levels of inorganic species
that can be present. The US EPA regulation requires the concentra-
tion of inorganic arsenate in drinking water to be below 10 �g L−1,
which demands more accurate and sensitive analytical techniques.
So far, hydride generation atomic absorption spectrophotome-
try (HG-AAS), inductively-coupled plasma (ICP), graphite furnace
(ETAAS), and ICP mass spectrometry (MS) are the most accurate
laboratory instrumentation suitable for arsenate measurement in
water, with detection limits that could well satisfy the US EPA
requirements. However, this instrumentation is very expensive and
not always available in routine laboratories. On the other hand, the
colorimetric molybdenum blue method (standard method) is sim-
ple and only requires a photometer, but it is not suitable for the
determination of arsenate at trace levels. Thus, there is a pressing
need for affordable, simple methods with low limits of detection in
order to determine arsenate at low level concentrations in accor-
dance with stringent EPA requirements.

The molybdenum blue method is well-established for deter-
mining inorganic arsenate and phosphate in solution, and it has
been broadly used [10]. However, arsenate determination by this
method has the disadvantage of requiring around 1 h for color

development of the arsenate–molybdate complex. Furthermore,
arsenate/phosphate mixtures cannot be quantified simultaneously
because both species exhibit the same behavior and interfere
with each other. For this reason, several modifications of the

dx.doi.org/10.1016/j.talanta.2011.06.001
http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
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Fig. 1. P.P.: Peristaltic pump, q: flow rates. Reactive solution: ammonium molyb-
L. Borgnino et al. / Tal

olybdenum blue method have been reported in recent years.
inge and Oldham [11] have optimized quantification of phos-
hate/arsenate mixtures by adding a reducing agent (i.e. sodium
ulphite) in order to eliminate arsenate interference in concen-
rations above 100 �g L−1. Despite the fact that the method was
mproved by such addition, this step requires about 1½ h for com-
letion of the reaction and color development. A detailed discussion
f virtually all modifications to the molybdenum blue method
eported in the literature has been provided by Tsang et al. [12],
ho in turn proposed a new modification for fast and accurate
easurement of arsenate/phosphate mixtures. It consisted in using

odium dithionite as reducing agent, which reduced color develop-
ent time. However, a complete reduction of arsenate only occurs

fter heating the solution at 80 ◦C for 20 min, and then cooling it to
oom temperature before applying spectrophotometric detection.
opez Carreto et al. [13] determined arsenate/phosphate simul-
aneously via the kinetic wavelength-pair method, with arsenate
oncentration exceeding that of phosphate. The method proposed
y Abbas [14] allows determination of both species in the pres-
nce of each other. It is based on the adsorption of arsenomolybdic
nd phosphomolybdic acids on polyurethane sorbent varying the
H of the sample. It requires the preparation of the sorbent mate-
ial, time-consuming for the step of separation and high volume of
ample. On the other hand, Ramírez Cordero and Cañizares Macías
15] developed a sequential injection analysis (SIA) method for
etermining As(V), As(III) and P(V) in mixtures based on different
eaction temperatures. It requires six calibration curves to deter-
ine the analytes simultaneously.
Flow analysis offers significant advantages in terms of preci-

ion and accuracy for time control and it allows data acquisition
rom reaction kinetics by using the stopped-flow mode. The aim
f this study is to present the automated method for simultane-
us quantification of phosphate/arsenate in water samples without
re-treatment and with a minimum time consumption for the over-
ll analytical process, which we have developed taking advantage
f the significant difference between complex-formation kinetics
f phosphate and arsenate.

. Experimental

.1. Apparatus

A UV–vis spectrophotometer (Shimadzu UV-VIS 1700) with a
ellma 178-010 QS flow cell (inner volume 32 �L) was used to
uantify phosphate and arsenate solutions.

The propulsion system was a Gilson Minipuls 3 peristaltic pump,
nd a Rheodyne 5041 injection valve was used as selection valve. All
eaction coils were made of PTFE tubing (inner diameter 0.5 mm).

The determination of phosphate and arsenate in real samples
as carried out by an external laboratory. Ion chromatography

IC) with carbonate eluent anion exchange column (ionPac As22)
nd suppressed conductivity detection [19,20] and ICP-MS [21–23]
ere used as reference methods.

STATISTICA statistical software packages were used for data
reatment [24].

.2. Reagents and solutions

Reagents: Sulphuric acid (Carlo Erba, AsV < 0.000001%),
scorbic acid (Anedra, C6H8O6), ammonium molybdate

NH4)6Mo7O24·4H2O (Tetrahedron), potassium antimony tar-
rate (K(SbO)C4H4O6)·2H2O (Anedra), Na2HAsO4·7H2O (Anedra),
nd NaH2PO4 (Baker), were used as received to prepare the
olutions.
date (0.015 mol L−1), potassium antimony tartrate (1 × 10−4 mol L−1), and sulphuric
acid (0.7 mol L−1); q1: 1.79 mL min−1, q2: 0.37 mL min−1, q3: 1.09 mL min−1, q4:
0.79 mL min−1; R: coiled reactor (1 m), a, b, c: confluence points.

All solutions were prepared using analytical reagent-grade
chemicals and ultra pure water of Milli-Q quality (18.0 m� cm−1).

A stock solution of arsenate was prepared by dissolving 0.0156 g
of Na2HAsO4·7H2O with water to make up to 50 mL. To prepare
a phosphate stock solution 0.0069 g of NaH2PO4·H2O was dissolved
in 50 mL of water. Both stock solutions were 1000 �mol L−1. The
calibration solutions were prepared by diluting the stock solutions
with water.

A solution of ammonium molybdate (0.1 mol L−1) was prepared
by weighing 6.1793 g (NH4)6Mo7O24·4H2O and adding water up to
50 mL.

A tartrate solution (0.01 mol L−1) was prepared by dissolving
0.0835 g of K(SbO)C4H4O6·2H2O with 25 mL of water

A sulphuric acid solution (4 mol L−1) was prepared by taking
11.11 mL of sulphuric acid (ı = 1.835 g/cm3) and diluting it with
water up to 50 mL.

The reactant solution was prepared by mixing 15 mL of ammo-
nium molybdate solution, 1 mL of tartrate solution, and 17.5 mL of
sulphuric acid with pure water up to 100 mL.

A solution of ascorbic acid (0.02 mol L−1) was prepared by dis-
solving 0.352 g with water and making up to 100 mL.

3. Experimental design

Factorial design was employed to reduce the total number of
experiments in order to achieve the best overall optimization of
the process [25]. Since this method provides greater precision in the
estimation of the overall main factor effects and its interactions, it is
a powerful tool for simultaneous optimization of several variables.
A common experimental design is one with all input factors set at
each of two levels. These levels are called ‘high’ and ‘low’ or ‘+1’
and ‘−1’, respectively. If there are two levels for each k factor, a full
factorial design has 2k runs. In the present study, a two-level, full
factorial design for three factors (23 runs) was used for modeling
the optimization of chemical variables.

4. Procedure

The optimized continuous flow system that we have devel-
oped is shown in Fig. 1. Reagents are introduced into the
system with a peristaltic pump (PP). The sample stream
(q1: 1.79 mL min−1) converges with a sulphuric acid stream
(0.7 mol L−1; q2: 0.37 mL min−1). The resulting mixture first
meets a stream of a ‘reactive solution’ (ammonium molybdate
0.015 mol L−1 + antimony tartrate 1.0 × 10−4 mol L−1 + sulphuric
acid 0.7 mol L−1; q3: 1.09 mL min−1) and then an ascorbic acid
stream (0.01 mol L−1; q4: 0.79 mL min−1). Finally, the mixture
passes through a reactor (R: 100 cm) and the signal is measured at
� = 885 nm. After a fixed time (15–20 s) during which the baseline
is established, the flow is stopped and kinetic curves are obtained.
In order to obtain the calibration curves, each phosphate stan-
dard solution is measured up to a constant signal (approximately
200 s). Then, the flow is restored and the next standard solution
is introduced into the system. Data at 100 s are used to obtain the
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Table 1
Factorial design matrix for three variables and experimental absorbance values.

Experiment Replicate A B C Absorbance � (nm)a

1 1 −1 −1 −1 0.116 833
2 1 +1 −1 −1 0.118 841
3 1 −1 +1 −1 0.000 –
4 1 +1 +1 −1 0.000 –
5 1 −1 −1 +1 0.081 830
6 1 +1 −1 +1 0.000 –
7 1 −1 +1 +1 0.124 866
8 1 +1 +1 +1 0.128 888
9 2 −1 −1 −1 0.110 833

10 2 +1 −1 −1 0.115 841
11 2 −1 +1 −1 0.000 –
12 2 +1 +1 −1 0.000 –
13 2 −1 −1 +1 0.084 830
14 2 +1 −1 +1 0.000 –
15 2 −1 +1 +1 0.127 866
16 2 +1 +1 +1 0.130 888
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he experiments were randomly performed.
a Isosbestic point wavelengths.

ndividual phosphate (P) calibration curve, while data at a maxi-
um absorbance value are considered for phosphate plus arsenate

P + As).
When real samples are introduced into the system, the signal is

easured for more than 600 s after stopping the flow (see Section
.4), because this is the minimum time needed to obtain a com-
lete color development for the molybdoarsenate complex. Thus,
he absorbance measured at 100 s and that measured after reach-
ng constant value are considered for determining P and (P + As),
espectively, by using the corresponding calibration curves.

. Results and discussion

The proposed method was based on the formation of molyb-
oarsenate and molybdophosphate complexes, taking into account
heir kinetic characteristics. Our interest was the development of an
utomated system for simultaneous determination of both chemi-
al species, without sample pre-treatment and with minimum time
onsumption.

.1. Selection of flow manifold

Configuration of the flow injection system was tested using a
hosphate standard solution since phosphate has a reaction rate
igher than that of arsenate. In this case, a standard volume was

njected into a sulphuric acid carrier solution. After mixing, this

olution merged first with a stream of reactant solution in a reactor,
nd then with ascorbic acid in a second reactor, where the com-
lex was formed. Different sample volumes, flow rates, and reactor

engths were analyzed, but no signal improvement was observed.

able 2
nalysis of variance for absorbance with Table 1 data.

Factor Sum of
squares (SS)

Degrees of
freedom (d.f.)

A 0.001482 1
B 0.000992 1
C 0.002500 1
A × B 0.001681 1
A × C 0.001640 1
B × C 0.040602 1
A × B × C 0.001849 1
Error 0.000004 8
Total SS 0.050751 15

a Significant factor at p < 0.05.
Best reproducibility, enhanced signal intensity, and a lower
limit of detection were attained with a continuous flow system
design, as shown in Fig. 1. By using this system, an appropriate and
reproducible time control was achieved, allowing the stopped-flow
mode to be applied. Bearing in mind that the sample is continu-
ously introduced, the system was designed to maintain the order
of reagent addition reported as optimal in a previous work [12].
The optimization of chemical variables was carried out under these
conditions (see below).

5.2. Influence of chemical and hydrodynamic variables

Phosphate and arsenate have similar physical and chemical
properties. They are usually found together in water, phos-
phate commonly occurring at higher concentrations than arsenate.
Besides, both anions can develop molybdophosphate and molyb-
doarsenate complexes with similar characteristics, but different
complex-formation kinetics (i.e. under the same experimental con-
ditions [12,16], the kinetics of phosphate complex-formation is
faster than that of arsenate). In the developed procedure, the con-
centration of reagents involved in the ‘reactive solution’ has a
significant dependence on their concentration ratio and on arsenate
and phosphate concentration in solution, so they will have an influ-
ence on the color development rate, the stability of the complexes,
etc. Their concentrations, as well as that of the other reagents
in the system, were optimized together using chemometric tools.
The study was first carried out by applying a 24 factorial design

[24] which considered the following factors: ascorbic acid, ammo-
nium molybdate, potassium antimony tartrate, and sulphuric acid
concentration. The ascorbic acid concentration did not have any
significant effect on color development, as previously reported

Mean squares
(MS)

F ratio p levela

0.001482 2964.50 0.000
0.000992 1984.50 0.000
0.002500 5000.00 0.000
0.001681 3362.00 0.000
0.001640 3280.50 0.000
0.040602 81204.50 0.000
0.001849 3698.00 0.000
0.000001 0.000

0.000
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Table 3. Large variations in flow variables around the original values
produced significant changes in the reagent concentration ratio and
the appearance of a precipitate. Thus, using the selected conditions,
the working wavelength was 885 nm (Fig. 3 – inset).

Table 3
Studied range of flow variables and their optimum values.

Variable Studied
variable range

Optimum value
of variable

q1 (mL min−1) 1.00–2.00 1.79
q2 (mL min−1) 0.2–1.00 0.37
q (mL min−1) 0.5–1.50 1.09
Fig. 2. 3D and 2D plot of the response surface for the most sign

16]. Hence, an intermediate concentration from the tested range
0.01 mol L−1) was selected and eliminated as a factor before test-
ng a new factorial design. Then, a 23 factorial design was applied,
nd spectrometric curves for both complexes (molybdophosphate
nd molybdoarsenate) were obtained under different experimen-
al conditions. After achieving stability at different concentrations,
oth complexes have the same absorptivity; therefore, the isos-
estic point was chosen to perform the absorbance measurements.
xperimental values corresponding to high- and low-level reagent
oncentration were studied: potassium antimony tartrate (A),
.8 × 10−4 mol L−1 (−1) and 1.2 × 10−4 mol L−1 (+1); ammonium
olybdate (B), 0.010 mol L−1 (−1) and 0.015 mol L−1 (+1); sulphuric

cid (C), 0.05 mol L−1 (−1) and 0.70 mol L−1 (+1). The factorial
esign results are shown in Table 1. Zero absorbance point is
et when polymerization/coagulation of molybdenum complexes
tarts (appearance of a precipitate and excessive increase in the
bsorbance values as a function of time). This was observed in
xperiments 3, 4, 11, 12 (low level for sulphuric acid and high level
or ammonium molybdate factors) and 6, 14 (high levels for sul-
huric acid and potassium antimony tartrate with low level for
mmonium molybdate factors). Analysis of the effects significance
n a two-level factorial design was performed by an ANOVA test. The
btained results are presented in Table 2, where it can be observed
hat all factors and their interactions were significant (p < 0.05).
owever, the most significant factor influencing the response is

he interaction B × C (molybdate–sulphuric acid). The R2 value of
.9999 indicate that almost 100% of the response variability could
e explained by the model.

The interaction effect (magnitude and direction) between the
wo most important parameters is shown in a 3D surface response
Fig. 2). These results are in good agreement with previously
eported ones. When the concentration of sulphuric acid is too
igh, complex formation becomes slower, while if it is too low
omplex stability diminishes [17]. A blue residue precipitates

hich is thought to result from polymerization/coagulation of the
olybdate complexes. If the molybdate concentration is too high,

he precipitate appears and the linear dependence of absorbance
n analyte concentration is lost [18]. Stability of the molybdate
t chemical parameters estimated using 23 full factorial design.

complexes depends on the ratio between acid and molybdate con-
centration in the final solution [12,17]. It has been proved that
low concentrations of both molybdate and sulphuric acid allow
obtaining good signals, though these are highly variable due to low
stability of the complex. Then, the optimum values were 0.7 mol L−1

for sulphuric acid, and 0.015 mol L−1 for ammonium molybdate.
The effect of antimony tartrate concentration, on the other hand,
was insignificant. However, a decrease in it has been reported to
improve stability of both complexes though a concomitant decrease
in the color development rate is observed [12]. An antimony tar-
trate concentration of 1.0 × 10−4 mol L−1 was therefore selected.

The effect of solution heating on the formation of molybdophos-
phate and molybdoarsenate complexes was also tested. Different
temperatures in the 50–80 ◦C range were analyzed by immersing
the reactor R into a thermostatic bath. Since heating of the solu-
tion leads to decomposition of the complexes, as reported in the
literature [10,26] room temperature was used.

Once the chemical variables were optimized, analysis of the
hydrodynamic ones was carried out by the univariant method.
This procedure was performed in order to both improve mixing
of reagent streams and minimize the stop-flow time. The range
of variables studied as well as their optimum values are listed in
3

q4 (mL min−1) 0.5–1.00 0.79
R (cm) 50–200 100
Reactor a-b (cm) 1.0–10 2.0
Reactor b-c (cm) 1.0–10 2.0
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Table 4
Effect of possible interferents on the signal of total concentration for P + As
(2.5 �mol L−1).

Interferent Amount (mg L−1) Error %

Na+ 150 4.2
K+ 146 2.3
Ca2+ 120 2.7
Mg2+ 30 1.7
Cr6+ 0.2 4.2
Cl− 230 −3.9
F− 2 1.6
SO4

2− 300 2.5
NO3

− 1 −2.0
NO2

− 0.3 −3.1
Si 25 4.8

Table 5
Comparison of slopes at 100 s.

Samples Slopes of standard
addition method
calibration

|tcalculated value|

A 0.00436 ± 0.00002 0.95
B 0.00376 ± 0.00036 0.47
C 0.00355 ± 0.00063 0.81
D 0.00395 ± 0.00028 0.00

S

5

o
s
F
l
w
m
m
6
l
c
f

5

d

F
8
l

studied. On the other hand, an increment in the signal is observed at
120 and 600 s as arsenate concentration increases. Then, phosphate
could well be determined until 100 s without arsenate interfer-
E 0.00382 ± 0.00155 0.00

lope of the calibration curve at 100 s: 0.00392 (±0.00010); t(4,� = 5%) = 2.776.

.3. Kinetic characteristics of the complex-formation reactions

Using the above-mentioned operational conditions, it was
bserved that phosphate develops the molybdophosphate complex
ignificantly faster than arsenate, as previously reported [12,16].
or this reason, absorbance vs. time curves from different ana-
yte concentrations were carried out, beginning from the moment

hen the flow system is stopped (Fig. 3). As it can be seen, the
olybdophosphate complex reaches signal stability at approxi-
ately 200 s, while the molybdoarsenate complex does so at above

00 s. In both cases, the maximum signal reached at the same ana-
yte concentration has the same absorbance value. This fact allowed
alibration curves to be obtained using only phosphate standards
or the determination of both analytes.

.4. Analytical application
In order to eliminate the interference of arsenate in phosphate
etermination, some reducing agents were used to pre-treat the

ig. 3. Kinetic curves from: blank (grey line), As 1 �mol L−1 (dotted line), As
�mol L−1 (black line), P 1 �mol L−1 (dash-dot line) and P 8 �mol L−1 (dashed grey

ine).
Fig. 4. Absorbance values of solutions measured at different times and As:P con-
centration ratios (P concentrations: 1, 2, and 3 �mol L−1) and under optimum
experimental conditions.

sample. Since this resulted in a very tedious and time-consuming
procedure, we decided to perform a simultaneous determination of
both analytes without sample pre-treatment, taking advantage of
the significant differences in the complex-formation kinetics and
considering reproducible time control with flow systems.

The difference between both signals depends on the concen-
tration ratio between the analytes. While the molybdophosphate
complex formation is detected from the moment when the sys-
tem flow is stopped, the molybdoarsenate complex signal begins
to be significant at 120 s, in relation to the molybdophosphate
complex signal at the same time. For this reason, kinetic curves
were performed according to the above-mentioned procedure,
and absorbance values at 80, 100, 120 and 600 s were obtained.
Solutions at three different phosphate concentrations (1, 2 and
3 �mol L−1) and increasing concentrations of arsenate on each one
were prepared. Fig. 4 depicts the absorbance vs. concentration ratio
curves. From the comparison between them, it is clear that data
corresponding to 80 and 100 s are constant for all the As:P ratios
Fig. 5. Kinetic curves obtained by using the flow system proposed (standard concen-
trations: 0.5; 1.0; 2.0; 3.0; 5.0; and 8.0 �mol L−1) in order to obtain the calibration
curves. Inset: calibration curves obtained by using measurements from the kinetic
curves at 100 s and 200 s.
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Table 6
Comparison of slopes at 600 s.

Samples Slopes of standard
addition method
calibration

|tcalculated value|

A 0.00774 ± 0.00181 0.26
B 0.00782 ± 0.00140 0.33
C 0.00726 ± 0.00118 0.58
D 0.00759 ± 0.00079 0.00

S

e
i
g
i

p
f
(
A
A
R
o
b
(

T
P

t

E 0.00798 ± 0.00002 0.11

lope of the calibration curve at 600 s: 0.00758 (±0.00011); t(4,� = 5%) = 2.776.

nce, thus maximizing analytical sensitivity and minimizing error
n phosphate quantification. Phosphate concentration in nature is
enerally higher than that of arsenate; then, the latter would not
nterfere in phosphate determination at 100 s.

The calibration curves for P and P + As were obtained using phos-
hate standards at different concentration values. Kinetic curves
or each standard were recorded until the signal was constant
Fig. 5). The linear range for simultaneous determination of P and
s was 0.50–8.00 �mol L−1. The calibration curve at 100 s was
= 0.00392 (±0.00013) [�mol L−1 X] + 0.00505 (±0.00052), n = 12,
2 −1
= 0.996, detection limit (LOD) = 0.4 �mol L (3.3 Sy/x), allowing
nly P determination. When the signal was constant, the cali-
ration curve was A = 0.00758 (±0.00011) [�mol L−1 X] + 0.01431
±0.00043), n = 12, R2 = 0.999 with a LOD of 0.19 �mol L−1 (3.3 Sy/x)

able 7
and As determination in real samples. Study of recovery using the same samples.

Samplea Amount (�mol L−1)

Added Found ± SDb

(P + As) Proposed method

100 s (P) 600 s (P +

A 0 0.52 ± 0.04 0.58 ± 0
B 0 0.51 ± 0.04 0.51 ± 0
C 0 0.55 ± 0.06 0.58 ± 0
D 0 0.58 ± 0.06 0.60 ± 0
E-I 0 n.d. n.d.
J 0 3.01 ± 0.03 5.27 ± 0
K 0 1.73 ± 0.04 2.94 ± 0

Amount (�mol L−1)

Added Recovery ± SDb

(P + As) 100 s

A 1.50 + 1.02 1.55 ± 0.08
B 1.50 + 1.02 1.43 ± 0.09
C 1.50 + 1.02 1.56 ± 0.06
D 1.50 + 1.02 1.50 ± 0.07
E 1.50 + 1.02 1.52 ± 0.08
F 1.50 + 1.02 1.51 ± 0.09
J 1.00 + 1.02 0.96 ± 0.08
K 1.50 + 1.02 1.46 ± 0.05
A 2.50 + 1.53 2.38 ± 0.04
B 2.50 + 1.53 2.58 ± 0.06
C 2.50 + 1.53 2.32 ± 0.07
D 2.50 + 1.53 2.50 ± 0.05
E 2.50 + 1.53 2.48 ± 0.03
K 2.50 + 1.53 2.52 ± 0.03
B 3.00 + 1.02 2.90 ± 0.04
C 3.00 + 1.02 2.83 ± 0.05
G 3.00 + 1.02 2.96 ± 0.04
H 3.00 + 1.02 3.20 ± 0.06
I 3.00 + 1.02 3.10 ± 0.05

a A–D: well water samples from different points of the city of Cordoba, E–I: river water
he city of Coronel Pringles, both samples from the province of Buenos Aires, Argentina.

b Standard deviation n = 3; n.d.: not detected.
c Results by using IC (P: LOD 150 �g L−1 ∼ 4.7 �mol L−1).
d Values obtained by using ICP-MS (As: LOD 0.03 �g L−1 ∼ 4 × 10−4 �mol L−1).
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allowing determination of the total P + As content. The inter-day
reproducibility (RSD %) was estimated by running six inde-
pendent calibration curves under different conditions (standard
solution, reagent solution, etc.) on different days. The mean slopes
were 0.00392 (±0.00019) [RSD = 4.9%], and 0.00763 (±0.00026)
[RSD = 3.3%], respectively (n = 6 calibration curves) and a sample
throughput of 6 h−1 was obtained.

5.5. Validation and application to real samples

The effect of ions commonly present in natural water samples
was evaluated. No interference was found (relative error < 5% on the
signal) for 1.5 �mol L−1 P + 1.0 �mol L−1 As standards over a total
concentration of P + As [�mol L−1] (Table 4).

Matrix interferences can be evaluated by comparing the slopes
for the standard addition curve on real samples with the cali-
bration curve. If the matrix does not interfere, both lines must
have the same slope. For standard addition, potable water and
river water samples filtered with a 0.45 �m-filter to remove par-
ticulate matter were used. The total dissolved solids (TDS) were
less than 3000 mg L−1 for all the samples used, depending on
their origin. Tables 5 and 6 show the slopes obtained for 5 stan-

dard addition curves for different samples (A–E) at 100 and 600 s,
respectively. The slopes were compared with the calibration curve
slope by the “t” test [27] and no statistical differences were found
(tcalculate value < t(4,� = 0.05)), indicating the absence of a matrix effect.

Reference methods

As) As Phosphorusc Arsenicd

.03 n.d. n.d. 0.13

.02 n.d. n.d. 0.11

.04 n.d. n.d. 0.09

.01 n.d. n.d. 0.06
n.d. n.d. <0.02

.01 2.26 n.d. 2.32

.03 1.21 n.d. 1.14

Recovery %

600 s P As

2.47 ± 0.02 103.3 92.1
2.40 ± 0.03 95.3 95.1
2.54 ± 0.03 104.0 96.1
2.40 ± 0.04 100.0 88.2
2.53 ± 0.01 101.3 98.0
2.54 ± 0.02 100.6 101.0
2.02 ± 0.00 96.0 103.9
2.49 ± 0.01 97.3 100.1
4.06 ± 0.01 95.2 112.0
3.99 ± 0.00 103.2 92.2
3.80 ± 0.04 92.8 98.7
4.07 ± 0.03 100.0 104.7
3.96 ± 0.01 99.2 98.7
4.10 ± 0.00 100.8 97.4
3.90 ± 0.01 96.7 98.0
3.93 ± 0.00 94.3 107.8
4.01 ± 0.02 98.7 102.9
4.19 ± 0.00 106.7 97.0
4.19 ± 0.01 103.3 106.8

; J: well water sample from the city of Bahía Blanca and K: well water sample from
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The results obtained via the developed method were compared
ith those obtained in an external laboratory (methods used: IC (for
hosphate determination) and ICP-MS (for arsenate determina-
ion) (Table 7). It can be observed that, in these samples, phosphate
ould not be determined by using the reference method because its
oncentration was below the corresponding detection limit. Sam-
les A–D showed the same signals at 100 s and at 600 s, indicating
hat only phosphate could be determined in them by the proposed

ethod. Moreover, samples E–I, did not show significant signals
or both analytes. For samples A–I, though arsenate concentration
as below the detection limit, it could not be determined by the
eveloped method. This is consistent with the results obtained via
he reference method for arsenate determination. However, both
hosphate and arsenate were detected in samples J and K, and the
rsenic concentration agrees with that obtained by the reference
ethod.
On the other hand, the same samples were spiked and the recov-

ry percentages were obtained (Table 7) which were satisfactory
ndicating that the proposed method is appropriate to be applied
o these kinds of samples.

For the above-exposed findings, the recovery percentages and
he standard addition method allowed discarding proportional sys-
ematic errors, and therefore the accuracy of this methodology was
roved.

. Conclusions

In relation to other methodology for the measurement of phos-
hate/arsenate mixtures cited in the literature [10–14], the method
roposed in the present work offers some significant advantages.

t is readily applicable to natural water samples and it is faster
nd simpler, since no pre-treatment is necessary before the for-
ation of the colored complex with ammonium molybdate. Thus,

he time of the total analytical process is minimized. Besides, it
as good sensitivity and reproducibility since the detection limit
as improved as compared with other flow methodology [15]. Its
recision and linear range is appropriate for phosphate and arsen-
te determination in natural water samples. Finally, its very low
eagent consumption and minimal waste make it more afford-

ble and less hazardous than other known methods. Because of
ll these features we can definitely propose it as quite a conve-
ient method for the simultaneous determination of phosphate and
rsenate.
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