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Automatic in situ sensor based
on K2S2O8 oxidation method for
total phosphorus detection in
marine water
Yanmin Zhang1,2, Shougang Chen1, Yan Liu2,3, Yan Zou2,3,
Yang Wang2,3, Shuwei Zhang2,3, Xiangfeng Kong2,3*,
Yang Gao2,3 and Nan Gao2,3*

1Department of Materials Science and Engineering, Ocean University of China, Qingdao, China,
2Institute of Oceanographic Instrumentation, Qilu University of Technology (Shandong Academy of
Sciences), Qingdao, China, 3Laoshan Laboratory, Qingdao, China
Phosphorus is a key indicator for water quality management due to its role in

eutrophication. The variety of phosphorus-containing substances necessitates highly

sensitive detection of total phosphorus, particularly through automated methods, to

ensure water safety. This study involved the independent development of a sensor

featuring an automated in situ detection technique. Utilizing potassium persulfate

high-temperature oxidation and phosphorus molybdenum blue spectrophotometry,

total phosphorus was monitored in situ via sequential injection technology.

Additionally, the detection process and reaction conditions of the sensor were

optimized, and a temperature compensation algorithm and turbidity correction

were applied to mitigate environmental factors. Under optimal conditions, the

sensor demonstrated a detection limit of 1.9 µg/L with a range of 6.5–1000 µg/L in

seawater, and 1.2 µg/L with a range of 4.1–2000 µg/L in freshwater. The digestion

efficiency for five representative phosphorus-containing substances was found to

range from87.3%± 1.7% to 103.1%±0.6%.Notably, the sensorwas deployed for in situ

operation at a marine experimental station and online at a river monitoring station.

With its integration, low power consumption, and high precision, the sensor enabled

long-term unattended monitoring, delivering accurate, stable, and reliable results.
KEYWORDS

total phosphorus, in situ sensor, sequential injection analysis, water samples,
temperature compensation
1 Introduction

Phosphorus, a critical nutrient for the growth of all life forms, is typically regarded as

the limiting factor for primary productivity in lakes and oceans (Rusakov et al., 2022). In

aquatic environments, phosphorus can be present in several forms, including elemental

phosphorus, orthophosphate, condensed phosphate, pyrophosphate, metaphosphate, and
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phosphate bound to organic groups. Therefore, total phosphorus

(TP) represents the aggregate of all these phosphorus species.

Excessive phosphorus in water promotes the growth of aquatic

plants, leading to algal blooms and eutrophication (Mahmud et al.,

2020). Consequently, accurate detection of total phosphorus is

essential for assessing phosphorus levels and ensuring water safety.

Currently, ion chromatography (Yokoyama et al., 2009),

fluorescence (Zhao et al., 2011) and UV-Vis absorbance (Shyla

et al., 2011) are widely employed for quantitative phosphorus

detection (Alam et al., 2021; Jia et al., 2023). Nevertheless,

chromatography and fluorescence methods are infrequently used

due to their high cost and time demands (Wu et al., 2022). UV-Vis

absorbance spectrophotometry is the most prevalent detection

method, with molybdate spectrophotometry being a standard

approach for determining TP concentrations. These techniques

necessitate field sampling and pretreatment prior to laboratory

analysis, resulting in significant time delays, labor intensity, and

high costs, which are insufficient for modern detection

management. Moreover, water samples may be subjected to

stimuli and contamination during transportation, potentially

impacting the accuracy of the detection results. Therefore, it is

imperative to develop instruments for automatic detection

techniques for determining the TP concentration because of the

minimum number of random errors, high degree of repetition, and

low degree of sample handling in the automated operation mode.

In recent years, considerable research has been conducted on

automatic monitoring instruments to reduce manual labor and

streamline detection procedures. These studies have focused on two

main categories: online monitoring and in-situ analysis equipment

(Liu et al., 2016; Lin et al., 2017; MaChado et al., 2017; Zhang et al.,

2019; Yasui-Tamura et al., 2020; Lin et al., 2021). Notably, in situ

analysis allows for the examination of samples at their original

location, providing real-time and accurate measurements of sample

concentration changes. Consequently, in situ analytical instruments

have become increasingly necessary and have garnered significant

attention (Nightingale et al., 2015; Liu et al., 2016; Lin et al., 2017;

MaChado et al., 2017; Zhang et al., 2019).

Analytical methods suitable for in situ measurements of TP

exhibit various limitations regarding speed and permissible

uncertainties, with precision and sensitivity influenced by

potential interferences and applicability (Yokoyama et al., 2009).

Flow analysis technology, encompassing flow injection analysis

(FIA), sequential injection analysis(SIA), segmented continuous

flow analysis(SCFA), and loop flow analysis(LFA), has

demonstrated significant utility in enhancing sensitivity within

automatic monitoring instruments (Zhao et al., 2011; Nightingale

et al., 2015; Dafner, 2016; Wu et al., 2022; Ruzicka and Chocholou,

2024). For instance, Yang et al. reviewed different injection

techniques and evaluated the advantages and drawbacks of

various methods (Yang et al., 2019). Among the automatic

injection techniques, FIA is frequently employed. Due to the use

of peristaltic pumps in FIA, the system operates under continuous

flow conditions and can achieve high sample throughput, but at the

cost of higher reagent usage (Worsfold et al., 2013). SIA, as the

second generation method of FIA, is a fully automated flow analysis
Frontiers in Marine Science 02
technology that serves as a more environmentally friendly

alternative, where the suction and distribution of liquids are

completely computer-controlled. SIA utilizes the principle of

multi directional switching, using a multi port selector valve and

a reversible pump, which can modify the fluid dynamics conditions

by simply changing the programming of the valve and pump (Biocic

et al., 2024, 2024). In addition, as a fully computer-controlled

technology, SIA not only minimizes errors in manual detection,

precisely controls the amount of as-used samples and reagents,

reduces the generation of waste and the consumption of solution,

but also has higher accuracy and repeatability in detection results

(Al-Shwaiyat et al., 2024; Tambaru et al., 2024). Because of these

advantages, combining the SIA technique with UV-vis absorption

spectrophotometry turn into the most available technique in

analytical laboratories , which al lows for automation,

miniaturization and rapid analysis.

In the past five years, a large amount of literature and articles on

the application of flow analysis technology in water environment

monitoring has been reported. There are already many in situ

sensors, including nitrate and nitrite (Yang et al., 2019; Liu et al.,

2024), total alkalinity (Sonnichsen et al., 2023), pH (Perez de Vargas

Sansalvador et al., 2016; Yin et al., 2021), iron (Geißler et al., 2017),

manganese (Geißler et al., 2021) and so on. Phosphate in situ

sensors have also been reported (Yang et al., 2020; Morgan et al.,

2021), but total phosphorus in situ sensors based on the SIA method

are rarely reported, even though there are many theoretical studies

on the field monitoring of TP in seawater.

In this study, an automatic in-situ sensor for detecting TP in

water was developed based on the principles of potassium persulfate

oxidation and phosphorus molybdenum blue with sequential

injection analysis. To enhance analytical performance and

expedite the detection process, the detection scheme was

progressively optimized through detailed research on digestion

time, temperature, oxidant concentration, phosphomolybdic blue

coloring time, and reagent stability over time. Watertightness and

impact vibration tests were conducted to assess the seaworthiness of

the instrument, ensuring its capability to perform in situ sample

measurements underwater. Additionally, a temperature

compensation algorithm was optimized to more accurately reflect

the total phosphorus concentration relative to water quality. The in

situ sensor was deployed at Zhongyuan dock, with an overall

monitoring cycle of one month due to limited chemical reagent

usage. During the demonstration period, regular manual sampling

and laboratory testing were performed, and the results were

compared with those from the in situ sensors. The findings

indicated that the developed in situ TP sensor successfully enables

monitoring of TP concentration in water.
2 Materials and methods

2.1 Materials

All chemicals were sourced from Sigma-Aldrich and included

analytical grade chemicals, potassium persulfate (PDS), boric acid
frontiersin.org
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(H3BO3), sodium molybdate(Na2MoO4), potassium antimony(III)

tartrate hydrate (C8H4K2O12Sb2·3H2O), sulfuric acid solution

(H2SO4), ascorbic acid(C6H8O6), sodium chloride(NaCl),

magnesium sulfate(MgSO4) and sodium bicarbonate(NaHCO3),

b-sodium glycerophosphate(C3H12NaO7P, b-SGP); 5-pyridoxal
phosphate monohydrate (C8H10NO6P, 5-PP); sodium

hexametaphosphate((NaPO3)6, SHP); sodium pyrophosphate

(Na4P2O7, SPP); and adenosine 5’-triphosphate(C10H16N5O13P3,
ATP) were used as received without further purification.

Potassium dihydrogen phosphate (KH2PO4) was oven-dried at

100°C for 1 h prior to use, while other chemicals were utilized as

received. All solutions were prepared using freshly made ultrapure

water (resistivity≥18.2MW cm) from a Millipore water purification

system (Millipore Co., USA).

Artificial seawater was utilized as the solvent for the preparation

of standard solutions instead of DI water. Artificial seawater was

first prepared by dissolving 31 g of sodium chloride, 10 g of

magnesium sulfate, and 0.05 g of sodium bicarbonate in 1 L of DI

water. Subsequently, a standard solution of TP was prepared by

dissolving 0.1614 g of b-SGP in 1 L of artificial seawater. A standard

phosphate solution was obtained by dissolving 0.4390 g of

potassium dihydrogen phosphate in 1 L of artificial seawater.

The oxidation reagent was prepared as follows: 6.0 g of

potassium persulfate and 3.6 g of boric acid were dissolved in 150

mL of DI water by continuous stirring for 5 min, after which the

solution volume was adjusted to 200 mL in a volumetric flask.

Preparation of Molybdate Solution (MS): To prepare this

solution, 0.0960 g of C8H4K2O12Sb2·3H2O and 4.44 g of

Na2MoO4 were completely dissolved in 100 mL of deionized

water to yield a clear solution. Subsequently, 100 mL of 20%

(concentration fraction) sulfuric acid was gradually added to this

mixture. The final volume of the prepared solution was adjusted to
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200 mL. The solution, which has a validity period of six months, was

then transferred to a plastic bottle for future use.

Preparation of ascorbic acid solution (Vc): For this, 10.8 g of

ascorbic acid was dissolved in 200 mL of deionized water. The

resulting colorless solution was stored at 5°C and remained effective

for one month.
2.2 Analytical system design

In this study, the automatic in situ sensor employed the SIA

method, akin to the previously described total nitrogen analysis

(Zhang et al., 2020). Figure 1A illustrates an internal schematic

diagram of the in situ sensor for total phosphorus. The method

involves oxidizing all phosphorus forms to orthophosphate and

detecting the total orthophosphate using a colorimetric assay.

Several oxidation techniques have been utilized for converting

organic phosphorus to phosphate, including sulfuric acid-nitric

acid digestion, dry ashing, microwave digestion, potassium

persulfate thermal digestion, UV-based oxidation, Fenton–

Fenton-like reaction, and electrochemical oxidation (Rott et al.,

2017; Sun et al., 2019; Gray et al., 2020; Lei et al., 2020; Zhu et al.,

2021; Sun et al., 2022). Among these methods, high-temperature

digestion is favored due to its use of mild chemicals with low

toxicity, reduced reagent consumption, and rapid reaction speed,

making it a classic and effective technique (Zhao et al., 2021). A fully

integrated analytical system was thus developed, combining thermal

digestion and colorimetric determination for the precise

quantification of TP.

The sensor’s appearance is depicted in Figure 1B; it measures 50

cm in height, 20 cm in diameter, and weighs 15 kg, including all

reagents. The sensor has undergone water tightness treatment,
FIGURE 1

Internal and external design drawings of the sensor. (A) The design schematic of the TP analytical system; (B) The appearance of sensor. The blue
small piece at the connection between the pipeline and sensor components represents the Ruhr connector. One end of the wire is connected to a
waterproof joint, and the other end is partially connected to an injection pump for power supply and control of pump operation; Part of it is
connected to the circuit board to ensure the normal operation and communication of the sensor.
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where sealing rings are placed at the connections between the sensor

housing, pipelines, and cables to meet its requirements for

underwater operation. Besides, a sealing ring is placed at the

connection between the sensor cover and the outer cylinder and

coated with silicone grease to ensure the water tightness of the

sensor. Prior to in situ testing, the sealing and pressure tests are

conducted to ensure that the sensor could meet the requirements of

0-10m underwater measurements. During underwater operation,

the sensor is powered by an onshore power source. Electricity and

communication are connected to the water tight port on the top of

the analyzer through a water tight cable. The sensor’s average power

consumption is about 10 W. A separate electronic-chemical

structure was incorporated into the design to safeguard the

electronic components from exposure to wet chemicals.

Consequently, the in situ sensor mainly contents the circuit

board, syringe pump (Cavro® XCalibur Modular Digital Pump,

733085-B), and multichannel selection valve (Tecan Cavro 9-port

selector ceramic valve, 1/4-28 XC) which are the core of the sensor;

the digestion module and the detection module (Figure 1A).

In addition, we also independently designed and developed the

sensor operation software. The software structure is mainly divided

into two parts, namely, the parameter setting function and the

operation control function. The parameter setting function is

mainly designed for the debugging and calibration of the

instrument, paying more attention to the detailed parameter

adjustment and result feedback calibration during the instrument

work, and providing more functional support for technical support

personnel. The operation control function mainly controls the

operation process of the instrument, and measures total

phosphorus, mainly designed for users. The software

communicates with the total phosphorus sensor through the

RS485 interface. The description of sensor operation software is

shown in Table 1.

The syringe pump was combined with multichannel selection

valves to automate the injection and flow for the chemical reaction.

A 9-channel valve equipped with 1.5 mm/2.5 mm i.d. PTFE tubing

(BE-FLUIDICS, Shanghai) was used to deliver the reagent and

sample to the corresponding positions for chemical reactions. After

the reaction, these samples were transferred to the detection module

to complete the in situ detection of TP. Typically, a holding coil is

included in the SIA system where the sample and reagents can be

collected, preventing contamination of the syringe. In this work, the

typical sequential injection method is improved by directly

connecting the injector to the multi-channel selector valve. To

avoid cross contamination, we have added a cleaning process and

set the pump speed of the injection pump to the highest value

during cleaning. The rapid cleaning of the syringe was shorter than

1 min, with the faster flushing, resulting in greater cleaning force

and better effectiveness. In addition, the flow path in this sensor has

been simplified.

The digestion process involves the conversion of phosphorus

substances and persulfate into orthophosphate under acidic
Frontiers in Marine Science 04
TABLE 1 Description of sensor operation software.

Function
Parameter
Declaration

Operation
control

standard curve y=Ax2+Bx+C;
A: +0001.23;B: +0002.34;

C: +0003.45

Pump initialization Syringe returns to
zero position

Pump open Turn on the pump

Pump off Turn off the pump

Fill Filling of reagents

Sample injection Sample tube injection

Wash 1 Clean all pipelines before
sample testing, evacuate
the pure water in the

digestion tube, and clean
the pipelines once with

both sample and
pure water

Wash 2 Clean after sample testing,
clean all pipelines with
pure water after each

sample testing, and finally
fill the digestion tube and

detection tank with
pure water

Single run the entire process of
sample testing, namely:
cleaning 1- reagent filling
- injection - digestion -
detection - cleaning 2

Automatic operation can set the number of
automatic runs and

interval time, used for in-
situ testing or multiple

laboratory sample testing.
Scheduled automatic

operation, the number of
runs cannot be 0, and if
the number of digits is

insufficient, use 0 to make
up for it

System reset All parameters are
powered off and retained

Parameter
settings

Read EEPROM storage data Read standard curve,
digestion time, digestion

temperature
setting parameters

Digestion time Digestion time,
0 - xxx min

Diestion temperature Diestion temperature,
0 - xxx °C

Color development time Phosphorus molybdenum
blue reaction time setting,

0 - xx min
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conditions through a high-temperature digestion reaction. The

digestion module suitable for high temperature and high pressure

conditions consists of a cylindrical quartz glass tube with both

upper and lower openings, onto which a 12 cm long j0.45 mm

resistance wire is wound (Figure 1A). The resistance wire heats the

liquid in the digestion tube, and a temperature probe is installed to

regulate the digestion temperature. The inlet and outlet of the

digestion tube are connected to two solenoid valves (Shanghai Leqi

Fluid, HV-12516), which should be closed during digestion to

maintain a sealed state and prevent liquid splashing at high

temperatures. The sample and digestion reagents are delivered to

the digestion tube via the injection pump and selection valve, and

mixing is facilitated by injecting bubbles into the digestion tube.

Afterwards, the resistance wire is powered for heating. When the

temperature reaches 120°C, the resistance wire power supply is

disconnected. When the temperature drops below 120°C, heating

continues to ensure that the temperature remains at 120°C during

the digestion time. The digestion tube is made of quartz material

and has undergone long-term experiments to meet the

requirements of current instrument equipment, which adopts

commonly used components for total nitrogen analyzer, total

phosphorus analyzer, and chemical oxygen demand (COD)

analyzer in environmental protection systems. In this system, the

digestion tube has also been sealed with sealing rings placed at the

pipeline joints. During the experiment, it was found that the liquid
Frontiers in Marine Science 05
would boil during the digestion process by the digestion tube leaked

air, posing a risk of operation. Therefore, we also conducted

experiments to ensure good sealing of the digestion tube

after installation.

The detection module comprises a customized Z-type flow cell

(3.0 cm path length, 1.5 mL volume), an 880 nm central wavelength

LED lamp equipped with a beam splitter, and a photodiode. The

emission spectra of the LED and the absorption spectra of the

products formed by the PMB reaction are well-aligned, enabling

accurate determination of the relationship between phosphate

concentration and absorbance. The inclusion of a beam splitter

enhances detection performance by reducing the detection limit.
2.3 Experimental process

The principle of TP detection is to first convert organic and

inorganic phosphorus to orthophosphate and then perform

colorimetric measurements on the orthophosphate. The steps of

single measurements of TP is shown in Table 2. In a typical

experiment, a 1930 μL sample and 70 μL oxidant were drawn

through a syringe and injected into the digestion tube in sequence.

The solenoid valves at both ends were closed, the samples were

heated, and the temperature was maintained for 20 min after it rose

to 120°C. The TP samples were oxidized by potassium persulfate. In
TABLE 2 The SIA steps of the TP determination.

Process Operation steps
Volume

mL
Speed
mL/s

Valve
position

Pump initialization / / /

Clean the digestion tube and
evacuate it

Open the solenoid valve / / /

Extract the solution from the digestion tube 2500 500 8

Syringe emptying 2500 500 9

Sample filling syringe 2000 500 3

Empty the syringe 2000 500 9

Sample filling syringe 2000 500 3

Empty the syringe 2000 500 9

Sample mixing, digestion

Sample injection 1930 300 3

Injecting oxidant 70 300 4

Inject the mixed solution into the digestion tube 2000 300 8

Extract the solution from the digestion tube 2200 300 8

Inject the mixed solution into the digestion tube 2200 300 8

Injector sucks air 100 300 5

Inject into the digestion tube 100 300 8

Close the solenoid valve / / /

Start heating up, maintain the temperature at 120°C, digest for 20
minutes, cool down for 5 minutes, and then open the solenoid valve

/ / /

Clean the syringe Sample filling syringe 2000 500 3

(Continued)
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order to reduce power consumption, the natural cooling was chosen

in the digestion module instead of an exhaust fan. According to our

previous experience, the sensor cooling can be reduced to below 90

degrees for about 5min, and it is safe to open the solenoid valve at

this temperature. Potassium persulfate has a symmetrical structure

with a bond energy of 140 kJ/mol, and the O-O bond distance is

1.497 Å (Zhao et al., 2013). The essential mechanism of potassium

persulfate activation is O-O bond cleavage. The energy input at high
Frontiers in Marine Science 06
temperatures (>60°C) can cause the fission of O-O bonds to form

sulfate radicals, as shown in Equation 1:

S2O
2−
8 →2SO• −

4 (1)

Hydroxyl radicals were the predominant radicals generated

during the heat activation of the persulfate process (Zhu et al.,

2021), suggesting that sulfate radicals rapidly converted into

hydroxyl radicals during the heating process, as illustrated in
TABLE 2 Continued

Process Operation steps
Volume

mL
Speed
mL/s

Valve
position

Empty the syringe 2000 500 9

Pure water filled syringe 2000 500 1

Empty the syringe 2000 500 9

Reagent mixing leads to
color reaction

Ms injection 300 300 6

VC injection 83 300 7

Extract the solution from the digestion tube 2000 300 8

Inject into the digestion tube 2383 300 8

Injector sucks air 200 300 5

Inject into the digestion tube 200 300 8

Clean the injector and inspect
the pipeline

Sample filling syringe 2000 500 3

Empty the syringe 2000 500 9

Sample filling syringe 2000 500 3

Empty the syringe 2000 500 9

Sample filling syringe 2000 500 3

Empty the syringe 2000 300 9

Test the blank absorbance of
the sample

Open the detection module / / /

Detect absorbance / / /

Clean the injector and inspect
the pipeline

Pure water filled syringe 2000 500 1

Empty the syringe 2000 500 9

Detect the absorbance of
phosphomolybdic blue reaction

Extract the solution from the digestion tube 2500 500 8

Empty the syringe 2500 300 9

Measure absorbance and calculate concentration / / /

Clean the injector and inspect
the pipeline

Sample filling syringe 2000 500 3

Empty the syringe 2000 500 9

Pure water filled syringe 2000 500 1

Empty the syringe 2000 500 9

Clean and fill the
digestion tube

Pure water filled syringe 2000 500 1

Inject into the digestion tank 2000 500 8

Pure water filled syringe 2000 500 1

Empty the syringe 2000 500 9

Clean and fill the
detection pipeline

Pure water filled syringe 2000 500 1

Empty the syringe 2000 500 9
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Equation 2 (Matzek and Carter, 2016).

SO• −
4 +  H2O →SO2−

4 +  HO• +  H+ (2)

In most reaction systems, the reaction between sulfate radicals

and water is too slow to be significant, with a reaction rate of

Equation 2 being very low (< 2 × 10–3 s–1) (Zhao et al., 2021).

However, high temperatures can considerably accelerate this

reaction rate. At specific temperatures, pH also influences the

conversion of sulfate radicals to hydroxyl radicals. It has been

reported that SO4·− is the predominant radical at pH< 7; both

SO4·− and HO· are present at pH = 9, and HO· is the predominant

radical at pH = 12 (Yang et al., 2010).

OH• is the neutral form of hydroxide ions, representing

hydroxyl radicals, (OH−). Hydroxyl radicals are highly reactive

and function as strong oxidizers (Wang and Wang, 2018; Zhao

et al., 2021). In this work, sulfate radicals were employed to oxidize

the phosphorus to orthophosphate.

After digestion, the solenoid valves at both ends were then

opened following a 5-min cooling Period (temperature among 80-

90°C). Inject the MS and Vc into the digestion tube separately, mix

evenly, and complete the phosphomolybdenum blue (PMB) color

reaction of orthophosphate. After completing the filtered sample

absorbance detection, inject the colorimetric solution from the
Frontiers in Marine Science 07
digestion tube into the detection cell for absorbance detection

(Figure 2A). The pipeline connection is shown in Figure 2B.

Absorbance was measured at the maximum wavelength of 880

nm. In brief, the syringe extracts 300 μL of MS and 83.33 μL of Vc,

which are injected into the digestion tube and mixed by moving the

syringe back and forth to ensure thorough mixing. The syringe then

removes 2 mL of the sample from the sample port and transfers it to

the detection tank. These steps are repeated three times. The first

two steps involve cleaning the syringe, while the final step measures

the blank absorbance of the sample to account for turbidity. During

the third run, the LED lamp (center wavelength 880 nm) is

activated, and the optical signal is converted into an electrical

signal by the photodiode; the signal value of the sample is

recorded as I0. Subsequently, the PMB solution is injected into

the detection cell. After 30 s, the solution’s color development is

complete, and the light intensity I1 is recorded. The absorbance of

the solution is calculated using the formula A = lg (I1/I0), and the

concentration of the sample is determined using the linear

relationship between absorbance and the standard solution. The

reaction principles of phosphomolybdenum blue are shown in

Formulas 3 and 4.

PO3−
4 +  12MoO2−

4 +  27H+ → H3PO4(MoO3)12 +  12H2O (3)
FIGURE 2

The reaction flowchart. (A) was the reaction process diagram and (B) was the diagram of pipeline connection, where the MS represents molybdate
solution, Vc represents ascorbic acid solution. The number on the selection valve represents the channel, where 1 connecting DI water; 2 connects
the standard solution; 3 is the injection channel, the sample through the filter after the connection of the valve port; 4 connects the oxidant; 5
connects air; 6 connects MS; 7 connects Vc; 8 connects the digestion pool; 9 connects the detection pool, and waste liquid also flows through the
valve port.
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H3PO4(MoO3)12 +  Redutant → ½H4PMo(VI)8Mo(V)4O40�3− (4)
2.4 Sensor characterization

The performance of the sensor is primarily indicated by

parameters including accuracy, precision, linearity, and the lower

detection limit. The specific parameters and calculation methods

are listed in the supplementary document.
2.5 Practical application demonstration

Following the evaluation of the automatic in situ sensor’s

performance, a series of engineering tests were conducted,

including vibration shock, high- and low-temperature, and salt

spray experiments, to further assess its suitability for real

marine environments.

Subsequently, in situ experiments were performed at the

Qingdao wharf barge to monitor changes in total phosphorus

concentration in seawater. The sensor operated five times daily.

During this period, water samples were collected two days a month

near the sensors for laboratory analysis, and the results were

compared with those obtained from the sensor.

For comparison purposes, samples from near the sensor location

were collected immediately, stored in plastic bottles at 4°C, and

analyzed in the laboratory within one week of collection.
2.6 Statistical analysis

The research data is analyzed using Origin 2019b software

(OriginLab, USA).
3 Results and discussion

3.1 Optimization of reagent concentrations

The efficiency of digestion is critical for accurate total phosphorus

monitoring. To improve oxidation efficiency and reduce the detection

limit, optimization of the oxidation reaction parameters—such as

oxidizer concentration, pH, oxidation time, and reaction temperature

—is required. A 1.00 mg/L sodium b-glycerophosphate solution

(calculated by P) was used to evaluate oxidation efficiency under

varying oxidizer concentrations and reaction conditions. The

correlation between absorbance and potassium persulfate

concentration was examined within the range of 25 to 35 mg/L. As

shown in Figure 3A, the optimal oxidation rate was achieved at a

concentration of 30 mg/L. Research indicates that insufficient

oxidants are provided by low persulfate concentrations, while high

persulfate concentrations hinder the reaction rate. Increased

persulfate content in the digestion solution notably lengthened the

time needed for complete color development during the phosphate

measurement process; however, it did not affect the maximum
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absorbance of phosphoantimonylmolybdenum at 880 nm within

the adequate color development period. Thus, the absorbance of

samples digested with higher persulfate concentrations was lower,

given the same digestion and color development durations.

According to reactions (1) and (2), hydroxyl radicals (OH•),

generated from water molecules (H2O) and persulfate (S2O8
2–),

influence the efficiency of phosphorus oxidation. Therefore, it is

essential to control the optimal pH and persulfate concentration to

ensure sufficient OH• for the oxidation of total phosphorus. H3BO3

was employed as a pH regulator to investigate changes in

absorbance with varying concentrations from 12 g/L to 20 g/L

(Figure 3B). As depicted in Figure 3B, the absorbance peaked at 1.13

when the concentration of H3BO3 was 18 g/L, and decreased at both

lower and higher concentrations. Thus, the optimal concentration

for the reaction was determined to be 18 g/L H3BO3.

Several methods are available for digesting total phosphorus

with potassium persulfate, with high-temperature and high-

pressure digestion being the most commonly used. The thermal

decomposition of persulfate between 50°C and 130°C adheres to an

Arrhenius relationship, with a half-life of about 30 s at 130°C and 4

h at 75°C (Peyton, 1993; Doyle et al., 2004). A range of temperatures

from 110°C to 130°C was examined using this potassium persulfate-

thermal method. The results indicated that the optimal reaction

temperature was 120°C, which remained relatively stable at around

0.97°C (Figure 3C).

Figure 3D illustrates the digestion efficiency for various

oxidation times. The optimal oxidation time was determined to

be 20 min, with an absorbance value of 0.97. Shorter oxidation times

lead to insufficient oxidation of phosphorus in the solution and

incomplete conversion to orthophosphate, resulting in incomplete

oxidation reactions. Conversely, extending the reaction time to 30

min causes significant evaporation of the sample solution, reducing

the absorbance to 0.92. Therefore, the following conditions were

established for subsequent experiments: oxidizer (30 g/L potassium

persulfate), pH (18 g/L H3BO3), temperature (120°C), and

oxidation time (20 min).

Following phosphorus digestion, both organic and inorganic

phosphorus are converted into orthophosphate, which remains as

the final form of phosphorus. Spectrophotometry is widely utilized

for phosphate analysis, despite growing interest in nanomaterial-

based colorimetric sensors in recent years. The PMB method

remains the most commonly employed technique (Li et al., 2019;

Pinyorospathum et al., 2019; Salem and Draz, 2020). This chemical

process begins with the reaction of orthophosphate with acidic

molybdate to produce 12-molybdophosphoric acid, which is then

reduced to PMB, as described in Equations 3 and 4 (Nagul et al.,

2015). The concentration of total phosphorus is calculated based on

the relationship between the absorbance at 880 nm and the

concentration of PMB.

Different reagent concentrations were examined to determine

the optimal color reaction. Based on a univariate experimental

design, the reagent concentration for comparative color analysis

was refined. The optimal injection volume for the sodium

molybdate mixture was found to be 300 μL, with both higher and

lower volumes resulting in reduced absorbance values (Figure 4A).

Figure 4B illustrates the change in absorbance with increasing
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ascorbic acid concentration in the optimal sodium molybdate

mixture. The figure indicates that with 83 μL of ascorbic acid, the

absorbance value peaked at 0.58. Further increases in the number of

steps for ascorbic acid led to a decrease in absorbance values.

The detection of phosphate color is influenced by different

models of detection pools. Two types of cuvettes were analyzed, and

experiments revealed that Z-shaped cuvettes are more appropriate

for flow injection analysis (Figure 4C).

Coloring time is a critical factor influencing detection sensitivity

and limit of detection. The relationship between coloring time and

absorbance value was investigated experimentally. The results

(Figure 4D) showed that the absorbance value increased with

coloring time of up to 2 min. At 2 min, the absorbance value

reached its peak. Beyond 2 min, the absorbance value stabilized and

plateaued. Consequently, the optimal coloring time is 2 min.

Therefore, the detection cycle is within 30 minutes, and the

throughput of the sensor is 2 samples per hour.

Figure 5 presents the determination results for five representative

phosphorus compounds, each prepared at 5.0 mg P/L. The digestion

efficiencies for the different phosphorus-containing substances were

96.8% ± 0.8%, 97.5% ± 0.7%, 96.0% ± 1.3%, 100.1% ± 0.4%, and 87.3%

± 0.6%, respectively. As with other digestion methods (Worsfold et al.,

2005), phosphorus recovery was compound-specific. For the

phosphorus compounds with a C–O–P bond (b-SGP), the recovery
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was neer 100%, akin to the values reported for autoclave digestion with

alkaline persulfate (Maher et al., 2002). Phosphorus compounds with a

P–O–P bond (SHP, 5-PP) showed recoveries similar to those reported

by Worsfold et al. (2005). However, the recovery for phosphorus

compounds with a P–O–P bond (ATP) was 87.3% ± 0.6%, which was

lower than the value reported by Huang and Zhang (2009), but close to

the results obtained from autoclave persulfate digestion performed in

this laboratory. The average recovery for the five compounds was

95.54% ± 0.76%, comparable to previous results from either acidic or

alkaline persulfate autoclave methods, with no apparent correlation

between recovery and compound structure (Huang and Zhang, 2008).
3.2 Sensor performance

The performance of the sensor was evaluated based on accuracy,

precision, blank recovery, and sample recovery. The regression

equation of TP in DI water was Y = 5806.80 X - 259.72, with R2 =

0.9996; where Y is the TP concentration and X is the absorbance

(Figure 6A). The regression equation of TP in artificial seawater was

Y = 498.87 X - 9.37, with R2 = 0.9995; where Y is the TP

concentration and X is the absorbance (Figure 6B). The findings

indicated that the detection limit for seawater samples was 1.9 μg/L,

with a detection range of 6.5–1000 μg/L. For fresh water samples,
FIGURE 3

Optimization of digestion reaction conditions. 1.00 mg/L sodium b-glycerophosphate solution (calculated by P) was used to analyze the oxidation
effect under oxidizer concentrations and varied reaction environment. (A) Optimization of oxidant concentration; (B) Optimization of H3BO3

Concentration (30g/L K2S2O8); (C) Absorbance values at different reaction temperatures; (D) Absorbance values at different reaction time.
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FIGURE 5

Digestion efficiency (%) of different phosphorus containing substances under the optimal reaction conditions. Samples were separately prepared at
5.0 mg P/L. b-Sodium glycerophosphate(C3H12NaO7P, b-SGP); 5-Pyridoxal phosphatemonohydrate (C8H10NO6P, 5-PP); Sodium hexametaphosphate
((NaPO3)6, SHP); Sodium pyrophosphate(Na4P2O7, SPP); Adenosine 5’-triphosphate(C10H16N5O13P3, ATP).
FIGURE 4

Different conditions for color reaction. Taking 1.00 mg/L sodium b-glycerophosphate solution (calculated by P) as an example under the optimal
oxidation conditions. (A) Optimization of molybdate solution concentration; (B) Optimization of ascorbic Acid Concentration; (C) Absorbance values
of different flow cell shapes; (D) The relationship between color development time and absorbance value.
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such as river water, the detection limit was 1.2 μg/L, and the detection

range was 4.1–2000 μg/L. The recovery rates for various water

samples were assessed, and the test results are presented in Table 3.

Recovery rates ranged from 97.59% to 103.19%.

Table 4 compares the flow methods or instrumental techniques

for Phosphorus determination in water. Although some literature

has lower detection limits than this article, underwater in-situ

detection has not been achieved. There are other methods with a

detection limit below 1 μg/L, but the detection parameter is

phosphate, not total phosphorus. In contrast, the present method
Frontiers in Marine Science 11
have achieved an in-situ monitoring of total phosphorus

underwater with low detection limit.
3.3 Turbidity and temperature
compensation algorithm

With small salinity variation in open seawater and the use of

standard solutions of similar salinity to prepare standard curves,
FIGURE 6

Standard curve of the sensor. The standard curve in pure aqueous solution was shown in (A), which is suitable for monitoring fresh water from river
water and tap water; (B) demonstrated the standard curve of artificial seawater for water quality monitoring in coastal waters.
TABLE 3 Sample recovery.

Sample Salinity Concentration
(mg/L)

Added
(mg/L)

Found (mg/L) Recovery
(%)

Standard solution 0

0.500

/

0.4978 99.56

0.700 0.7474 106.77

1.000 1.031 103.10

1.500 1.5498 103.32

2.000 1.9890 99.45

Standard solution 35

0.020

/

0.0185 92.50

0.050 0.0488 97.60

0.100 0.1010 101.00

0.200 0.2104 105.20

0.400 0.3802 95.05

0.600 0.5990 99.83

0.800 0.7960 99.50

1.000 0.9688 96.88

Seawater 1 33 0.0318 0.200 0.2353 101.51

Seawater 2 33 0.0292 0.200 0.2287 99.78

Seawater 3 33 0.0287 0.200 0.2360 103.19

River 0 0.6234 0.200 0.8036 97.59
frontiersin.org

https://doi.org/10.3389/fmars.2024.1492115
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


TABLE 4 Flow analysis methods for phosphorus determination in water.

thod description References
NO.

Ref.

ion of the molybdenum blue method for
ab-on-chip (LOC) analyzer and evaluate
the laboratory and at two contrasting

field sites

39 Grand
et al.,
2017

e routine analyses of certified
CRMs) with the application of a simple
to quantify the combined (random +
ent uncertainty associated with marine
easurements using gas segmented
flow techniques

54 Birchill
et al.,
2019

quid waveguide capillary flow cell
st of detection and a consumption of 23
t most for each reagent

33 Yang
et al.,
2020

ersulfate oxidation method for the
nation of total dissolved nitrogen (TDN)
osphorus (TDP) in seawater using a gas-
d continuous flow analyzer

27 Yasui-
Tamura
et al.,
2020

osphorus in the Koto river using fow
jection analysis (FIA)

5 Asano
and

Shiraishi,
2020

tomated integrated syringe
ental-water analyzer (iSEA), which uses
ultiposition selection valve to overcome
f the current batch and continuous
flow analyzers

48 Deng
et al.,
2020

lassy carbon electrode, modified with
n nanotubes and Au nanoparticles

69 Wu
et al.,
2021

ard in autonomous underwater vehicle
and presents new capability to extend
ine phosphorous cycle the first report of

82 Birchill
et al.,
2021

(Continued)

Z
h
an

g
e
t
al.

10
.3
3
8
9
/fm

ars.2
0
2
4
.14

9
2
115

Fro
n
tie

rs
in

M
arin

e
Scie

n
ce

fro
n
tie

rsin
.o
rg

12
Year Title Flow
mode

Underwater
measurements

Detected
species

Detection
Range/
Limite
Of

Detection

Matrix Me

2017 A Lab-On-Chip Phosphate Analyzer for
Long-term In Situ Monitoring at Fixed

Observatories: Optimization and
Performance Evaluation in Estuarine and

Oligotrophic Coastal Waters

Lab-
on-chip

Yes Phosphate 0.3-13
μmol/L

Water describe the optimiza
in situ work using a

its performance in

2019 Realistic Measurement Uncertainties for
Marine Macronutrient Measurements

Conducted Using Gas Segmented Flow and
Lab-on-Chip Techniques

SFA NO Phosphate 0.1 μmol/L Marine combine th
reference materials (
statistical techniqu

systematic) measurem
macronutrient

2020 Development of an In Situ Analyzer Based
on Sequential Injection Analysis and Liquid

Waveguide Capillary Flow Cell for the
Determination of Dissolved Reactive

Phosphorus in Natural Waters

SIA NO Dissolved
Reactive

Phosphorus

1.4 μg/L Natural
Waters

with a 10 cm l
and a 6.3 min time co

μL a

2020 Automated simultaneous determination of
total dissolved nitrogen and phosphorus in
seawater by persulfate oxidation method

SCF NO Total
Dissolved
Phosphate

0.04
μmol/L

seawater an automated p
simultaneous determi
and total dissolved ph

segment

2020 Monitoring of Total Phosphorus in Koto
River by Flow Injection Analysis

FIA NO TP 3 μg/L in
Koto
River

determined total p
in

2020 Automated determination of dissolved
reactive phosphorus at nanomolar to

micromolar levels in natural waters using a
portable flow analyzer

SIA NO Dissolved
Reactive

Phosphorus

0.11
mmol/L

Natural
Waters

a fully a
pump-based environm
a syringe pump and m

the drawbacks o

2021 Sequential injection-square wave
voltammetric sensor for phosphate

detection in freshwater using silanized
multi-walled carbon nanotubes and

gold nanoparticles

SIA NO Phosphate 0.3 μg/L Lake
and
pool
water

detection with a g
silanized carbo

2021 Exploring Ocean Biogeochemistry Using a
Lab-on-chip Phosphate Analyser on an

Underwater Glider

FIA Yes Phosphate 0.03
mmol/L

Seawater a significant step for
sensor capabilities

research into the mar
t
l

e

m

i

e

h

u

w

https://doi.org/10.3389/fmars.2024.1492115
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhang et al. 10.3389/fmars.2024.1492115

Frontiers in Marine Science 13
salinity affected the total P detection. As well all know, silicic acid

and arsenate are the main interfering ions of phosphate detection by

the PMB method, because they can form similar blue compounds

with molybdate to enhance the detection signal. However, it was

found that the absorbance was unaffected by silicon concentrations

below 100 mmol/L and arsenic below 150 nmol/L (Patey et al., 2010;

Chen et al., 2021). In the oligotrophic open-ocean, silicon

concentrations is lower than 2.5 mmol/L and arsenic

concentrations is lower than 50 nmol/L (Patey et al., 2010; Wurl

et al., 2013), thus the effect on the phosphate detection was

negligible. In this paper, the sample was firstly filtered and

converted into phosphate after high temperature and high

pressure digestion for the detection of the total phosphorus

concentration. The so-called interfering ions in the sample were

oxidized during digestion, which had no effect on the

subsequent detection.

The turbidity of samples can interfere with total phosphorus

detection due to the presence of microorganisms, sediment, and

other contaminants in water samples from real monitoring

environments. To mitigate this interference, the reagent

compensation method outlined in the national standard was

employed. For flow injection analysis, prolonged measurement

times and high turbidity in the developed color solution can lead

to unstable measurement results. Therefore, in this study, a bucket

filter of 10 mm without incrustation (Millipore, United States) was

installed at the injection site to minimize sediment and other

pollutants. At the same time, we measured the absorbance of the

sample filtered by 10 mm to perform turbidity compensation. The

absorbance value of the sample is the difference between the

absorbance value after color development and the absorbance

value of the filtered sample.

To better understand the trend of total phosphorus detection in

water environments, temperature control of the sensor hardware

and the environmental temperature compensation algorithm were

implemented to eliminate temperature effects on detection.

Specifically, the sensor was placed in a water bath to ensure that

other boundary conditions remained constant except temperature

(Figure 7). By varying the water bath temperature, a series of

absorbance values were collected for the total phosphorus

standard solution. Partial least squares model (PLS), as a powerful

statistical modelling method is particularly suitable for detecting

water quality parameters in modeling. The core of PLS is to handle

the complex relationship between independent variables

(temperature and absorbance) and dependent variables (TP

concentration), which can be used to extract latent variables from

the variables and address potential multicollinearity issues between

independent variables (Cao et al., 2024).

In this work, the PLS was developed to predict values, where

temperature and absorbance were used as input parameters with

concentration as the output value. According to the control variable

method, eight different temperatures (5, 10, 15, 20, 25, 30, 35, 40°C)

and four different concentrations of TP (0, 50, 100, 200 mg/L) were
set to measure output absorbance of the sensor that corresponded to

different TP concentration values at different sets of temperatures

and concentrations to obtain a series of data. The PLS method was

used to construct the model. The advantage of this method is to
T
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handle multicollinearity between independent variables, even if the

number of variables is much larger than the sample size, it can still

perform stable modeling. After the PLS calculation, the correlation

coefficient between the prediction result and the real value is 0.8351.

Bayes’ theorem can be widely applied in data analysis, pattern

recognition, statistical decision-making, and the most popular
Frontiers in Marine Science 14
artificial intelligence. In our study, the fitting degree of the

corrected data improved from 0.8351 to 0.9926 compared to the

precorrected data after the Bayesian correction model was applied

for data compensation. The corrected data provides a more accurate

representation of the total phosphorus content in the water quality

at the monitoring site.
FIGURE 7

Temperature correction experimental device and schematic diagram. (A) is the schematic diagram of the experimental setup. Reagent bags content
all liquid bags, including DI water, samples, standard solutions, oxidants, MS, and VC. (B) is the experimental result chart before and after Bayesian
correction. The horizontal axis represents sample concentration, and the vertical axis represents absorbance. The black line represents the true value
of the sample, and the blue line represents the output value after passing through the PLS model. (C) is the schematic diagram of
temperature correction.
FIGURE 8

Comparison of laboratory test results and in-situ monitoring data. It represents laboratory testing data and sensor in-situ monitoring data from
different time periods during the comparison period from July to October. Laboratory (1) represents the laboratory test results after collecting
samples at various time periods on the first day of each month’s comparison period; Laboratory (2) represents the laboratory test results after
collecting samples at various time periods on the second day of the monthly comparison period; In situ (1) represents the monitoring data of
sensors at various time periods on the first day of the monthly comparison period; In situ (2) represents the monitoring data of sensors at various
time periods on the first day of the monthly comparison period. To reduce errors, the sampling time is kept consistent with the sensor
injection time.
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3.4 In-situ and online experiments

From July to October 2020, experiments were conducted over a

four-month period. The in situ sensor was deployed on the barge at

the Qingdao wharf, operating five times daily. Due to limitations in

reagent validity and quantity, the sample was transported back to the

laboratory for maintenance on a monthly basis. During this time,

seawater samples were collected near the sensor on two days each

month for laboratory analysis by the professional water sampler, with

the data compared to the equipment’s testing results (Figure 8). The

concentration of total phosphorus in seawater remained relatively

stable, varying between 15.31 and 28.59 μg/L. A minor increase in

total phosphorus concentration was observed from July to October.

Additionally, the sensor was used at a river monitoring station

in Zhejiang. During this period, construction work upstream caused

the river water to become red and resulted in an increase in total

phosphorus concentration. The on-site measurement of total

phosphorus was 678.3 μg/L.
4 Conclusion

A portable analytical sensor has been effectively developed for in

situ monitoring of total phosphorus concentrations in water. The

sensor system includes an injection pump, digestion tubes for total

phosphorus wet chemical reactions, and optical detection tanks for

colorimetric analysis. The TP in situ sensor utilizes potassium

persulfate high-temperature oxidation coupled with PMB

spectrophotometry. A series of experiments were conducted to refine

assay protocols and reaction conditions, validate the temperature

compensation algorithm, and confirm the technical feasibility and

reliability of the method. This sensor provides automation, minimizes

manual labor, reduces reagent usage, and offers advantages such as

rapid processing, low cost, and portability. It is suitable for analyzing

river water, surface water, and industrial wastewater. Moreover, this

autonomous in situ sensor can be utilized on both mobile and fixed

platforms, including shore base stations, ships, and buoys.
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Yin, T., Papadimitriou, S., Rérolle, V. M. C., Arundell, M., Cardwell, C. L., Walk, J.,
et al. (2021). A novel lab-on-chip spectrophotometric PH sensor for autonomous in
situ seawater measurements to 6000 m depth on stationary and moving observing
platforms. Environ. Sci. Technol. 55, 14968–14978. doi: 10.1021/acs.est.1c03517

Yokoyama, Y., Danno, T., Haginoya, M., Yaso, Y., and Sato, H. (2009). Simultaneous
determination of silicate and phosphate in environmental waters using pre-column
derivatization ion-pair liquid chromatography. Talanta 79, 308–313. doi: 10.1016/
j.talanta.2009.03.053

Zhang, Y. M., Shi, Q., Sun, Z. L., Wang, Y., Zou, Y., Wang, Q., et al. (2019).
Improvement of the uv-induced reduction efficiency of nitrate by manganese (ii)
chloride based on sequential injection analysis. IOP Conf. Series: Earth Environ. Sci.
267, 032006. doi: 10.1088/1755-1315/267/3/032006

Zhang, Y. M., Zou, Y., Shi, Q., Wang, Y., Sun, Z. L., Wang, Q., et al. (2020).
Determination of total dissolved nitrogen in seawater based on sequential injection
analysis. IOP Conference Series: Earth and Environmental Science 461, 012017.
doi: 10.1088/1755-1315/461/1/012017

Zhao, C., Chen, L., Zhong, G., Wu, Q., Liu, J., and Liu, X. (2021). A portable
analytical system for rapid on-site determination of total nitrogen in water. Water Res.
202, 117410. doi: 10.1016/j.watres.2021.117410

Zhao, D., Liao, X., Yan, X., Huling, S. G., Chai, T., and Tao, H. (2013). Effect and
mechanism of persulfate activated by different methods for pahs removal in soil. J.
Hazard. Mater. 254–255, 228–235. doi: 10.1016/j.jhazmat.2013.03.056

Zhao, H. X., Liu, L. Q., Liu, Z. D., Wang, Y., Zhao, X. J., and Huang, C. Z. (2011).
Highly selective detection of phosphate in very complicated matrixes with an off–on
fluorescent probe of europium-adjusted carbon dots. Chem. Commun. 47, 2604–2606.
doi: 10.1039/c0cc04399k

Zhu, J., Wang, S., Li, H., Qian, J., Lv, L., and Pan, B. (2021). Degradation of
phosphonates in Co(II)/peroxymonosulfate process: Performance and mechanism.
Water Res. 202, 117397. doi: 10.1016/j.watres.2021.117397
frontiersin.org

https://doi.org/10.1021/acssensors.2c02343
https://doi.org/10.1021/acs.est.1c06471
https://doi.org/10.1016/j.watres.2019.01.007
https://doi.org/10.1016/j.microc.2024.110688
https://doi.org/10.1016/j.microc.2024.110688
https://doi.org/10.1016/j.cej.2017.11.059
https://doi.org/10.1016/j.aca.2013.06.015
https://doi.org/10.1016/j.aca.2013.06.015
https://doi.org/10.1016/j.talanta.2004.09.006
https://doi.org/10.1016/j.microc.2021.106311
https://doi.org/10.1007/s13762-021-03275-5
https://doi.org/10.4319/lo.2013.58.2.0729
https://doi.org/10.3964/j.issn.1000-0593(2019) 02-0589-07
https://doi.org/10.3390/s20102967
https://doi.org/10.1016/j.jhazmat.2010.03.039
https://doi.org/10.1016/j.talo.2020.100016
https://doi.org/10.1016/j.talo.2020.100016
https://doi.org/10.1021/acs.est.1c03517
https://doi.org/10.1016/j.talanta.2009.03.053
https://doi.org/10.1016/j.talanta.2009.03.053
https://doi.org/10.1088/1755-1315/267/3/032006
https://doi.org/10.1088/1755-1315/461/1/012017
https://doi.org/10.1016/j.watres.2021.117410
https://doi.org/10.1016/j.jhazmat.2013.03.056
https://doi.org/10.1039/c0cc04399k
https://doi.org/10.1016/j.watres.2021.117397
https://doi.org/10.3389/fmars.2024.1492115
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Automatic in situ sensor based on K2S2O8 oxidation method for total phosphorus detection in marine water
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Analytical system design
	2.3 Experimental process
	2.4 Sensor characterization
	2.5 Practical application demonstration
	2.6 Statistical analysis

	3 Results and discussion
	3.1 Optimization of reagent concentrations
	3.2 Sensor performance
	3.3 Turbidity and temperature compensation algorithm
	3.4 In-situ and online experiments

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


