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An electrochemical method for phosphate determination in seawater was based on the oxidation of
molybdenum in order to form molybdates and protons and subsequently, to create the phosphomolybdic
complex electrochemically detectable by means of amperometry at a rotating gold disk electrode [J.
Jonca et al., Talanta 87 (2011) 161]. To avoid silicate interferences, the method required an appropriate
ratio of protons over molybdates equal to 70. Since the ratio of protons over molybdates created during
molybdenum oxidation is only 8, the previous method still needed addition of sulfuric acid and thus was
not free from addition of liquid reagents. In the present work, this aspect is solved by modification of the
electrochemical cell construction. The method is now totally free from addition of any liquid reagents
and gives a possibility to determine phosphate by amperometry in the concentrations range found in
the open ocean with a detection limit of 0.11 wM. Having in mind the energy savings for future in situ
sensor development, amperometry at rotating gold disk electrode was replaced by differential pulse
voltammetry at static one. Phosphate can then be determined with a detection limit of 0.19 WM. Both
methods are characterized by good reproducibility with an average measurements precision of 5.7%
(amperometry) and 3.8% (differential pulse voltammetry). Results also show a good accuracy with an
average deviation from theoretical values of phosphate concentration of 3.1% for amperometry and 3.7%

for differential pulse voltammetry.

1. Introduction

Phosphorus, in the form of phosphate, plays a key role in pho-
tosynthesis (i.e., primary productivity) and the availability of this
macronutrient in marine systems can strongly influence the marine
carbon cycle and the sequestration of atmospheric carbon diox-
ide [1]. Thus, the biogeochemical cycle of phosphorus is one of
the main research topics in chemical and biological oceanography,
and measuring accurately the concentration of phosphate is very
important.

Todays in situ monitoring of phosphate is based on a common
method where the reaction of phosphate and molybdate in acidic
medium is used in order to form the phosphomolybdate complex.
This complex is then treated with ascorbic acid in the presence
of antimony to yield the phosphomolybdenum blue as described
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firstly by Murphy and Riley [2]. The reaction is followed by colori-
metric detection ata wavelength of about 882 nm. ANAIS developed
in our laboratory [3] is one of the in situ phosphate (and other nutri-
ents) analyzers based on this method. These types of analyzers
are characterized by good sensitivity and accuracy, but they are
heavy and large. Additionally, they require addition of reagents and
significant energy. To overcome these problems, progress toward
miniaturization and decrease in energy consumption is crucial.
Within a large number of analytical methods, electrochemistry
provides promising reagentless approach to go further in minia-
turization, decrease in response time and energy requirements.
In aquatic systems, electrochemical methods are used routinely
for monitoring pH by potentiometry, dissolved oxygen by amper-
ometry [4], trace metals and speciation by voltammetry [5,6],
conductivity and therefore salinity by impedimetry.
Electrochemistry also offers a wide range of possibilities for
achieving an excellent phosphate determination in seawater with
the following figures of merit: long lifetime, high precision, low
detection limit, fast response time, good reproducibility but no
autonomous electrochemical sensor for in situ phosphate detec-
tion exists nowadays. However, electrochemistry has been used



for determination of phosphate in laboratory conditions. The deter-
mination of phosphate has been performed by pulse voltammetry
with a great sensitivity [7], cyclic voltammetry [8,9] and amper-
ometry [10,11]. Recently, a totally new electrochemical method
was developed in our group for determination of silicate [12,13]
and phosphate [14]. The method was based on the anodic oxi-
dation of molybdenum in seawater in order to form silico- or
phosphomolybdate complex electrochemically detectable either
by means of cyclic voltammetry or amperometry. These reactions
took place in an electrochemical cell divided in two by a non-
proton exchange membrane in order to avoid protons reduction
on the platinum cathode. Thus, molybdenum, working and refer-
ence electrodes were in the first compartment of the cell whereas
the platinum electrode was in the second one. This method had
an obvious drawback of cross interference in the ocean samples
which contain both silicate and phosphate. Three solutions were
proposed to address the silicate interferences issue [14], either by
detection of phosphates in presence of silicates by amperometry at
a suitable potential of 0.5V or in a very acidic medium (pH 0.5) or
with an adequate ratio of protons over molybdates equal to 70. The
latter method was used for phosphate detection in the oxygen min-
imum zone (OMZ) offshore Peru during the Pelagico 1011-12-BIC
OLAYA cruise in November-December 2010. The results showed
an excellent agreement when compared to classical colorimetric
measurements, but the method still required extra addition of acid
to achieve the appropriate ratio of protons over molybdates [14].
In this work we will present the continuation of the develop-
ment of the phosphate sensor along two routes. One is designing a
new electrochemical cell including membrane technology to avoid
any addition of liquid reagents. The second is to decrease energy
requirements by switching to differential pulse voltammetry.

2. Experimental
2.1. Reagents and calibration standards

All solutions are prepared in Milli-Q water (Milli-pore Milli-Q
water system) with reagent grade salts.

Artificial sea water for standards calibration, phosphate and sil-
icate samples is prepared at a salinity of 34.4.

Working calibration standards are prepared as described in
the WOCE operation and method manual [15] with potassium
dihydrogen phosphate (KH;POy4, Merck) and sodium silicofluoride
(NaySiFg, Merck).

Phosphate artificial samples determinations by colorimetry are
performed using reagents:

- An ammonium heptamolybdate solution (15g of ammonium
heptamolybdate in 500 mL of Milli-Q water).

- An acidic solution (140 mL of sulfuric acid, H,SO4 in 900 mL of
Milli-Q water).

- Anascorbicacid solution (27 g of ascorbic acid in 500 mL of Milli-Q
water).

- An antimonyl potassium tartrate solution (0.34 g of antimonyl
potassium tartrate in 250 mL of Milli-Q water).

These solutions are mixed together (100 mL ammonium hepta-
molybdate, 250 mL sulfuric acid, 100 mL ascorbic acid and 50 mL
antimonyl potassium tartrate) and the final solution is used for
phosphate determination (10 mL for each 100 mL of the sample).

2.2. Colorimetric method

Colorimetric detection of phosphate artificial samples was done
with a UV-vis spectrophotometer (Varian Inc. Cary 50, Australia)

using 10mm 100-QS quartz cuve (Hellma Analytics, Germany).
The absorbance was registered at 882 nm following the method of
Strickland and Parsons [16]. The baselines were done with artificial
seawater. Reproducibility tests were performed and the precision
of 2.25% was found.

2.3. Electrochemical method

Electrochemical measurements are carried out with a poten-
tiostat p-Autolab III (Metrohm). The reference electrode is an
Ag/AgCl/KCl 3 M electrode (Metrohm). All the following potentials
are given relative to this electrode. Measurements at a station-
ary or rotating disk electrode are recorded in a three electrode
cell with a platinum counter electrode and gold working electrode
(Metrohm, diameter 3 mm). The working electrode is polished with
lapping film sheet (3 M aluminum oxide, 1 wm) and electrochemi-
cally cleaned in 0.5 mol L~ sulfuric acid solution (5 scans, from 0.0
to 1.5V, 200mV s—1) before each measurements.

The molybdenum electrode has a surface of around 100 mm?
(Goodfellow). Molybdate is produced by molybdenum anodic oxi-
dation performed at a constant electrolysis current of 50 mA or at
constant potential of 2 V.

The simultaneous production of molybdate and protons with
the appropriate ratio is based on the use of a cell divided in three
parts. In the first one (1 mL), a primary molybdenum electrode
is oxidized and thanks to a very thin (30 wm) proton exchange
membrane (FuMaTech, fumapem® F-930) only protons can pass
through to the second compartment and thus acidify the medium
to pH 1. In the second compartment (5 mL), a secondary molybde-
num electrode is oxidized during a short time and thus achieving
a ratio of protons over molybdates of 70. To avoid the reduction
of protons formed during the two previous oxidations of molyb-
denum, the platinum electrode is placed in the third compartment
which is in contact with the former two parts of the cell by a non-
proton exchange membrane with thickness of 180 wm (N117 Du
Pont™ NafionR PFSA Membranes). During molybdenum oxidation,
the platinum electrode acts as a cathode, whereas during phosphate
determination it acts as a counter electrode. The schematic of the
cell is presented in Fig. 1.

3. Results and discussion
3.1. In situ reagents formation in an electrochemical cell

Phosphate is not an electroactive species but the electrochem-
ical detection is possible in acidic media (at pH 1) in presence of
molybdate salts due to the following reaction (1) where the elec-
troactive phosphomolybdate complex is formed [14].

PO43~ + 12M0042~ 4+ 27H* — H3PMo0;5040 + 12H,0 (1)

In order to eliminate the addition of molybdate and protons, a
method based on anodic oxidation of molybdenum was developed
[12,13]. Due to this process (2), all reagents required for phospho-
molybdate complex creation are formed:

Mo + 4H;0 — Mo0042~ +8H" +6e~ 2)

Since the silicomolybdate complex is formed at these condi-
tions, the method described above has an obvious problem of cross
interference in the ocean samples which contain both silicate and
phosphate. A few methods to avoid these interferences are tested
before using differences in electrochemistry of the two complexes,
influence of pH on complex formation and differences in kinetics
of complex formation by choosing an appropriate ratio of protons
over molybdates of 70 [14]. The latter one was chosen and improved
in this work.
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Fig. 1. Schematics of the electrochemical cell with application of membrane tech-
nology (Ag/AgCl/Cl--reference electrode, Au-gold working electrode, Pt-platinum
counter electrode, Mo;-first molybdenum electrode, Mo,-second molybdenum
electrode, 1st part-first compartment of the cell with the proton exchange mem-
brane, 2nd part-second compartment of the cell with the non proton exchange
membrane, 3rd part-third compartment of the cell, simulating the open ocean).

Zhang et al. [17] indicated that when working with a ratio of
protons over molybdates close to 70 at pH 1 (meaning the molyb-
date concentration has to be close to 1.5mM), the interference
from silicate can be avoided. Although the method was used for
colorimetric detection of phosphate in presence of silicate, we con-
firmed that it was also adequate using electrochemistry. According
to reaction (2), the ratio of protons over molybdate is 8 during the
oxidation of molybdenum. At the beginning, we achieved an appro-
priate ratio of 70 by addition of acid [14]. In this work, we present
a method where the desired ratio of protons over molybdate is
achieved without addition of any liquid reagents. This method is
based on the application of membrane technology and a special
design of the electrochemical cell described in details in Section
2.3 (Fig. 1). Oxidation of the first molybdenum electrode was per-
formed at a stable potential of 2V since such high potential will
ensure fast molybdenum oxidation and effective acidification of
the solution in the second compartment. To achieve a desired pH
of 1 in the second compartment, the first molybdenum electrode
has to be oxidized during about 1000 . This time is long but this is
due to a large volume of the cell (5 mL) used in this work. The in situ
sensor which will be developed in the future years will have a vol-
ume of a few hundreds pL and thus the reaction time will be much
shorter. Excellent reproducibility of pH was achieved, when mea-
suring pH in the second compartment after oxidation of the first
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Fig. 2. Amperometric measurement made on a rotating gold disk electrode (0.29V,
2000rpm) for silicomolybdate (black) and phosphomolybdate (grey) complexes
formed in artificial seawater during anodic oxidation of molybdenum. The sig-
nals were achieved by addition of standard solution of silicate (8.5-154.5 uM) and
phosphate (0.59-3.49 M), pH 1.0, ratio protons/molybdates 70.

molybdenum electrode-the precision calculated from 10 measure-
ments is 2.0% with the average pH of 1.02. The second molybdenum
electrode was oxidized in the second compartment at a stable cur-
rent intensity of 50 mA during 80 s to ensure that concentration of
formed molybdatesis 1.5 mM as it is predicted by Faraday’s law. The
created phosphomolybdate complex was detected in the second
compartment as described below.

3.2. Amperometric detection of phosphate in presence of silicate

The phosphomolybdate complex created as described above can
be detected by electrochemical reduction at rotating gold electrode
by amperometry at a potential of 0.29 V. Calibration curves for sil-
icate and phosphate are presented in Fig. 2. It is clear that there is
no amperometric signal for the silicomolybdate complex, whereas
those for phosphomolybdate complex are well defined. The method
gives a good linear response for phosphate in the concentration
range found in the open ocean (I=—0.1866C — 0.0066, R? =0.9995).
The detection limit calculated as a signal measured between the
highest and the lowest value of noise multiplied by threeis 0.11 pM.
The reproducibility tests reported in Table 1 exhibit quite good pre-
cision in the concentration range usually found in the open ocean.
The average precision for the reproducibility test is 5.7%.

Amperometric method gives excellent possibility to detect
phosphate in seawater but requires utilization of the rotating disk
electrode which consumes energy and will complicate measure-
ments in the future in situ sensor. Amperometry at static disk
electrode shows no signals for phosphate in the concentration
range found in the open ocean.

Classical cyclic voltammetry shows two reduction peaks at
0.32V and 0.46V and two oxidation peaks at 0.40V and 0.53V
which give 4 correlation curves for concentrations greater than
5 wM [18]. Unfortunately the concentrations of phosphate found in

Table 1

Reproducibility test carried out for 10 measurements of amperometric or differen-
tial pulse voltammetric signal for adequate phosphate concentrations in artificial
seawater.

Phosphate concentration (M)

0.65 1.60 3.01
Amperometry 5.5% 5.7% 5.8%
Differential pulse voltammetry 3.8% 4.0% 3.7%
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Fig. 3. (A) Differential pulse voltammetry for 3.49 pmol L-! phosphomolybdate complex at different pulse amplitudes from 10 mV to 100 mV, (B) differential current density

vs. pulse amplitude achieved from voltammograms presented in (A).

the open ocean are smaller (less than 3 wM) and in this concentra-
tions range the voltammograms show only one reduction and one
oxidation peaks which are very weak due to the high capacitive
current as compared to the faradic one. The problem is associated
with complicated electrode reactions where the reduction of com-
plex on the gold electrode is coupled with an homogenous chemical
step, protonation, which prevent rapid detection of the phospho-
molybdate complex. This problem was discussed before [14,18].
Having all this in mind, we start to work toward the differential
pulse method.

3.3. Phosphate detection using differential pulse voltammetry

The pulse amplitude was varied in the range 10-100mV in
order to find the best conditions for the phosphomolybdate com-
plex detection. Fig. 3Arepresents the achieved voltammograms and
Fig. 3B a plot of the differential current density vs. pulse amplitude.
The results show an increase of differential current density value
with an increase of pulse amplitude. In the same time, the peak
width increases with pulse amplitude as well, which is character-
istic for this type of detection method [19]. Besides, the potential
peak (at about 0.25-0.30V) is shifted slightly to more positive val-
ues as pulse amplitude increases. The second peak at more positive
potentials is not well distinguished and thus impossible to mea-
sure. The peak is too close to potentials where formation of gold
chlorides occurs at gold electrode in seawater at greater positive
potentials. For further analysis, a pulse amplitude of 50 mV was
chosen.

The phosphomolybdate complex was detected by differential
pulse voltammetry at stationary gold electrode using pulse ampli-
tude optimized above. The signals measured for phosphate in the
concentration range found in the open ocean is presented in Fig. 4A.
The calibration curve is described by equation §j = 0.8082C+0.9614,
R?=0.9897 and the detection limit is 0.19 M. Great care must be
taken to measure properly the peak height. Here, we measure peak
height as presented in Fig. 4B. The reproducibility tests reported
in Table 1 exhibit a good precision. The average precision for the
reproducibility test is 3.8%. For clarity and comparison, the repro-
ducibility test for amperometry and differential pulse voltammetry
were gathered in the same table. The results show that differential
pulse voltammetry offers a better reproducibility.

3.4. Accuracy estimation for electrochemical and colorimetrical
methods

An estimation of the deviation from theoretical values of phos-
phate concentration is provided for the classical colorimetric
method, amperometry and differential pulse voltammetry meth-
ods. The same phosphate standards were used for all methods

to perform calibration curves and then 3 samples containing
low (0.65 M phosphate, 8.59 uM silicate), medium (1.60 uM
phosphate, 57.1 uM silicate), and high (3.01 M phosphate,
140.9 pM silicate) silicate and phosphate concentrations were
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Fig. 4. (A) Differential pulse voltammetry measurement made on a gold disk
electrode (at pulse amplitude of 50mV) for phosphomolybdate complex formed
in artificial seawater during anodic oxidation of molybdenum. The signals were
achieved for different phosphate concentrations (0.65-3.01 wM); pH 1.0, ratio pro-
tons/molybdates 70, (B) method used in this work for determination of peak height.



Table 2

Comparison of colorimetric, amperometric and differential pulse voltammetric measurements for different phosphate concentration. Deviation between each method and

theoretical value of phosphate concentration is given in brackets.

[PO43~] wM theoretical [Si(OH)4] WM [PO43~] M by [PO43~] M by [PO43~] uM by differential
theoretical colorimetry amperometry pulse voltammetry

0.65 8.59 0.68 (4.6%) 0.63 (3.1%) 0.62 (4.6%)

1.60 57.1 1.61 (0.6%) 1.57 (1.9%) 1.56 (2.5%)

3.01 141 2.97 (1.3%) 2.88(4.3%) 2.89 (4.0%)

tested. A good agreement between all methods confirms no
interference from silicate. Accuracy comparison for all meth-
ods is presented in Table 2. The average deviation from
theoretical values of phosphate concentration is 3.1% for amper-
ometry, 3.7% for differential pulse voltammetry and 1.3% for
colorimetry.

4. Conclusions

We described a thorough documentation necessary to set up an
electrochemical detection of phosphate. Thanks to a special con-
struction of an electrochemical cell and utilization of membrane
technology coupled with molybdenum oxidation, the method is
free from addition of any liquid reagents and free from silicate inter-
ferences. During molybdenum oxidation in a sample containing
phosphate, the phosphomolybdic complex is formed. The complex
is then detected by amperometry or differential pulse voltammetry
on a gold electrode. The method allows detecting phosphate in the
concentration range found in the open ocean with good detection
limit, reproducibility and accuracy. The method will be tested for
natural seawater samples as soon as it will be possible.

The further steps will be miniaturization and adaptation of
the cell described above to the marine harsh environment (pro-
tection against corrosion, biofouling and high pressure) in order
to achieve the first electrochemical in situ sensor for detection
of phosphate in seawater. This sensor will be characterized by
low energy consumption and quite fast response time due to the
decrease of volume combined with application of large surface of
membrane surfaces. We will be working simultaneously on cal-
ibrationless method as it was done for silicate in our team [20].
Additionally, long term behavior of gold electrode in seawater will
be investigated and potential in situ cleaning procedure will be
found.
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