Trends in Analytical Chemistry 138 (2021) 116242

Contents lists available at ScienceDirect

Trends in Analytical Chemistry

journal homepage: www.elsevier.com/locate/trac

Electrochemical monitoring of marine nutrients: From principle to N
application e

a,b,c*

Hong Wei *°, Dawei Pan , Haitao Han * ¢

2 CAS Key Laboratory of Coastal Environmental Processes and Ecological Remediation, Shandong Key Laboratory of Coastal Environmental Processes,
Research Center for Coastal Environment Engineering Technology of Shandong Province, Yantai Institute of Coastal Zone Research, Chinese Academy of
Sciences, Yantai, 264003, PR China

b University of Chinese Academy of Sciences, Beijing, 100049, PR China

€ Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao, 266071, PR China

ARTICLE INFO ABSTRACT

Article history:
Available online 27 February 2021

Monitoring the spatio-temporal distribution and concentration changes of nutrients in marine envi-
ronments is significant for the protection of marine ecosystems. Electrochemical technologies are ideal
candidates for marine nutrient monitoring systems with the advantage of miniaturization, low reagent
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effects. The research principles, laboratory methodology and in situ application of devices are summa-
rized. In particular, this review focuses on the response mechanism, sensitivity and detection limit of the
reported sensors, with reports on in situ instruments also reviewed. Overall, this review summarizes the
advances in knowledge in terms of the modes of action of devices and deployment strategies, identifying
the current limitations and future challenges for the electrochemical detection of nutrients in marine
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environments.
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1. Introduction

The major marine nutrients include nitrate, nitrite, ammonium,
active phosphate, and active silicate [1]. Nutrients are the most
important biogenic elements for the growth and reproduction of
marine organisms, forming the basis of primary production pro-
cesses and the food chain in marine environments [2,3]. For
example, nitrogen and phosphorus are not only the source of
metabolic energy in biological cells in marine environments, but
are also important elements for cell protoplast composition [4,5],
while silicon is the main element responsible for the formation of
the shells and skeletons in plankton (such as diatoms) [6—8].

However, due to the rapid acceleration in urbanization, indus-
trial and agricultural development, a large abundance of nutrients
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have been directly or indirectly discharged into marine environ-
ments via industrial wastewater, agricultural waste, excessive fer-
tilizer use, and domestic sewage [9,10]. Excessive nutrient
concentrations in marine environments have resulted in an increase
in eutrophication and harmful bloom events, such as red tides [11].
Excessive nutrient concentrations can directly damage marine
productivity, environmental self-purification capacity and the
whole ecosystem balance [12,13]. Therefore, accurately monitoring
the spatio-temporal variation and distribution of marine nutrient
concentrations is not only relevant to monitoring of marine pro-
ductivity, but also significant for the early prediction of harmful
marine blooms and other eutrophication associated events.
Traditionally, monitoring involves the collection of marine wa-
ter samples from a monitoring site using a dedicated collection and
preservation device, with samples then analyzed in land-based
laboratories using specific methods. However, there are various
difficulties involved in the sampling and analysis of marine water
samples, as the labile components in samples change easily, such as
nitrites and silicates [14,15]. Additionally, laboratory instruments
are typically bulky, requiring complex, expensive and time-
consuming analytical methods [16]. Furthermore, traditional
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methods are unable to provide high-resolution chemical data due
to the delay in detection, failing to identify transient marine events
[17]. Consequently, in situ sensors are desirable for monitoring of
short-term variability or long-term trend in marine nutrient con-
centrations. In situ nutrient sensors with high resolution, sensi-
tivity, precision and the capacity for long-term continuous
measurements are an effective way to capture small-scale spatio-
temporal changes and understand temporal nutrient trends in
marine ecological environments, as well as calculating the nutrient
flux in coastal and estuarine zones which are affected by tidal
changes and complex dynamics [ 18]. Accordingly, the development
and application of in situ nutrient sensors are of great significance
to marine environmental monitoring, the development of marine
science and the enhancement of disaster warning systems. As a
novel in situ method, the key issues for marine water nutrient
automatic detection technologies are the application site, real-time
continuous data acquisition, accuracy and convenience [19,20]. In
the past few years, electrochemical technologies have advanced
significantly, having been widely applied for marine water nutrient
monitoring.

According to the differences in detection principles, in situ
automatic detection devices can be divided into three categories,
based on colorimetric, optical and electrochemical methods [21].
Some of the general advantages and disadvantages of these
methods are listed in Table 1. Wet chemical technologies are typi-
cally based on standard colorimetric methods, which determine
the target analyte at a specific wavelength based on a color reaction
with an added reagent. A number of analyzers based on colori-
metric methods have been proposed and used for in situ nutrient
monitoring, exhibiting high accuracy and stability, as well as
achieving micromolar detection levels as required for marine nu-
trients [22—26] However, in situ monitoring and long-term mea-
surements require portable and environmentally-friendly
equipment. Colorimetric methods have the inherent disadvantages
of requiring the addition of reagents at relatively large volumes,
with high levels of power typically consumed during wet chemical
detection processes, resulting in these methods not being suitable
for marine buoy deployment and long-term monitoring applica-
tions [27]. In contrast, ultraviolet (UV) optical sensors have the
advantage of reagent-free detection, due to detection based on
direct UV absorption in the environment [28,29], making these
devices suitable for long-term monitoring applications in marine
environments. However, to date, only nitrate can be detected using
the UV optical method in marine environments. Furthermore, the
working principle of all UV sensors is the measurement of light
absorbance using a photometer, which is then converted to an
analyte concentration [30—32], resulting in these devices being

Table 1
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highly susceptible to turbidity, temperature and salinity variations.
In addition, the sensitivity and detection limit of UV sensors are
relatively poor compared to wet chemical methods. Electro-
chemical analysis is a qualitative and quantitative detection
method based on changes in the electrochemical signals of solu-
tions, based on the electrochemical principles of the contained
substances [33—35]. At present, in situ sensors based on this
method are regarded as the most promising due to their potential
for rapid analysis, low energy consumption, minimal space re-
quirements, and ease of combination with automation devices. The
use of in situ electrochemical technologies has been well estab-
lished for the determination of heavy metals, conductivity, pH, and
dissolved oxygen [36—40]. Electrochemical technological applica-
tions for the determination of marine nutrients are being rapidly
developed and while some significant progress has been made,
fully comprehending the potential of electrochemical technologies
for nutrient analysis will significantly improve marine water
monitoring systems.

As discussed, the electrochemical determination of nutrients and
in situ applications have attracted much research attention in recent
years. However, previous reviews of electrochemical techniques are
typically limited to focusing on one or two nutrients [41—44], lacking
a comprehensive review of electrochemical monitoring technologies
for all nutrients in the marine environment. In this review, the
principles of electrochemical technology applications for marine
nutrients, the laboratory methodology used and the recent advances
in in situ monitoring system applications are summarized. This re-
view identifies the potentials and limitations of in situ marine elec-
trochemical monitoring systems, with the aim of enhancing the
future development of in situ sensing platforms.

2. Principles of electrochemical techniques

Electrochemical sensing techniques can typically be divided into
three types: conductometry, amperometry/voltammetry and
potentiometry. Conductometric sensors are simple to operate and
are non-specific in terms of measurement species. However, most
analyte concentration determinations are performed using poten-
tiometric, voltammetric or amperometric methods due to their
high selectivity, specificity and sensitivity. Potentiometry and
amperometry/voltammetry methods are commonly used for the
determination of nutrients, thus they are discussed in this review.

2.1. Potentiometric device structure

Potentiometric methods are based on measurement of the po-
tential of an electrode system, using an indicator electrode and a

Advantages and disadvantages of the analytical methods used for in situ determination of nutrients in marine water environments.

Method Advantages Disadvantages
Optical method 1. Moderately responsive 1. Only for nitrate
2. Reagent free 2. Real-time monitoring
3. Moderate weight 3. Moderate accuracy
4. Low power consumption 4. Biofouling
5. Fast response
Colorimetric method 1. Low limit of detection 1. High power requirement
2. Large concentration range for each nutrient 2. Waste generation
3. Moderate response time 3. Lifetime limited by reagent use and stability
4. In situ calibration 4. High maintenance costs
5. Not significantly affected by biofouling
Electrochemical method 1. Moderate sensitivity 1. General/moderate sensitivity
2. Low power consumption 2. Low stability against atmospheric
3. Low/no reagent use 3. Difficult calibration
4, Fast response time 4. Long measurement cycle
5. Not influenced by turbidity
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reference electrode [45,46], as shown in Fig. 1A. The stability of the
reference electrode is related to the change of potential difference,
which is then converted to a concentration reading. An ion selective
electrode (ISE) is generally used as an indicator electrode [47,48],
with the ISE recognition membrane being a key component, which
is composed of a specific ionophore that can recognize target ions
with high selectivity [49,50]. ISEs are mainly divided into liquid-
contact (LC) (Fig. 1B) and solid-contact (SC) (Fig. 1C). Conven-
tional ISEs are typically based on LC, and the sensing membrane is
sandwiched between two phases (the inner filling solution and the
sample solution) during operation (Fig. 1D). Thus, the membrane
potential is measured between two reference electrodes, most
often Ag|AgCl|Cl~ electrodes. SC ISEs are also used with a direct
contact between the conducting wire and the membrane, in which
the sensing membrane is sandwiched between the solid contact
and the sample solution (Fig. 1E). Some cations and anions, such as
H*, Ca**, K, Na™, F, and Cl, are suitable for detection using po-
tential sensors [51]. The main advantage of ISE potentiometry is
high selectivity for the target analyte. However, the selectivity of
ISEs is masked for some cations (e.g. NH4") and anions (e.g. NO3™) in
marine water matrices due to the high concentrations of Na* and
Cl™ in saline water [52,53].

2.2. Amperometric/voltammetric device structure

An electrochemical force driven potential is applied to the
electrode or solution interface, causing a chemical reaction
(oxidation or reduction) and the current is recorded [54,55] with
the results of current waveforms classified as voltammetric or
amperometric. As shown in Fig. 2A, the system consists of a
working electrode (WE), a reference electrode (RE) and a counter
electrode (CE) [56,57]. Three-electrode systems can automatically
compensate for a drop in ohmic potential in the solution, efficiently
maintaining the potential of the WE and resulting in the potential
of the RE remaining practically unchanged during the measure-
ment process [58]. The most commonly applied REs are Hg/Hg,Cly,
Ag/AgCl, and Hg/HgSO4 electrodes, all of which exhibit good
reversibility, stability and reproducibility. The function of the CE is
to ensure that the working potential only results from the applied
potential, while platinum is commonly used as CE. WE is the key
part of the system where the electroactive species react. The
working mechanism of the WE is shown in Fig. 2B. The measured
current can be obtained by applying voltage to cause the target ion
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reduction or oxidation on the WE surface, thereby realizing the
qualitative and quantitative analysis of the target ion. Under steady
state conditions, a current-voltage profile is measured by volta-
metric method where the current is registered as a function of
applied potential using a potentiostat. The current is measured by
amperometry at a fixed potential [59]. Voltammetry has been
widely used in environmental analysis as it achieves a very low
detection limit, with high sensitivity and the capability for multi-
element recognition. Voltammetry can not only be used to accu-
rately determine the concentration of metal ions (such as Zn**
Cd?t, Pb?T, Cu?t, and Fe3*) [60,61], but also exhibits excellent ni-
trate, nitrite, phosphate and silicate detection performance
[62—64].

3. Laboratory methods
3.1. Electrochemical determination of nitrate and nitrite

The use of electrochemical methods for the determination of
nitrate was firstly reported by Faraday in 1834 [65]. Subsequently,
various electrochemical sensors have been employed for environ-
mental water analysis. Chen et al. [44] reviewed the application of
electronic sensors including potentiometric, voltammetric and
field-effect transistor sensors, for nitrate, nitrite, ammonium, and
phosphate determination in aqueous environments and summa-
rized their performance. Crespo et al. [66] reported the recent ad-
vances in ISE sensing platforms for environmental water analysis
from on board, to in situ approaches.

3.1.1. ISE methods

Marine water monitoring strategies using ISEs remain a greater
challenge than for freshwater monitoring, due to the high con-
centration of interfering ions in saline matrices (e.g. hydroxide and
chloride), reducing the sensitivity and detection limit of ISEs.
Accordingly, some pre-treatment strategies, such as desalination
[67] or acidification [68], have been used to optimize ISE methods
for the determination of nitrate and nitrite. Studies by Grygolowicz-
Pawlak et al. [67] and Pankratova et al. [68] showed that nitrate and
nitrite can be directly determined in seawater using a potentio-
metric method with the selective removal of excessively large
concentrations of Cl~. The principle of desalination technology
application was carefully verified, with the Cl~ concentration
effectively decreasing when the miniature sample passed through
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electrode
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Fig. 1. Schematic representation of (A) device structures of potentiometric sensors, structure of (B) LC ISE and (C) SC ISE, as well as relevant interfaces within (D) LC ISE and (E) SC
ISE (M* is the primary ion, L is the ionophore, R is the mobile site and MLy} is the ionophore ion complex).
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Fig. 2. A: device structures of amperometric/voltammetric sensors; B: schematic representation of WE.

the pretreatment device, while the nitrate and nitrite target con-
centration remained unchanged. As shown in Fig. 3A, the key
component of the pretreatment device is an inner Ag working
electrode. During the desalination pre-treatment process, the Ag
working electrode functions as an anode and is oxidized, combining
with CI™ to form AgCl, while sodium counterions are transported
across the Nafion membrane to the outer solution. Therefore, the
pretreatment device achieves the specific CI~ removal under the
steady state conditions of an electrolyte concentration gradient.
After desalination pre-treatment, the concentration of NaCl was
reduced from 0.6 mol/L to 3 x 1073 mol/L in a 2 x 107> L sample,
with the process lasting about 90 s and achieving an efficiency of
90%. Other enhanced desalination technologies for marine water
matrices have also been developed based on the principles of
electrochemical technologies [69—71]. Fighera et al. [69] reported
the use of printable silver inks on electrodes to integrate a micro-
fluidic platform for the in situ desalination of marine water. At an
optimum potential of 0.9 V, the concentration of NaCl decreased
from 0.6 to 0.206, 0.157 and 0.0516 mol/L for oxidation times of
120 s, 240 s and 360 s, respectively. The system allowed regener-
ation and the ability to work for 6 to 10 cycles, which is beneficial
for integration with marine monitoring systems prior to nutrient
detection. Acidification pre-treatment uses the suppression of hy-
droxide interference at the membrane surface, via three different

A B

potential strategies [68]. As shown in Fig. 3B, the protocol A ach-
ieved local acidification by passive release of acetic acid from the
inner filling solution of a polyvinyl chloride (PVC) based membrane
electrode. The protocol B separates an acetic acid reservoir using a
fast-diffusive membrane placed in front of the indicator electrode,
accomplishing local acidification. The protocol C utilizes the same
configuration as the second strategy, except that protons are
released from a diffusive hydrogen selective polymer membrane
when applying constant potential. All three protocols dramatically
improved the detection limit of ISEs by two orders of magnitude.
Comparatively, the protocol C is more complex, but provides a
reversible strategy with a controllable diffusion process. Overall,
pre-treatment methods have a significant effect in improving the
sensitivity and stability of ISEs, which is beneficial to the integra-
tion of ISEs with marine monitoring systems prior to the detection
of nutrients.

Cuartero et al. [72] developed a method for the direct deter-
mination of nitrate in marine water matrices using an all-solid-
state electrode coupled with an electrochemical desalination
module. The schematic illustration of custom-made prototypes is
shown in Fig. 3C. The electrochemical desalination module ach-
ieved a reduction of chloride concentration from 0.6 mol/L to
2.8 x 107> mol/L in an 8 x 107> L marine water sample. The nitrate
selective electrode was successfully employed in seawater samples,
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Fig. 3. A: (a) cross-section of the coulometric thin layer NaCl removal cell; (b) schematic representation of the assumed steady state concentration gradients in the cell during
electrolysis (Reprinted with permission from Ref. [67] Copyright 2012 American Chemical Society). B: explored approaches for localized acidification: (a) protocol A; (b) protocol B;
and (c) protocol C (Reprinted with permission from Ref. [68] Copyright 2016 American Chemical Society). C: schematic illustration of both custom-made prototypes: (a) desalinator
unit scale 1:2; (b) potentiometric flow cell (Reprinted with permission from Ref. [72] Copyright 2015 American Chemical Society). D: (a) schematic illustration of the custom-made
acidification cell; (b) working principle for the in-line acidification cell based on cation exchange between the sample and the membrane (Reprinted with permission from Ref. [73]

Copyright 2017 American Chemical Society).
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exhibiting a detection limit of 5 x 10~/ mol/L. Pankratova et al. [73]
modified the method of Cuartero et al. [72] and developed a novel
approach for the potentiometric sensing of nitrite in dechlorinated
seawater, using in-line acidification (Fig. 3D). The in-line acidifi-
cation of the cation-exchange process between the sample and an
ion-exchange Donnan exclusion membrane, effectively reducing
the pH to ~5. The proposed method achieved the determination of
nitrite without involving active sample dilution or the incorpora-
tion process. Experimental results showed that the detection limit
was 5.5 (+0.9) x 10~7 mol/L, which was improved by more than
two-fold compared to under natural pH conditions. Overall, these
studies show that the interference from marine water can be
selectively removed using potentiometric technologies for nitrite
and nitrate determinations.

3.1.2. Amperometric/voltammetric methods

The first application of voltammetry for the determination of
nitrate ions traces back to the 1990s, using copper electrodes [65].
Usually, the nitrate electroreduction process primarily occurs at a
negative potential of —0.7 V or below, transforming nitrate to ni-
trite or ammonium. In contrast, nitrite can be oxidized or reduced
using voltammetric or amperometric processes. In decades, vol-
tammetric sensors for nitrate and nitrite have been developed on
various electrodes, such as bare metallic surfaces (such as Pt, Pd, Ry,
Ir, Cu, and Ag) [74—76], polymer materials (such as polypyrrole,
cesium adatoms and polystyrene) [77,78], bimetallic electrodes
[79], and glass carbon electrodes. In marine water matrices, both
interfering ions (such as Cl7) and side reactions (such as oxygen
reactions) may lead to the unsatisfactory determinations of nitrate
and nitrite. In addition, the existence of nitrite is unfavorable for
electrochemical analysis of nitrate. It is of note that significant re-
sults have been made by modifying the nature of the electrode
surface. In early research, Aravamudhan et al. [77] fabricated a
micro-fluidic nitrate sensor modified with doped-polypyrrole
nanowires (PPy-NWs). The micro-fluidic device is illustrated in
Fig. 4A. The addition of PPy-NWs materials enhanced the nitrate
sensor selectivity for chloride, sulfate, phosphate, and perchlorate
ions. The micro-fluidic analysis setup is suitable for marine water
matrix determination, with a detection limit of 4.5 x 10~® mol/L in
standard seawater samples. Following this, Fajerwerg et al. [80]
designed a voltammetric sensor based on a gold electrode modified
with silver nanoparticles (AgNPs/Au), which was able to directly
determination of nitrate in seawater at concentration as low as
10~® mol/L, without the need for pre-concentration. Additionally,
the mechanism of AgNPs/Au electrode electrocatalytic reduction of
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nitrate was also investigated. On the basis of previous study [80],
Fajerwerg et al. [81] assessed the electroactivity of the AgNPs/Au
electrode for oxygen and nitrate reduction in aerated seawater.
Results showed that the NO3 concentration (10~° mol/L) was
successfully determined in artificial seawater without pre-
concentration or pH adjustment, with a detection limit of
9 x 107'9 mol/L. Legrand et al. [82] measured nitrate concentra-
tions in chloride solutions using an Au electrode with a controlled
quantity of AgNPs. The proposed sensor was suitable for the
determination of nitrate in open ocean samples with concentra-
tions ranging from 3.9 x 10~/ to 5 x 10~ mol/L, exhibiting good
potential for in situ application. Furthermore, Li et al. [66] con-
structed a micro-needle nitrate sensor modified with copper mi-
crospheres and polyaniline film, which was then successfully
applied to coastal river water samples, achieving a detection limit
of 8 x 10~ mol/L. For nitrite, a number of detection routes and
methods have been successfully used for marine water matrix ap-
plications, such as cathodic stripping voltammetry [83], graphene
oxide decorated with zinc oxide on a glass carbon electrode [84]
and Ag/Cu/MWNT modified electrodes (Fig. 4B) [85].

3.2. Electrochemical determination of ammonium

3.2.1. ISE NH3/NH4" sensor

Two forms of ammonia nitrogen exist in aquatic environments:
free ammonia gas (NH3) and ammonium ions (NH4") [86,87]. The
ratio of these two forms of ammonia is mainly linked to the pH
value of the water environment. When the pH of water <7 almost
all of ammonia nitrogen exists in the form of NH4", while under pH
conditions of >11 almost all ammonia nitrogen exists as NHs. The
transformation reaction between NH4" and NHs is shown in
Equations (1) and (2), as follows:

NH3 +H* — NH} (1)

NHj + OH~ — NH3 + H,0 2)

Temperature, salinity and other factors also affect the propor-
tion of the two forms of ammonia nitrogen in the water body
[88,89]. Accordingly, ISEs can be classified into two categories: NH3
sensing electrodes or NH4™ sensing electrodes. NH3 sensing elec-
trodes are based on pH glass electrodes for the detection of
ammonia nitrogen in seawater, composed of a hydrophobic gas
permeable membrane, pH glass electrode and Ag/AgCl reference
electrode. The basic measurement principle uses the addition of a
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Fig. 4. A: the illustration of micro-fluidic device (Reprinted with permission from Ref. [77] Copyright 2008 Elsevier). B: the schematic representation of proposed mechanism of
electro-oxidation of NO3 at Ag/Cu/MWNTSs/GCE (Reprinted with permission from Ref. [85] Copyright 2018 Elsevier).
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strong alkali to increase the pH to above 11.0 and convert all
ammonium ions in the solution into ammonia. Subsequently,
ammonia is diffused into the inner filling solution of ammonium
chloride through a hydrophilic permeable membrane, which cau-
ses a change in H' concentration, resulting in a potential difference,
which is measured by the pH glass electrode. NH4" sensing elec-
trodes are composed of a PVC membrane containing an ammonium
carrier. The basic measurement principle of the NH4 sensor is the
conversion of essentially all NH3 into NH4 due to acidification of the
solution. Thus, the NH4" concentration in the sample is a result of
the electrode potential of NH4" on the reference electrode (Ag/AgCl)
[90,91]. As early as 1973, Thomas et al. [92] used an Orion ammonia
gas electrode with a multilayered gas diffusion membrane to
determine ammonia in seawater, measuring ammonium at
different concentrations according to the well-established addition
method. It was reported that direct analysis of low concentrations
(below 6 x 1077 mol/L) required extremely long equilibration
times, with the precision, accuracy and stability in saline samples
also investigated [93]. Based on the study of Tomas et al. [92,93],
Merks et al. [94] tested the practical applicability of the Orion gas
ammonia gas electrode in marine and estuarine water samples,
focusing on the interference of Cl~. Results showed that this
method was reliable for the determination of dissolved ammonia at
concentrations between 6 x 107% and 1 x 10~ mol/L when an
experimentally determined salinity correction was applied.
Moschou et al. [95] developed a direct electrochemical flow anal-
ysis system for the simultaneous monitoring of total ammonia and
nitrite concentrations in seawater using ISE probes (Fig. 5A). This
system was effective for ammonia concentrations ranging from
3 x 1076-6 x 10~% mol/L, exhibiting good reproducibility (<5%) and
stability (<0.02 ppm/h). In addition, Wen et al. [96] used an
ammonium-ISE for the real-time determination of ammonia ni-
trogen, compensating for the NH4  component of the total
ammonia nitrogen fraction. The proposed sensor exhibited near-
Nernstian behavior at ammonia nitrogen concentrations of
6 x 1075 - 6 x 10~* mol/L. However, the cationic K* ion was found
to interfere with the measurement potential of ammonium-ISE,
especially at low ammonia nitrogen concentrations. Therefore, it
is necessary to modify determination methods using K™ compen-
sation measurements. Alternatively, to enhance the sensitivity and
selectivity of ammonium sensors in marine environments, nano-
materials such as carbon nanotubes (CNTs) [97] have been applied.
Jhon et al. [97] fabricated a sensor by photolithography with CNT
insulation for NH4", exhibiting a low detection limit of 10~8 mol/Lin
artificial seawater environments. Ding et al. [98] applied a SC
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determine total ammonia nitrogen in seawater samples. The elec-
trode was integrated with a pH 7.0 polyvinyl alcohol hydrogel
buffer film and a gas-permeable membrane, resulting in higher
sensitivity and a more stable response. The fabricated sensor was
successfully applied in seawater with ammonia concentrations of
10%- 10~ mol/L with a detection limit of 6.4 x 10~7 mol/L.

3.2.2. Voltammetric methods

The voltammetry determination of ammonium nitrogen has
rarely been reported due to its unique electrochemical stability and
negative valence state of —3. Although almost no electrochemical
oxidation of ammonium occurs at a high positive potential, it can be
achieved via indirect measurements. Takahashi et al. [99] proposed
an indirect electrochemical method for determining ammonia ni-
trogen concentrations. The detection principle of this method is
that bromine (Bry) is generated by the anode, which can be hy-
drolyzed into hypobromic acid (HBrO) in the phosphoric acid buffer
solution at pH 7. The schematic diagram is shown in Fig. 5B. The
generated hypobromic acid can then further react with NH4" in the
sample in a homogeneous way, decreasing the reduction current.
There is a proportional relationship between the concentration of
NH in the sample and the decrease in reduction current, allowing
the ammonia nitrogen concentration to be determined according to
this relationship.

In conclusion, electrochemical methods for the determination of
ammonium ions have been significantly improved using novel
sensing elements or structures, such as composite membranes,
ionophores and nanomaterials. These fabricated sensors exhibit
excellent sensitivity and rapid responses, especially at low detec-
tion limits. At present, in situ ammonium monitoring systems based
on electrochemical principles have only been employed in eutro-
phic lakes [100] or freshwater systems [101]. Marine ammonium
electrochemical in situ sensors have been rarely studied and are
limited by the interference of other ions (e.g. K* and CI~), unstable
performance, poor reproducibility, and inadequate long-term reli-
ability. Therefore, greater efforts should be applied to the devel-
opment of marine ammonium electrochemical in situ sensors, with
research including the practical application of sensors in marine
environments.

3.3. Electrochemical determination of phosphate
Berchmans et al. [41] reviewed different electrochemical

sensing techniques (potentiometry, voltammetry and amperom-
etry) for the determination of inorganic phosphate and strategies

polymeric membrane ammonium-selective electrode to using selective ionophores were discussed. Jonca et al. [26]
Multichannel to waste
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Fig. 5. A: (a) schematic diagram of the FA system; (b) calibration plot for artificial seawater standard solutions (Reprinted with permission from Ref. [95] Copyright 2000 Elsevier).
B: schematic diagram of a thin-layer electrochemical flow cell (Reprinted with permission from Ref. [99] Copyright 2008 Wiley-VCH Verlag).
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reported the present situations and trends in development of
phosphate in situ analytical technologies in seawater, reporting
that the existing in situ spectrophotometric sensors may be
replaced by electrochemical sensors with the advantages of high
precision, long application lifetimes, low detection limits, and
good reproducibility.

The electrochemical principles for determination of phosphate
in seawater are typically divided into two groups: (1) phosphate
anion extraction into PVC-based hydrogen ion-selective mem-
branes, with detection of the resulting membrane potential; (2)
detection of the amperometry/voltammetry signals of the electro-
active complex of molybdophosphate (H,PMo1,04¢) formed from
phosphate and molybdate in acidic environments.

3.3.1. PVC-based ISEs

The determination of phosphate using ISEs has been widely
applied in environmental water analysis [102,103]. For seawater,
high concentrations of the key interfering ions Cl~ (~0.6 mol/L) and
OH™ (pH ~ 6.5—8.5) can mask the phosphate detection signal.
Although the use of standard addition calibration can mitigate the
effect of matrix complexity to some extent, it is not sufficient to
ensure that phosphate determination is free from interference. An
effective and simple strategy to overcome this is to optimize the ISE
membrane [104,105]. Among the numerous available membranes
[106,107], the ionophore-based membrane has been successfully
utilized for dihydrogen phosphate detection [108]. Therefore, it
remains difficult to monitor phosphate in seawater using a poten-
tiometric sensor.

3.3.2. Amperometric/voltammetric detection using the
molybdophosphate method

A commonly used electrochemical method for the determina-
tion of non-electroactive phosphate in marine water matrices in-
volves the formation of a complex with molybdate, according to
Equations (3) and (4) as follow:

7H3P04 + 12Mo70S; + 51H* —7PMo1,035 + 36H,0 (3)

PMo,035 +nH" + ne~ — [HnaPMo1,04] (4)

The samples are firstly reacted with a molybdate solution in an
acid environment, to convert phosphate into Keggin anions
(PMo012045° ). Then, chemical reduction results in the solution
exhibiting a mixed molybdenum oxidation state. Earlier reports
[109—112] showed that molybdophosphate complexes exhibit
advantages in terms of redox signal stability and sensitivity,
resulting in two peaks between visible at 0.1 V and 0.5 V using
both voltammetric or amperometric methods. It is of note that
determining how to eliminate the interfering ions is key to the
successful determination of phosphate and much researches have
been performed with the aim of solving this problem. Nagul et al.
[113] assessed the use of the molybdenum blue reaction for the
determinations of orthophosphate and described various additive
and subtractive factors. Silicate is considered to be one of the main
interfering factors due to its high concentrations compared to
phosphate in marine environments, as well as the formation of
similar molybdate complexes. Some electrochemical methods
have been adopted for determination of phosphate. Matsunaga
et al. [114] determined micromolar levels of orthophosphate using
the molybdophosphate complex method in seawater, turbid water,
and estuary water, exhibiting good precision and reproducibility.
Danila Moscone et al. [115] proposed a method for the determi-
nation of orthophosphate in seawater using carbon paste micro-
electrodes combined with the batch injection analysis (BIA)
technique, achieving a detection limit of 3 x 1077 mol/L. The
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scheme of the carbon paste microelectrode is presented in Fig. GA.
This method is based on the molybdophosphate signal with
limited consumption of reagents, including nitric acid and
ammonium molybdate. The interference of silicate was minimized
by maintaining a [H"]/[molybdate] ratio of 400. Udnan et al. [116]
applied flow injection amperometry (FIA) integrated with on-line
ion-exchange column pre-concentration, to determine phosphate
at the carbon electrode with a limit of detection of 5.8 x 10~ mol/
L (Fig. 6B). A significant report emphasized that autonomous
amperometric detection does not require the addition of reagents,
such as molybdate and nitric acid [117]. Molybdate and protons are
produced during the electro-oxidation of molybdenum, which
then combine with phosphate to form a molybdophosphate
complex which is detected using a rotating gold disk electrode.
This method was found to be effective for open ocean samples
with a detection limit of 1.2 x 10~/ mol/L. Reagent-free methods
capable of avoiding silicate interference have been investigated,
having the advantage of using differences in complex formation
kinetics [118] or controlling the pH for complex formation
[119,120]. Arsenate (As) is also considered to be an interfering ion.
Generally, the concentration of As in oceanic seawater is relatively
low [121] and its interference in phosphate determination can be
ignored. However, when the concentration of As is high, a reducing
agent is required to convert As(V) into As(Ill), avoiding As inter-
ference [122,123].

3.4. Electrochemical determination of silicate using the
molybdosilicate method

Several reports on the electrochemical determination of silicate
involve the signal produced by the electro-active molybdosilicate
complex (Keggin, Si(M012040)*). The molybdosilicate formation
process is similar to that of molybdophosphate, which is formed by
the reaction of silicate with molybdate under acidic conditions. The
determination of silicate is not disturbed by phosphate in marine
environments. Pletcher et al. [119] demonstrated the fundamental
principles of the determinations of silicate and phosphate using the
amperometric method. Molybdosilicate and molybdophosphate
can be determined simultaneously using an Au microelectrode
with phosphate and silicate concentrations in the range of 10~°-
10~% mol/L. Pletcher et al. [120] also investigated the practical
procedures for simultaneous determinations of silicate and phos-
phate on an Au microdisk electrode, provided they are present in
similar concentration ranges. Jonca et al. [124—127] developed a
reagent-free electrochemical method for measuring silicate in
seawater using a voltammetric procedure, with the principle that
molybdate and protons are provided by the electrochemical
oxidation of molybdenum, which then react with silicate to form a
silicon molybdenum complex. Ultramicroelectrodes and micro-
devices have also been used for determining oceanic silicate, which
have been shown to be highly suited to in situ monitoring and long-
term deployment, as these methods are simple, require low levels
of energy consumption and no input of additional reagents.

4. In situ applications

Advancing in situ marine nutrient monitoring systems is a key
focus of marine research worldwide. Electrochemical technologies
are ideal for marine nutrient monitoring systems because of their
low energy consumption levels, minimal space requirements, low
reagent consumption, and ease of combining with automation
devices. The past few decades have witnessed remarkable
achievements in the monitoring of short-term variability or long-
term trend in marine nutrient concentrations.
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Fig. 6. A: scheme of the carbon paste microelectrode (Reprinted with permission from Ref. [115] Copyright 2004 Elsevier). B: (a) FIA manifolds for the direct determination of
orthophosphate; (b) calibration graph of standard orthophosphate concentrations (Reprinted with permission from Ref. [116] Copyright 2005 Elsevier).

4.1. Short-term variability monitoring systems

An alternative in situ device was reported for submersible
potentiometric detection of nitrate and nitrite in seawater [128]. As
shown in Fig. 7, the developed fluidic probe consisted of three
modules, a desalination module, acidification module and a
potentiometric flow cell. The desalination module comprised two
parts separated by a cation-exchange membrane, with the Ag foil
working electrode and the reference electrode installed in two
cells. The Ag foil was oxidized at a constant anodic potential,
resulting in incorporation with Cl~ to form AgCl, capable of spe-
cifically eliminating interference by Cl~ in seawater. The acidifica-
tion module provided a suitable pH based on cation-exchange
between the sample and the membrane. Then, the pre-treated
seawater samples were analyzed by the potentiometric flow cell.
It was reported that the microdevice responds within 12 s and had
the advantage of excellent stability with long-term signal drift of
less than 0.5 mV h™ This device was applied to both laboratory and
in situ measurements, with laboratory samples collected from

different environmental regions (including Costa Calida (Spain),
Plentzia (Spain) and Genoa harbor (Italy)), while the device was
also deployed in situ in Arcachon Bay (France) for 23 h for the de-
terminations of nitrate and nitrite. However, the submersible de-
vice operational procedure required approximately 40 min for
desalination, acidification and potentiometric detection. Moreover,
the desalination module required regular replacement. Hence, the
device requires further improvement before being suitable for
practical application, developing a robust desalination design.

4.2. Long-term trend monitoring systems

Recently, a novel autonomous reagent-free in situ electro-
chemical phosphate sensor was proposed by Garcon et al.
[129,130]. This sensor was based on the common principle of the
molybdophosphate method, but was innovative as molybdenum
electrode oxidation automatically generated molybdate and pro-
tons in marine water instead of the additional reagents (molybdate
and sulfuric acid). The process of generating molybdate and protons

[DESALINATION p[ACIDIFICATION] - P

]
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Fig. 7. (a): scheme of the developed fluidic probe for in situ measurements; (b): image of the submersible probe valve (1), desalination module (2), acidification module (3), and
potentiometric flow cell (4), with the system components placed inside a water- and pressure-proof cylindrical housing (5) made of acetylic copolymer; (c): probe incorporated into
the titanium cage together with the pump and the CTD multiparameter probe (6: seawater filter, 7. pump, 8: unit containing electrochemical sensors, 9: bag containing the
calibration solution, 10: bag containing the HCI solution, 11: CTD); (d): submersible device deployed in Arcachon Bay from a boat using a small onboard crane (Reprinted with

permission from Ref. [128] Copyright 2018 American Chemical Society).
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Fig. 8. A: schematic of the electrochemical cell and membrane technology (Reprinted with permission from Ref. [129] Copyright 2013 Elsevier). B: laboratory prototypes for the in
situ detection of PO3~ in seawater without the addition of any liquid reagent or silicate interference: a) with complexation and detection reactions occurring in the same
compartment; b) with separate detection compartment (Reprinted with permission from Ref. [130] Copyright 2016 Elsevier).

is caused by oxidation of the molybdenum electrode at 2 V, as
shown in Equation (5):

Mo +4H,0—Mo03~ + 8H" + 6e~

(5)

Since the silicate forms a molybdosilicate complex in the pres-
ence of these reagents, silicate interference can be eliminated by
choosing an appropriate ratio of protons to molybdates of 70 [129].
A schematic of the electrochemical cell is illustrated in Fig. 8A,
which is divided into three parts for the simultaneous production of
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Fig. 9. A: silicate electrochemical in situ sensor. B: small volume prototype for the detection of silicate in seawater with the solenoid Lee-Co pump displayed on the left. C: (a) time-
series of silicate concentration and temperature recorded using the sensor at a 55 m depth at Talcaruca point between the 16th and April 22, 2017 (local time: UTC-4 hours); (b)
time-series of hourly mean values of surface wind speed from Punta Lengua de Vaca meteorological station; (c) cyclic voltammogram (forward cycle) at 100 mV/s using a gold

working electrode (Reprinted with permission from Ref. [131]).
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molybdate and protons at the appropriate ratio. In the first cell,
oxidation of the molybdenum electrode produces excess protons,
with these protons transported to the second cell using membrane
technology. In the second cell, the molybdenum electrode is
oxidized to achieve a proton ratio of 70, with detection via
amperometry. The third cell simulates the open ocean, containing a
counter electrode to prevent H from being reduced. Compared
with colorimetric measurements, the performance of this device
was tested by amperometry and different pulse voltammetry,
establishing detection limits of 1.1 x 1077 and 1.9 x 10~/ mol/L,
reproducibility precision of 5.7% and 3.8%, and low deviation with
averages of 4.3% and 5.0%, respectively.

Compared to devices with large volume compartments, small
devices are designed based on laboratory prototypes (Fig. 8B). The
volumetric capacity of this prototype is microliters. Square wave
voltammetry at a high frequency (f = 250 Hz) allows a linear range
of detection to be obtained for phosphate between 10~ - 10~% mol/
L, after 60 min of complexation time. However, while the prototype
has not been applied in the open ocean to date, considering the
whole circuit time, it appears to be suitable for moorings and deep-
sea observations.

A submersible in situ electrochemical sensor was developed,
based on the use of molybdosilicate for long-time monitoring of
silicate without the need for additional reagents [131]. As presented
in Fig. 9A, the silicate sensor has the advantages of miniaturization
and low energy consumption, with a volume of 2.2 kg, diameter of
90 mm, height of 250 mm, and power consumption of 25 mA/h/
sample. The small volume prototype (<4 x 10~% L) is composed of
two laboratory cells (Fig. 9B), including a complexation cell and a
detection cell. In the complexation cell, molybdate and protons are
generated by oxidizing the molybdenum electrode at a potential of
1V, then combined with silicate to form an electrochemically active
molybdosilicate complex (H4Si(Mo"V12040)). After this, the com-
plex is transferred to the detection cell and quantified by cyclic
voltammetry. In this configuration, the flow rate (200—3.3 uL/s) and
complexation time (20—30 min) are the key parameters, requiring
further investigation. Under optimized conditions, the detection
limit of the silicate sensor was reduced to 10~® mol/L, which is
sufficient for the open ocean. The systems were successfully
deployed in the Chilean Pacific Ocean and PROVOR float in the
Mediterranean Sea (Fig. 9C). At present, only one silicate prototype
has been employed in situ on different offshore moorings.
Comparatively, wet chemical analyzers require reagents and pro-
duce waste during detection, while the proposed silicate sensor
method does not. Thus, this in situ sensor exhibits the advantages of
being suitable for long-time monitoring and deployment on
different platform types for specific marine detection demands.

5. Conclusions and outlook

This paper reviewed the electrochemical technologies for
determination of marine nutrients in terms of the analytical prin-
ciple, laboratory methodology, and in situ application of devices,
including the merit of deployment strategies, current limitations
and future challenges. After decades of development, although the
stability, sensitivity, and detection limit of sensors have greatly
improved, there are still some certain technical issues that
restricting the large-scale use of this technology, such as short
continuous measurement time, low accuracy, narrow detection
concentration ranges, and low reproducibility. Studies have shown
that when some oligotrophic areas [132] or algal blooms erupt
[133], the concentration of nutrients in seawater is on the order of
1072 mol/L, so it is very necessary to adopt appropriate methods to
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increase the accuracy of the sensor. At the same time, the nutrient
content in the same sea area varies greatly at different times or in
different sea areas, and the concentration ranges from 10~° to
10~® mol/L, with a difference of 5 orders of magnitude [133]. Thus,
an ideal electrochemical sensor needs to have wide measurement
range, in addition to high accuracy.

Due to the limitation of in-situ detection conditions, the
development of sensor technology tends to be small volume, low
energy consumption, less reagent consumption, less wastewater
output, long duration of use, and strong ion selectivity. Through
interdisciplinary research with materials science, chemistry,
electronics, etc., optimizing the compound process of analyzing
substances, such as the application of microfluidic technology
[134], is an important way to promote the miniaturization of
sensors, reduce the amounts of reagents, and reduce energy con-
sumption. At present, effective miniaturized and in situ in-
struments have been developed. Submersible potentiometric
devices have been applied for monitoring short-term trends in
marine nitrate and nitrite concentrations, and an in-situ device for
phosphate and silicate determinations have been deployed on
moorings offshore.

Notably, an ideal sensor also needs to have good stability, which
can be achieved by improving sensor antifouling ability. At present,
such approach is hot topic partially related to blood compatibility
and biocompatibility in various sensors [135]. Some functional
materials such as funhydrophilic polymers (e.g. poly-(ethylene
glycol)), zwitterionic polymer, and antimicrobial materials (e.g. Ag
nanoparticles and polycations) [136—139] have been adopted for
resistance adhesive and microbial, respectively. It is fortunate that
electrochemical sensors for environmental monitoring are very
similar to those used for clinical or food analysis in concept.
Adaptation from clinical or food analysis to the marine electro-
chemical sensor seems to be easy and promising. In addition, ma-
rine in situ sensors have been received extensively attention in
analytical chemistry. Antifouling approaches such as bioinspired
topographies (such as shark skin patterns [ 140,141] or mollusc shell
mimics [142—144]) have been performed to resist marine fouling
and control cell adhesion but have rarely found application in
sensors. Hence, further exploration of new antifouling materials
and approaches for sensing application is expected for maintaining
marine long-term sensor stability and durability.

Totally, we hope to give an important direction for the devel-
opment of marine monitoring systems through this review. While
there are still many limitations and challenges for the electro-
chemical detection of nutrients in marine environments. However,
based on the advances made by numerous research groups
worldwide, electrochemical techniques appear to hold much
promises for practical application as marine nutrient monitoring
systems.
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