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a b s t r a c t

Determination of silicate concentration in seawater without addition of liquid reagents was the key

prerequisite for developing an autonomous in situ electrochemical silicate sensor (Lacombe et al., 2007)

[11]. The present challenge is to address the issue of calibrationless determination. To achieve such an

objective, we chose chronoamperometry performed successively on planar microelectrode (ME) and

ultramicroelectrode (UME) among the various possibilities. This analytical method allows estimating

simultaneously the diffusion coefficient and the concentration of the studied species. Results obtained

with ferrocyanide are in excellent agreement with values of the imposed concentration and diffusion

coefficient found in the literature. For the silicate reagentless method, successive chronoamperometric

measurements have been performed using a pair of gold disk electrodes for both UME and ME. Our

calibrationless method was tested with different concentrations of silicate in artificial seawater from 55

to 140�10ÿ6 mol Lÿ1. The average value obtained for the diffusion coefficient of the silicomolybdic

complex is 2.270.4�10ÿ6 cm2 sÿ1, consistent with diffusion coefficient values of molecules in liquid

media. Good results were observed when comparing known concentration of silicate with experimen-

tally derived ones. Further work is underway to explore silicate determination within the lower range

of oceanic silicate concentration, down to 0.1 10ÿ6 mol Lÿ1.

1. Introduction

Orthosilicic acid Si(OH)4 or silicate is a key element in the

control of the carbon cycle in natural waters (oceans and rivers).

The source of silicate in aquatic media is mainly due to chemical

weathering of silicate minerals. The delivery of silicate by rivers is

influenced by lithology, weathering intensity and diatom produc-

tion [1,2]. Another process in which silicate plays a key role is

anthropogenic CO2 sequestration through the biological carbon

pump. Indeed diatoms, silica-shelled unicellular algae, require

silicate to build their siliceous algal skeleton [3]. The C/Si/N/P

molar composition of diatoms is proposed to be 106/15/16/1 [4].

These values also represent the ratios in which nutrients containing

these elements are incorporated during phytoplankton growth and

are released during phytoplankton decomposition and subsequent

remineralization. As fast sinking particles, diatoms play a major role

in exporting organic carbon to abyssal marine sediments and thus in

sequestering CO2 [5]. So, any change in silicon concentration in a

globally warming ocean can alter the distribution and abundance of

diatom species. Due to regional differences in spatial distribution,

silicate constitutes also an excellent tracer of water masses in the

ocean. Thus long term autonomous monitoring of the silicate

concentration is of utmost importance to both understand changes

in the biological carbon pump and to detect any modification in

spreading and mixing of water masses.

In the literature, several methods including spectrophotome-

try, atomic absorption spectrometry, atomic emission spectro-

metry and high-performance liquid chromatography (HPLC) have

been proposed for the determination of silicate [6]. The determi-

nation of silicate ion can also be performed by ion exclusion

chromatography, with detection by post-column reaction [7].

In oceanography, determination of silicate is usually per-

formed with an automatic colorimeter analyzer where measure-

ment is based on the yellow color of a silicomolybdic acid. This

complex is formed when ammonium molybdate is mixed with a

solution of sulfuric acid and after reduction with ascorbic acid.

The resulting color may be compared with that of standard

solutions by spectrophotometry [8].

Long term monitoring in marine environments requires signifi-

cant progress in miniaturization and decrease in energy consump-

tion for the in situ autonomous instrumentation. Electrochemistry
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proves to be a promising methodological avenue for fulfilling these

requirements and achieving excellent figures of merit (fast response

time, robustness, good reproducibility, etc.) for a silicate sensor.

The method must be simple, based on basic fluidics with no

liquid reagent, no solution for calibration and the possibility of

self calibration. It should involve sensitive surfaces easily cleaned,

insensitive to marine corrosion and biofouling. Dissolved nutri-

ents such as silicate and phosphate are non-electroactive com-

pounds. The electroinactivity of these compounds involves the

setting up of a chemical reaction to transform them into a

complex, characterized by heterogeneous electron transfer with

metallic surfaces [9–13].

A method without addition of any liquid reagent using

chronoamperometry has been developed based on the simulta-

neous formation of the molybdenum salt and protons on the

anode of a divided electrochemical cell. Voltammetric detection

of silicate was shown to be feasible within the range of concen-

trations found in the ocean (between 0.3 and 160�10ÿ6 mol Lÿ1)

in about 6 min. The detection limit was 1�10ÿ6 mol Lÿ1 [11,12].

The objective of the work presented here is to propose a

calibrationless method for the in situ autonomous determination

of silicate concentrations. The method is based on chronoampero-

metric oxidation of molybdenum followed by a time delay to

allow the silicomolybdic complex formation and its detection by

two successive chronoamperometric measurements on different

sizes electrodes. The paper is structured as follows. Section 2

presents basics of diffusion phenomena and mathematical equa-

tions applied on some electrochemical problems. From these

statements a calibrationless method is proposed in Section 3.

To set up the method, ferricyanide is used to check accurately the

radius of the disk electrodes, ferrocyanide to validate the cali-

brationless method and first results are presented with silicate in

artificial seawater.

2. Diffusion as mass transport for direct determination of D0

and C

Analytical electrochemical methods are in general based on

the coupling between mass transport phenomena (convection,

migration, diffusion) and heterogeneous electron transfer at the

interface between an electronic conductor and species in solution.

Convection and migration effects are neglected due to the

absence of stirring and the presence of an electrolyte support

respectively, which allows considering only diffusion, mostly in

semi-infinite conditions [14]. The simplest method is chronoam-

perometry performed at constant potential. The mathematical

approach consists of resolving the second Fick’s law (the initial

and infinite conditions are fixed and the method allows to

determine the interfacial condition). The first step of the calcula-

tion leads to concentration profiles of the electroactive species at

time t. The interfacial flux is then injected in the definition of the

current intensity. Table 1 (2nd column) summarizes the opera-

tions leading to the relationship between the measured intensity

value and the unknown concentration Cn

0. Only equations

corresponding to planar electrodes are considered here since

this geometry is the simplest to perform for our application.

The different equations in Table 1 involve the intensity of the

current I, the diffusion coefficient D0, the concentration at infinite

Cn

0, the concentration at the surface of the electrode C0 (x¼0), the

number of transferred electrons n, the electroactive surface of the

electrode A, the electroactive radius r0, the normal distance to the

surface of the planar electrode x, the time t, the electrical charge Q

and the Faraday constant F. The Cottrell’s equation shows the

necessity to know n, D0 and A, some variables generally deter-

mined with a calibration performed in the same conditions than

the measurement. However it appears essential to have theore-

tical or experimental tools to determine them.

For calibration, different strategies have been developed dur-

ing decades. A direct determination of concentration has been

proposed by electrical charge measurement but demanding a

rigorous sample preparation [19,20]. Original methods for simul-

taneous determination are the use of two methods [21–23],

measurements on electrodes with different forms [24,25]—planar

or cylindrical [26], the use of one electrode on different timescales

[27–32].

Before in situ measurements with the sensor, the determina-

tion of the diffusion coefficient value could be possible depending

on different experimental conditions influencing its value such as

conductivity or temperature. Indeed, if the in situ sensor in the

ocean is equipped with conductivity and temperature probes, the

data could be stored for an eventual correction. This estimation

could be done on the lab bench using various electrochemical

methods as described before. Another methodology for determin-

ing the diffusion coefficient D0 value could be the ‘‘time of flight’’

[15–18]. However in order to have a more precise value and a

simpler method for the determination of the diffusion coefficient,

we propose here to use a direct simultaneous determination of

both concentration and diffusion coefficient.

When solving second Fick’s law for different geometries [14],

the corresponding equation is composed of two terms, one of

which is time dependent and the other is not. These two

components correspond to the transient state governed by the

Cottrell’s equation ðI¼ nFAD0C
n

0=ðpD0tÞ
1=2, Table 1) and to a

steady state achieved at longer times. As the current intensity is

recorded versus time, one can easily plot I versus tÿ1/2 for short

times, the origin intercept and the slope of the linear regression

curve will then give a linear system with two equations. From this

system of two equations, one can select two out of the three

unknowns: D0, C
n

0 and n. Original works done on these determi-

nations were done by Lingane and Loveridge [25] and Brown [26]

who proposed to determine values of n and D0. Later, Kakihana

et al. [27] used ultramicroelectrode (hereafter UME) for the

accurate measurement of D0. The development of theoretical

solutions allowed Winlove et al. [28] to propose the simultaneous

determination of D0 and Cn

0 of oxygen in solutions of albumin.

In the early 90s, Amatore et al. [22] studied in details different

possibilities among several calibrationless methods and they

found good results with chronoamperometry at steady state with

an UME. Denuault et al. [29] then confirmed these works. In a

general manner, a calibrationless method can be set in using two

electrochemical methods, the combination of which allows the

Table 1

Main steps for the resolution of second Fick’s law in semi-infinite diffusion.

Chronoamperometry (constant potential) at planar electrode is considered. D0

in cm2 sÿ1; Cn

0 and C0 (x¼0) in mol cmÿ3; A in cm2; and x in cm; t in s; Q in C and F

in C molÿ1.

Chronoamperometry at planar electrode

2nd Fick’s law @C
@t ¼D0

@2C
@x2

Boundary conditions C0 (x, 0)¼C 0
n

C0 (N, t)¼C 0
n

C0 (0, t)¼0 (t40)

Flux

ÿJ ¼ I
nFA ¼D0

@C0

@x

� �

x ¼ 0
I¼ nFAD0

@C0

@x

� �

x ¼ 0

Concentration profile C0 C0 ¼ C n

0 erf
@C0

2ðD0 tÞ
1=2

h i

Intensity I Cottrell’s equation: I¼
nFAD0C

n

0

ðpD0tÞ
1=2

Charge Q
Q ¼

2nFAD
1=2

0
C n

0 t
1=2

p
1=2



mathematical determination of both D0 and Cn

0. Other different

possibilities of sizes and geometries of electrodes can be com-

bined for a calibrationless method: a ring UME associated with

planar, cylindrical or spherical electrode or a planar electrode

associated with a spherical or cylindrical electrode. More recently

numerical improvements in modeling allow to foresee more

complex miniaturized systems [31,32], which could be of parti-

cular interest for in situ measurements.

Different procedures for electrode constructions can be found

in the literature in forms of rings, disks, spheres and cylinders

made from materials such as gold, platinum, silver or carbon.

As seen previously, the direct determination of electroactive species

without calibration may require the successive measurement of

current across two electrodes with different sizes or forms.

In the present study, we propose to associate a planar disk

microelectrode (hereafter ME) of millimetric size and a planar

disk UME of micrometric size. Both are used in semi-infinite

conditions and the applied potential corresponds to the first

reduction of the silicomolybdic complex [11,12]. Different mass

transport regimes can be considered at planar electrodes during

the measurement. For each electrode (ME and UME) and at very

short times, the variation of current respects Cottrell’s equation.

Species present at a distance inferior to the diffusion layer from

the surface of the electrode are reduced, leading to a relatively

high current and creating a gradient of concentration. At rela-

tively long experimental times, steady state is reached, governed

by pure diffusional mass transport and a constant current is

measured. Hemispherical diffusion brings species to the surface of

the UME (Fig. 1a) while a linear diffusion, orthogonal to the

surface (Fig. 1b), is observed for the ME (Fig. 1b). On the UME,

with a radius rUME, the resolution of the second Fick’s law leads to

the following term for the steady state:

IUME ¼ 4nFD0C0*rUME ð1Þ

Depending on the size of the electrodes and time scale of the

measurement, true diffusional steady state may be altered to the

benefit of natural convection. This mass transport occurs when

the thickness of the diffusion layer becomes comparable to the

thickness of the convective-free domain [33,34]. In this study we

took care to keep our experimental conditions under a pure

diffusional mass transport.

The combination of Cottrell’s equation (Table 1: IME ¼

nFAMED0C
n

0=ðpD0tMEÞ
1=2with AME ¼ pr2ME; tME time of application

of constant potential and IME the corresponding current intensity

at each time tME) and Eq. (1) leads to the calculation of D0:

D0 ¼
p

16tME

IUMEr
2
ME

IMErUME

� �2

ð2Þ

Then determination of the concentration C0* is possible using

Eq. (1) or Cottrell’s equation. The theory of this calibrationless

method was first checked with a well known electrochemical

system, then tested in a second step in artificial seawater.

3. Material and methods

3.1. Apparatus and electrodes

Amperometric measurements were carried out at room tem-

perature (298 K) with a voltammetric analyzer comprising a

PGSTAT 128N Metrohm equipped with an ECD module controlled

by the GPES 4.9 software. A silver/silver chloride/KCl (3 mol Lÿ1)

electrode and a platinum wire were used as the reference

electrode and the auxiliary electrode, respectively. All potential

values in this paper are given versus this Ag/AgCl/Clÿ reference

electrode purchased from Metrohm. For the calibrationless

method a disk ME of 1.5 mm radius (Metrohm) or 0.5 mm radius

(homemade) is associated to a disk UME of 12.5 mm or 25.0 mm

radii (homemade). All homemade electrodes were prepared in the

laboratory from a gold wire supplied by Goodfellow and sealed

into an inert and electric insulating epoxy resin. Gold for home-

made electrodes, platinum and molybdenum wires were supplied

by Goodfellow.

Pre-treatment—before each experiment, the gold electrode

surfaces were polished with alumina oxide paper 0.3 mm and

rinsed with distilled water. Finally, cyclic voltammograms were

carried out in 0.5 mol Lÿ1 sulfuric acid (H2SO4) at 100 mV sÿ1

between 0 and 1.55 V until reproducible current–potential curves

were obtained.

3.2. Reagents and solutions

All solutions were prepared in Milli-Q water (Millipore Milli-Q

water system) and put into polypropylene containers. Glass

cannot be used as it releases silicate in solution.

Artificial seawater was prepared with sodium chloride (NaCl)

supplied by Merck to obtain a salinity of 34.5 g Lÿ1.

The electroactive surface of gold is activated in 0.5 mol Lÿ1H2SO4

solution prepared from a 98% H2SO4 solution from Merck.

Trihydrated potassium ferricyanide (K3Fe(CN)6 �3H2O) and

trihydrated potassium ferrocyanide (K4Fe(CN)6 �3H2O) were pur-

chased from VWR Prolabo and potassium chloride (KCl) from

Merck. Argon gas was used to avoid ferrocyanide oxidation.

3.3. Analytical procedures

Electroactive surface determination—chronoamperometric mea-

surements were performed in semi-infinite diffusion conditions on

each gold working electrode. Time electrolysis depends on the

electrode used: a potential of 0.2 V was applied for ferricyanide

reduction during 60 s and 8 s for UME and ME, respectively.

Method without liquid reagent—the method used was adapted

from the one described by Lacombe et al. [11,12], based on the

oxidation of a molybdenum wire to form molybdates and protons.

Experimentally, molybdenum, reference and working electrodes

were placed in a 3 mL compartment. To avoid protons reduction,

the counter electrode was isolated from the first compartment by a

Nafions membrane (N117 DuPontTM PFSA). Molybdates and pro-

tons were produced with molybdenum anodic oxidation at a

constant potential of 0.8 V until a 14.0 C load was reached.

Calibrationless method—successive chronoamperometric mea-

surements were performed versus time in semi-infinite diffusion

conditions using a gold disk UME and a gold disk ME as working

electrodes. For experiments performed with potassium ferrocyanide,

a potential of 0.5 V was applied during 60 s on a gold disk UME and

during 8 s on a gold disk ME. To analyze the silicomolybdic complex,

a potential of 0.34 V was applied during 60 s on a gold disk UME and

during 8 s on a gold disk ME.

Technicon Autoanalyser III—the reference colorimetric analy-

sis of silicate was performed according to Tréguer et al.’s method
Fig. 1. Lines of diffusion field of the electroactive species arriving at the surface of

a planar electrode (a) and an ultramicroelectrode (b).



[35]. Laboratory colorimetric measurements were made with an

Auto-Analyzer Technicon III (AAIII, Bran Luebbe). The concentra-

tion of the silicate solution, used for the preparation of silicate

samples in artificial seawater, was precisely estimated with this

technique.

4. Results and discussion

4.1. Electroactive surface determination

As the calibrationless method is very sensitive to the electro-

active surface of each electrode (Cottrell’s equation in Table 1

with AME ¼ pr2ME and Eq. (1)), first experiments were carried out to

determine the electroactive radius of the working electrodes and

check whether the proposed electrochemical equations are sui-

table. To achieve this, potassium ferricyanide in potassium

chloride electrolyte was used as its diffusion coefficient which

has been well established (ferricyanide: D0¼6.95�10ÿ6 cm2 sÿ1

at 25 1C in 0.2 mol Lÿ1 KCl [36]). Three precise fresh solutions of

ferricyanide potassium 7.5�10ÿ3 mol Lÿ1 were prepared in KCl

0.2 mol Lÿ1. Chronoamperometries were achieved on each elec-

trode in semi-infinite conditions (three times for each solution)

and the corresponding equations were applied for the disk ME

and UME to determine rME and rUME, respectively.

Knowing the diffusion coefficient D0, the ferricyanide concentra-

tion Cn

0 and the corresponding intensity I, the radii rME and rUME have

been calculated. Table 2 shows the comparison between the radius

obtained experimentally and the geometrical radius as mentioned

by the gold suppliers. The standard deviation obtained for the three

determinations on experimental radii is excellent, equal or less than

0.6%. For the commercial electrode (rME¼1.5 mm), the mean

value of electroactive radius, determined experimentally, is rela-

tively much closer to the geometric value than for the homemade

electrodes with different radii. For the homemade electrodes,

observations with an optical microscope revealed an excellent

circular shape but deviations concerning the UME radii are slightly

more important. Indeed, any deviation of a minute angle of the gold

wire from the axis of the electrode body modifies the geometry of

the electroactive surface towards an elliptic form instead of a perfect

disk. Recent observations done with a Scanning Electronic Micro-

scope have shown that the geometric surface is a well defined disk

which makes Eq. 1 perfectly suitable. However, we observed on

several UME the presence of a slight porosity. Given the quality of

the gold material in our possession, we thus make the hypothesis for

the time being that the geometric radius is close enough to the

electroactive ones to perform the calibrationless method.

4.2. Calibrationless method with potassium ferrocyanide

It is proposed here to check the validity of the calibrationless

method with the experimental materials used in the laboratory

including the homemade UME. For the experiments, potassium

ferrocyanide solution has been prepared in a 0.2 mol Lÿ1 KCl

electrolyte. The use of this compound presents a double interest

as verification can be done on one hand on the diffusion

coefficient, already estimated in a former study (ferrocyanide:

D0¼6.12�10ÿ6 cm2 sÿ1 at 25 1C in 0.2 mol Lÿ1 KCl [36]), and on

the other hand on the concentration prepared accurately from

potassium ferrocyanide salt.

The solution was prepared with argon bubbling to preserve

ferrocyanide from oxidation. During the measurement, argon

atmosphere was kept over the solution with a slow flux to avoid

any stirring of the liquid, and to preserve the experimental semi-

infinite diffusion conditions.

Chronoamperometry was successively applied on each elec-

trode, and Cottrell’s equation (Table 1) and Eq. (1) mentioned

previously were used to estimate both diffusion coefficient D0 and

concentration of ferrocyanide Cn

0. Some tests were done for

different concentrations of ferrocyanide on a couple of electrodes

of radii 25.0 mm for UME and 1.5 mm for ME. As proposed in

Section 4.1, geometrical radii were used for the calculations.

The results are summarized in Table 3 and compared to the

diffusion coefficient of ferrocyanide found by Bortels et al. [36]

and the known concentration.

As it can be noticed in Table 3, the results are in good

agreement with the diffusion coefficient value from literature.

The repeatability of the measurement in the same solution is

particularly good to determine a constant diffusion coefficient

value. The concentration of ferrocyanide determined experimen-

tally is also very close to the known value. These results give us

some confidence in applying this calibrationless method for

silicate determination.

4.3. Calibrationless method with silicate

Previous studies of the silicomolybdic complex by cyclic

voltammetry have shown two successive and reversible reduction

Table 2

Determination of the electroactive radius r0 of gold disk UME and gold disk ME

with precise 7.5�10ÿ3 mol Lÿ1 potassium ferricyanide solutions in a 0.2 mol Lÿ1

KCl electrolyte. Chronoamperometric measurements performed at 0.2 V during

60 s for UME and 8 s for ME.

Geometrical

radius

Test 1 Test 2 Test 3

r0 Std dev.

r0 (%)

r0 Std dev.

r0 (%)

r0 Std dev.

r0 (%)

rUME¼12.5 mm 11.8 mm 0.3 12.5 mm 0.2 13.5 mm 0.3

rUME¼25.0 mm 28.5 mm 0.5 29.6 mm 0.2 / /

rrME¼0.5 mm 0.44 mm 0.4 0.47 mm 0.5 0.48 mm 0.5

rME¼1.5 mm 1.49 mm 0.6 1.51 mm 0.4 1.53 mm 0.3

Table 3

Calibrationless method applied for the determination of ferrocyanide diffusion coefficient and its standard deviation (%) from the data obtained in the literature [36].

Chronoamperometric measurements performed at 0.5 V in 10 mL of potassium ferrocyanide solutions at different concentrations in a 0.2 mol Lÿ1 KCl electrolyte.

rUME

(mm)

rME

(mm)

D0 ferrocyanide

(10ÿ6 cm2 sÿ1)

% Error

D0

Cn

0 known ferrocyanide

(10ÿ3 mol Lÿ1)

Cn

0 experimental ferrocyanide

(10ÿ3 mol Lÿ1)
Error¼

C n

0 expÿC n

0 known

Cn

0known

(in %)

12.5 1.5 6.16 0.7 3.45 3.43 ÿ0.6

12.5 1.5 6.13 0.2 3.45 3.44 ÿ0.3

12.5 1.5 6.14 0.3 5.21 5.16 ÿ1.1

12.5 1.5 5.97 2.5 5.21 5.16 ÿ1.1

12.5 1.5 6.36 3.9 7.32 7.17 ÿ2.0

12.5 1.5 6.24 2.0 7.32 7.11 ÿ2.9



waves involving two and three electrons transfer, respectively

[9–12]. In the present study, results obtained come from the first

reduction step of the silicomolybdic complex. Chronoamperome-

try was used with a potential applied at 0.34 V. Linearity was

noticed between the current intensity and the concentration of

the silicomolybdic complex for transient and steady states on ME

and UME, respectively. For this reason the diffusion coefficient

value is considered to be independent of the range of concentra-

tions considered.

Silicate concentration was determined from the silicomolybdic

complex with a reagentless method. A volume of 3 mL of a silicate

solution was prepared in artificial seawater and introduced in the

measurement cell. In the same compartment, a molybdenum

electrode was placed with the reference and working gold ME

and UME. The counter electrode was separated from the cell by a

Nafions membrane to avoid reduction of protons. This technical

solution is also an advantage for the future development of an

in situ sensor as the formation of gas in the measurement cell is

prohibited. The molybdenum electrode was oxidized at 0.8 V until

14.0 C were reached, this charge was experimentally determined

to obtain a pH lower than 1.5. During the oxidation of molybde-

num, a black oxide layer covered the surface of the material, but

this phenomenon did not affect the formation of molybdates and

the achieved pH value. Indeed, some reproducibility tests, done

on 10 oxidations of molybdenum, allowed reaching a pH value of

1.4370.02 and a reproducible current intensity measured for the

reduction of the silicomolybdic complex (less than 3 standard

deviations for 5 current intensity measurements of silicate con-

centration of 8.6�10ÿ6 mol Lÿ1).

In the cell where molybdenum was oxidized, complexation of

silicate with molybdates was carried out during 6 min under

stirring, forming the electroactive Keggin anion H4Si(Mo12O40)

described in details by Lacombe et al. [11,12]:

SiðOHÞ4þ12MoO2ÿ
4 þ24Hþ

-H4SiðMo12O40Þþ12H2O

Successive chronoamperometric measurements of current versus

time have been performed using a pair of gold disk electrodes of

12.5 or 25.0 mm radii for the UME and 1.0 or 1.5 mm radii for the

ME. As good results were obtained with the calibrationless method

applied to ferrocyanide, no prior determination of the electroactive

surface was done before silicate determination and geometrical radii

were used for the calculations. The potential was imposed during 8 s

on the ME and during 60 s on the UME. Current as function of time

(Fig. 2a) and steady-state current (Fig. 2b) have been used to

calculate first the diffusion coefficient D0 of the silicomolybdic

complex with Eq. (2) and using the different radii values for the

different pairs of electrodes.

Even if the method allows a theoretical detection of silicate, some

characteristics of the voltammograms were verified systematically

to apply the equations in correct conditions. Experimentally, the

absence of stirring makes possible the hypothesis of semi-infinite

conditions for the diffusion. Concerning data collected from the ME,

the current intensity was systematically plotted versus tÿ1/2 to verify

the linearity of the correlation for times between 0.1 and 8 s, as

shown in Fig. 2. This linearity shows that our experimental condi-

tions respect Cottrell’s equation (Table 1) and that the current is

controlled by diffusion-controlled mass transport. To be sure to

avoid both effects of double layer discharge at shorter times and

limitation due to natural convection at longer times, we kept a range

between 1 and 3 s for our calculations. For the UME, as time to

achieve steady state current depends on several parameters [37], an

experimental time of 30 s appeared sufficient to achieve steady state

with a constant current intensity for a gold disk UME of 25 mm

radius.

Different concentrations of silicate have been prepared from

55 to 140�10ÿ6 mol Lÿ1 in artificial seawater. The results obtained

are reported in Table 4. The average value obtained for the diffusion

coefficient of the silicomolybdic complex is 2.270.4�10ÿ6 cm2 sÿ1

which is consistent with diffusion coefficient values of molecules in

liquid media. Concerning the concentration, good results were

observed when comparing known concentrations of silicate with

experimentally derived concentrations. It must be noticed that

the lowest deviation to known concentrations concerns the pair

of electrodes of 12.5 mm and 1.5 mm radii for UME and ME,

respectively. This can be explained by the fact that mass transfer

behavior in these conditions is closer to the corresponding

Cottrell’s equation and Eq. (1) for ME and UME, respectively.

Indeed, on one hand spherical diffusion is more predominant

when the radius of the electrode is smaller and on the other hand

perpendicular diffusion is much present for ME with a large

surface. However, as compared to the excellent results with

potassium ferrocyanide in Section 4.2, those obtained with

silicate are less accurate. The main difference is the range of

concentrations of silicate shifted towards lower concentrations as

compared with potassium ferrocyanide. In these conditions, the

required precision for the electroactive surfaces of both ME and

UME becomes essential and the even slight presence of porosity

might be an issue.

Starting from these results, further work is under progress

with smaller radii for the UME and the use of gold from another

supplier certifying the absence of porosity. As the size of the UME

will be reduced, the main difficulty will be to acquire a current

intensity under a few pico-amperes as noise will become pre-

dominant at this measurement scale. To get around this difficulty
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Fig. 2. Chronoamperograms performed at 0.34 V in 57.1�10ÿ6 mol Lÿ1 silicate in artificial seawater. (a) Reduction time of 8 s on the 1.5 mm radius gold ME. Regression

of current intensity vs tÿ1/2 plot for reduction of silicomolybdic complex in the range 0.1–8 s. (b) Reduction time of 60 s on the 25.0 mm gold disk UME.



some UME-arrays will be used that will allow the acquisition of a

more acceptable signal and the increase of the signal to noise

ratio. Building micro-devices with gold electrodes obtained by

Chemical Vapor Deposition (CVD), where surface roughness of the

electrode is highly reduced and its geometry accurately con-

trolled, is the way forward to achieve perfect smooth surfaces.

This process will allow us to obtain mass-produced electrodes

(ME and UME) with miniaturized systems.

With a suitable protocol to electrochemically clean the electrode,

reproducible results with a wider range of silicate concentrations

(0.1–140.0�10ÿ6 mol Lÿ1) are foreseen with our calibrationless

method. This is the next step towards ANESIS, our Autonomous

Nutrients Electrochemical Sensor in situ for silicate detection.
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Table 4

Calibrationless method applied for the determination of diffusion coefficient of silicomolybdic complex and concentration of silicate solutions prepared at different

concentrations in artificial seawater. Amperometric measurements performed at 0.34 V in a volume of 3 mL of solution after oxidation of molybdate at 0.8 V to reach

14.0 C.

rUME (mm) rME (mm) D0 silicomolybdic complex

(10ÿ6 cm2 sÿ1)
Cn

0 known silicate

(10ÿ6 mol Lÿ1)

Cn

0 experimental silicate

(10ÿ6 mol Lÿ1)
Error¼

C n

0 expÿC n

0 known

Cn

0known

(in %)

25.0 0.5 1.4 55.2 52.4 ÿ5.1

12.5 1.5 2.2 57.1 56.6 ÿ0.9

12.5 1.5 2.4 107.3 107.3 0.0

12.5 0.5 1.9 139.7 152 8.8

25.0 0.5 2.3 139.7 136 ÿ2.6

25.0 1.5 2.5 139.7 153.6 9.9

12.5 0.5 2.6 139.7 135.0 ÿ3.4


