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ABSTRACT 

DEVELOPMENT OF AN ELECTROCHEMICAL SENSOR FOR QUANTIFICATION OF 

SOIL PHOSPHORUS 

 

Reem Zeitoun                                                         Advisor: 

University of Guelph, 2021                                                           Prof. Asim Biswas                     

Unregulated applications of phosphorus (P) fertilizers to agricultural fields have led to P 

enrichment in agricultural watersheds and resulted in eutrophication and serious water quality 

issues with the health of North America’s Great Lakes. Better P measurement tools are required 

to characterize soil P variability within agriculture landscapes to identify areas for site-specific 

management of P fertilizers and targeted best management practices implementation. Traditional 

P tests are expensive and labor- and time-intensive. Electrochemical sensors have shown potential 

as low-cost, instant, accurate, and reliable measurement tools for various nutrients and chemical 

properties. In this thesis, electrochemical P sensors based on potentiometric and cyclic 

voltammetry approaches were developed for soil P tests in laboratories and infields. Experimental 

data on the response time, selectivity, repeatability, and sensitivity of the sensors were compiled. 

Potentiometric cobalt-based alloy sensor showed a unique selectivity towards multiple P species 

(H2PO4
- and HPO4

2-) with a response time of ~9 min and a limit of detection of 0.51 mg.L-1−P, 

exhibiting a new reaction response towards phosphate ion. On the other hand, cyclic voltammetry 

scans using carbon screen-printed electrodes (SPEs) on phosphomolybdate complex P standard 

solutions and soil P extracts showed an instant response in detecting redox current peaks of the 

complex and achieved a lower limit of detection of 0.18 mg.L-1−P, The performance of the SPEs 



 

was optimized towards a higher sensitivity, lower limit of detection, and longer lifetime using 

mechanical polishing and was verified against well-established accredited soil P tests. A novel 

reagentless approach was developed and showed success towards using the cyclic voltammetry 

approach infield with zero chemicals involved by providing the extraction and reaction zones of P 

on a single piece of paper. The research showed that electrochemical soil P characterization can 

be useful for rapidly and accurately quantifying soil P to derive P maps from the sensors data 

needed for site-specific management strategies. The low cost, low mass, low volume, and robust 

nature of the electrochemical cyclic voltammetry approach offers a promising technology for 

future precision agricultural systems.  
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Chapter 1: Introduction 

The unregulated and excessive applications of phosphorus (P) fertilizers and animal manures to 

agricultural fields have led to P enrichment in agricultural watersheds and resulted in 

eutrophication and serious water quality issues with the health of North America’s Great Lakes 

(O'Sullivan and Reynolds  2004, JJ  2012). Models have quantified overall contributions at 

watershed scales and suggested best management practices (BMPs). However, contributions vary 

over areas within watersheds and often within fields, known as critical source areas (CSAs). 

Agricultural systems can be improved by providing cost-effective site-specific land management 

strategies and identifying areas needing BMPs. Modern laboratory methods such as colorimetric 

or inductively coupled plasma (ICP) spectroscopy can provide accurate measurement for a limited 

number of samples due to the cost, time, and labor, and are insufficient to characterize and quantify 

P variability within agricultural landscapes and identify CSAs. This has contributed greatly to the 

analytical developments of infield and laboratory P measurements. Electrochemical sensors are 

known for their high portability, low cost, accurate and reliable results and provide a way forward 

in measuring soil P with very simple means. These sensors can provide instant, accurate, and 

reliable measurements. However, electrochemical sensors have been well-established and 

developed only for calcium, sodium, nitrates, potassium, pH, dissolved oxygen, and electrical 

conductivity. Due to its complex forms and chemistry in soil, soil P is the least researched 

macronutrient for electrochemical sensing. Up to this date, there are no well-established or reliable 

electrochemical P sensors to measure soil P, and most are suffering from several deficits to be used 

in agriculture applications. This research focused on developing a P electrochemical sensor 

intended for soil P tests. 



 

2 

1.1 Hypothesis  

Cobalt- and molybdenum/molybdate-based electrochemical sensors have shown unique selectivity 

towards phosphates. However, further research needs to be done in the pursuit of higher stability, 

wider pH ranger, longer lifetime, lower detection limits, and applicability for in-laboratory and 

infield soil P detection. The overall hypothesis of this research is electrochemical phosphate 

sensors can provide an alternative to current laboratory analytical soil P detection tools. The 

specific hypotheses tested in this thesis were:  

• Hypothesis#1: alloying cobalt with molybdenum can increase the pH range of cobalt-based 

potentiometric phosphate sensors to be used in alkaline and acidic soil P tests. 

• Hypothesis#2: cyclic voltammetry principles in laboratory soil phosphate sensing, using 

carbon screen-printed electrodes, will show comparable results to standard laboratory soil 

phosphate tests. 

• Hypothesis#3: surface modification of screen-printed electrodes will enhance their 

sensitivity, reproducibility, and reusability in soil phosphate tests. 

• Hypothesis#4: impregnated filter papers can provide extraction and reaction zones for soil 

phosphate tests.  

1.2 Objectives 

To manage soil P, better P measurement methods are required. The overall goal of this research 

was to develop an innovative, fast, cost-effective, and accurate electrochemical soil P sensor 

needed to quantify spatial variability of P and identify CSAs for site-specific management 
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strategies thereby improving agricultural systems while reducing agricultural P contribution to 

waterbodies. The specific objectives of this research were: 

1- Develop and evaluate the calibration characteristics, selectivity, response time, 

reproducibility, and stability of the potentiometric alloy sensors in standard P solutions 

following the International Union of Pure and Applied Chemistry (IUPAC) recommended 

methods. (Chapter 3, hypothesis#1) 

2-  Evaluate the calibration characteristics, selectivity, response time, and reproducibility of 

cyclic voltammetry soil phosphate tests and validate sensor results against well-established 

laboratory soil P tests. (Chapter 4, hypothesis#2) 

3- Optimize sensor performance towards a higher sensitivity, lower limit of detection, and 

longer lifetime. (Chapter 5, hypothsis#3) 

4- Bring the developed P test to infield soil P testing by expanding the methodology towards 

reagentless phosphate assay. (Chapter 6, hypothesis#4) 

1.3 Thesis Structure 

In Chapter 2, a literature review was conducted on the importance of soil P management and the 

challenges associated with its current analysis tools. A brief overview was done on available 

sensors in agriculture to emphasize the importance of sensors in quantifying the physical and 

chemical properties of soil. Following that, the available phosphate sensors were reviewed, 

highlighting the challenges to using them in agriculture.  

To increase the pH range of cobalt-based potentiometric sensors and detect both H2PO4
- and 

HPO4
2-, a novel solid-based P sensor based on cobalt-molybdenum alloy was developed and 

compared to the individual metals P sensors performance in chapter 3. The cobalt-molybdenum 



 

4 

(63:42, wt%) alloy was prepared by electrodepositing cobalt and molybdenum on copper foil under 

galvanostatic control. Cyclic voltammetry analysis was performed on the corrosion response 

characteristics of cobalt, molybdenum, and their alloy to study their reaction towards phosphates. 

Experimental data on calibration characteristics, selectivity, response time, reproducibility, and 

stability of the three electrodes were compiled.  The cobalt, molybdenum, and their alloy exhibited 

different reaction mechanisms towards phosphates: mixed potential, near-Nernst potential, and 

oxidation-reduction (redox) mechanisms, respectively. The alloy showed good phosphate 

selectivity over a wide pH range, but its high limit of detection (10-4.78 M = 0.51 mg.L-1−P) and 

long response time (8-14 min) made it not suitable for soil P tests.  

Since the cobalt-molybdenum alloy P potentiometric sensor was not a success for soil P tests, the 

research’s focus shifted towards another electrochemical P detection test based on cyclic 

voltammetry current signals of phosphomolybdate ions, chapter 4. In this chapter, an 

electrochemical adaptation of the well-established Murphy-Riley colorimetric method for 

measuring inorganic P was studied. Using a portable potentiostat, cyclic voltammograms were 

obtained by scanning carbon screen-printed electrodes (SPEs) between -0.5 and 0.5 V under a 

scanning rate of 50 mV.s-1 in phosphate solutions. The voltammograms were used to detect anodic 

and cathodic current peaks of the phosphomolybdate ion in standard P solutions, and these peaks 

were correlated with phosphate concentration exhibiting a sensitivity of 0.67 µA/(mg.L-1). Soil 

samples from 11 agricultural fields across the Gully Creek watershed were processed and used in 

this study to validate this method against soil P measured by inductively coupled plasma optical 

emission spectroscopy. The study showed success in recovering an average of 98.27% of inorganic 

P in soil samples with an achieved limit of detection of 0.18 mg.L-1−P. Unlike Murphy-Riley’s 

method, the proposed method was not affected by the reaction time and P was detected instantly.  
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In continuation of chapter 4 to increase the sensitivity and make SPEs more reusable in 

phosphomolybdate electrochemical detection, a very simple surface pre-treatment method was 

implemented on the electrodes’ carbon surfaces in chapter 5. Some studies have shown the 

potential to reuse SPE, yet there was no systematic study done to understand the SPE’s background 

reactions after reuse. In this chapter, mechanical surface polishing of SPEs was implemented as a 

pre-treatment method before scanning the electrodes to detect phosphates. This was done using 

office paper (69 g.m-2) to polish the carbon surfaces for a few seconds until the SPEs gained a 

shiny and smooth graphite appearance. The surface morphologies of the electrodes were 

characterized using a scanning electron microscope to observe any differences in the porous 

structure of the electrodes. Randles-Sevcik equation was used in calculating the electro-active 

surface area before and after treatment. Tafel plots were generated to understand the kinetics of 

the treated electrodes. The treated electrodes were tested for legacy/memory effects associated 

with their reuse in soil P tests. Both treated and untreated electrodes exhibited very similar 

electroactive surface areas. However, the Tafel plots exhibited a lower charge transfer resistance 

for the treated SPEs resulting in higher signals. Hence, the treated SPEs showed an enhanced 

sensitivity response by 63.6 % and a lower limit of detection (0.10 mg.L-1−P) than observed in 

chapter 4. In addition, they showed reproducible responses following successive uses in soil 

extracts. The sustainable reuse of SPEs will further support a large number of soil P tests for the 

site-specific application of P fertilizers and reduce the cost of data generation for soil P mapping.  

In order to make the cyclic voltammetry phosphate test accessible infields and not only in 

laboratories, a study was done in chapter 6 to expand this test towards a reagentless method that 

can be used by any personnel. A novel paper-based reagentless test was developed to extract and 

detect soil P concurrently using just a small piece of paper that provided the extraction and reaction 
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zones for P. In this study, 41 Whatman filter papers were cut into 0.5″ × 0.5″ squares and used as 

the chemicals loading zone, providing chemicals required to extract P from soil and to form 

phosphomolybdate complex required for the electrochemical detection signal. The filter papers 

were loaded with concentrated Mehlich-3 components (×5), sulfuric acid, and ammonium 

molybdate tetrahydrate. The impregnated filter papers were characterized for their surface 

crystallization morphology, chemicals releasing capacity, and time required for maximum 

chemicals recovery. The impregnated filter papers showed an immediate release of loaded 

chemicals (1 min) and extracted soil P in just 2 min. In addition, less waste was associated with 

this method, requiring only 0.5 ml of water used as the solute medium where loaded chemicals are 

released and react with soil samples.  Soil samples from 22 sampling sites were used to validate 

this method against inductively coupled plasma (ICP) optical emission spectroscopy soil 

phosphate tests on Mehlich-3 extracts, showing a correlation slope and coefficient of 1.02 and 

0.98, respectively. The easy fabrication, chemical-free, portability, and fast responses of this 

method make it useful for infield soil P tests and accessible to not only agronomists but also 

farmers and other crop growers. 

Finally, in chapter 7, an overall conclusion of this research was presented, along with a number 

of proposed topics for future studies to address the knowledge gaps related to this research. 
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Chapter 2: Literature Review# 

#Parts of this chapter have been adapted from a published review paper and a book chapter as listed 

below: 

Zeitoun, R. & Biswas, A. 2020. Potentiometric determination of phosphate using cobalt: A review. 

Journal of The Electrochemical Society, 167, 127507. (Full review paper can be found in Appendix 

A) 

Zeitoun, R., Chaudhry, H., Vasava, H. B. & Biswas, A. 2021. Global development in soil science 

research: Agriculture sensors and technologies. In: Rakshit, A., Singh, S. K., Abhilash, P. C. & 

Biswas, A. (eds.) Soil science: Fundamentals to recent advances. Singapore: Springer, 599 – 612.  
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2.1 Importance of P 

Phosphorus (P) plays an essential role in energy storage, respiration, and photosynthesis in plants 

and is the second most limiting nutrient in crop production after nitrogen (Acosta-Martínez et al.  

2011). It is an essential component of ribonucleic acid (for protein synthesis in plants) and 

deoxyribonucleic acid (seat of genetic inheritance), and adenosine diphosphate/triphosphate 

(driving energy transformation in plants) (Brady and Weil  2016b). Other beneficial effects of P 

on plants are cell division, fat formation, flowering, fruiting, seed formation, crop maturation, root 

development, and crop quality improvement (Brady and Weil  2016b). The two major P pools in 

the soil are the organic pool (found in plant residues and humus) and the inorganic pool (found in 

calcium, iron, and aluminum compounds). In a representative mineral soil, 40 to 60 % of the total 

P would be found in each of the organic and inorganic P pools with 2% in the microbial form and 

0.01% in the available P form (from the soil solution at any one time) (Brady and Weil  2016b). 

For this reason, chemical fertilizers are used excessively to supplement the available phosphorus 

levels in the soil (Brady and Weil  2016b).  

2.2 Importance of P Management and Measurement 

The unregulated and excessive applications of P fertilizers and animal manures to agricultural 

fields have led to phosphorus enrichment in agricultural watersheds and resulted in eutrophication 

and serious water quality issues with the health of North America’s Great Lakes (O'Sullivan and 

Reynolds  2004, JJ  2012). Hence, soil P management is not only important to judge soil 

productivity but also in ensuring environmental sustainability. P management is based on three 

key factors: science, philosophy, and environmental implications.  
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P deficiency in soil is controlled by how much and how fast P gets to the plant roots. To understand 

how much P gets to the plant, the science behind soil P chemistry needs to be recognized. P in the 

soil can be classified as labile P, which is available to plants or organisms, and non-labile P, which 

is stable and exists in insoluble forms (Costa et al.  2016). Labile P comes from different soil P 

pools in the soil. Labile P can be adsorbed on clay minerals and oxides of iron (Fe) and aluminum 

(Al) (Figure 2.1), or it can be the mineralized fraction of organic P which is typically mineralized 

after a short time. The non-labile P fraction in soil includes the stable organic form that can remain 

in this form for years and the precipitated forms of inorganic P such as Al, Fe, manganese (Mn), 

and calcium (Ca) phosphates (Figure 2.1). Orthophosphates (H2PO4
- or HPO4

2-) are the plant-

available phosphorus (PAP) forms in soil that are readily absorbed by the plants in the soil solution 

(Figure 2.1) (Brady and Weil  2016b). The crop might recover less than 15% of fertilizer-applied 

phosphorus during the year the fertilizer was added, and the rest will either remain in labile P pool, 

get fixed into non-labile P forms, or leach into surrounding water bodies  (Brady and Weil  2016b).  
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Figure 2.1 P cycle in soil 

To determine soil P needs to maximize crop production (sufficiency philosophy) (Mallarino  

2009), soil test P (STP) values are assessed to provide an indirect measure of labile P (and some 

non-labile soil P which become available slowly) and predict the probability of response to applied 

P fertilizers (Watson and Mullen  2007a). P movement to the root surface is another important 

factor that limits P availability to plants. Due to the slow rate of P diffusion (Barber  1995), P is 

recognized as an immobile nutrient, and different P placement approaches (such as subsurface 

bands) are deployed to maximize P uptake by plants and decrease P losses through run off (Brady 

and Weil  2016c). STP is also used in monitoring applied P fertilizers rates required to build and 
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maintain STPs above critical values required to maximize crop productivity potential (build and 

maintain philosophy) (Hochmuth and Hanlon  2010).  

Eutrophication of surface waters is accelerated by P contributions from wastewater treatment 

plants and urban and agricultural runoffs in many countries, and remedial actions are needed 

towards mitigating P inputs. For example, Ontario is strongly committed to managing P fertilizers 

loads emerging from agriculture production to reduce the environmental impact of P (Smith  2016, 

OMAFRA  2016). This commitment is being put in place via collaboration between policymakers 

(e.g., OMAFRA) and stakeholders and is restated in subsequent best management practices 

(BMPs) programs (IJC  2014, Raay  2020). STP values are used in identifying critical source areas 

(CSAs), which are the main source of P loss across a field (Sharpley et al.  2003). The 4R (adding 

P at the Right rate based on STP levels, in the Right source, at the Right time, and in the Right 

place) nutrient management approach advocated by International Fertilizer Association (IFA  

2009) and International Plant Nutrition Institute (Bruulsema et al.  2012) is implemented for 

careful P management planning on-farm basis and field-by-field remedial actions plans. BMPs are 

applied to reduce P inputs to surface water and improve water quality. Some examples of BMPs 

include vegetative buffer strips along streams, rivers, and sensitive sites such as sink holes, 

application of manure and fertilizers based on crop nutrients requirements, and soil erosion control 

practices (including contour tillage, no-till agriculture, and other soil conservation/erosion 

prevention practices that leave crop residues on the surface) (Walker  2000).  

2.2.1 Traditional P Measurement Techniques and Their Challenges 

STP values provide an indication of soil P available to the plants and not the total concentration of 

P.  A viable STP extractant requires the development of two phases of research: a correlation phase 

and a calibration phase. The correlation between P extracted by chemical extractant and the P 
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amount available to the plants is necessary towards selecting the right chemical extractant (Watson 

and Mullen  2007b). The calibration phase of the soil P test involves determining the crop nutrient 

requirement at soil test values to produce quality responses to the added fertilizers and has been 

developed for different crop production (Mallarino et al.  2013, OMAFRA  2018). In traditional 

STP analysis, the soil samples are collected from the soil plowed layer (0-30 cm), airdried, sieved, 

and mixed with harsh chemical extractants to selectively extract P compounds from soil that are 

soluble or weakly adsorbed. Two of the commonly used extractants are  0.5 M sodium bicarbonate  

(Olsen  1954) and Mehlich 3 (Mehlich  1984). These solutions are then tested for PAP 

concentration using well-established spectroscopic and colorimetric methods which are labor- and 

time-intensive and require high maintenance. Murphy and Riley's (molybdenum blue) colorimetric 

method is utilized to measure the orthophosphate concentration in the extracted solution, and it 

can provide a minimum detectable concentration of 0.01 mg P per liter (Rice et al.  2017). Despite 

being the standardized method for phosphate assays, this method can only provide accurate 

measurement for a limited number of samples due to its complicated steps, which are influenced 

by human procedure, costs, and time. It is also not suitable for rapid PAP quantification of soil 

samples. Inductively coupled plasma optical emission spectroscopy (ICP-OES) is a modern 

analytical tool that uses calibration curves and conventional standard addition methods to quantify 

PAP in geological samples (Yang et al.  2018). This tool is very reliable because its calibration 

curves are characterized by a very high coefficient of determination (R2) of 0.99, and it provides a 

limit of detection that spans between 0.032 to 0.092 mg−P per liter (Yang et al.  2018) which is 

relatively close to the colorimetric method limit of detection. However, ICP-OES spectroscopy is 

time-consuming and requires complex procedures to eliminate errors caused by instrumental drifts.  

 



 

13 

Sensors provide a way forward in measuring soil properties with reliable and cost-effective means. 

Sensors have been used in precision agriculture to correct soil pH, generate fertilizer and watering 

recommendations, manage weed, control pests, and provide information on precise positioning, 

and other soil properties like compaction, air permeability, and temperature. However, P’s 

complex nature and different forms in soil made it the least researched macronutrient in sensors. 

In the next section, a concise overview of sensors in agriculture will be presented. 

2.3 Available Soil Sensors  

Several sensing technologies exist in precision agriculture to provide data that can help farmers in 

optimizing their crops and monitor different soil properties. Soil properties can be divided into two 

categories: chemical and physical. Soil chemical properties include pH, total carbon, total nitrogen 

(N), available phosphorus (P), sodium (Na), potassium (K), magnesium (Mg), calcium (Ca), heavy 

metal concentration, cation exchange capacity (CEC), and soil electrical conductivity. While soil 

physical properties include texture, color, porosity, density, air, and temperature. Dielectric, 

mechanical, acoustic, optical, and electrochemical sensors are all examples of sensors used in 

precision agriculture to monitor a variety of soil properties. 

 Dielectric sensors are commonly used to measure the soil moisture content by measuring the 

electrical charge-storing capacity, referred to as the dielectric constant, of the soil. Time-domain 

reflectometry (TDR), frequency-domain reflectometry (FDR), and capacitance are different kinds 

of dielectric soil moisture content sensors that are used directly in soil (Veldkamp and O'Brien  

2000, Dean  1995, Ledieu et al.  1986).  
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Soil water potential (SWP) is another basic parameter that describes the state of water in the soil. 

SWP sensors function by measuring the dielectric permittivity of a solid matrix of porous ceramic 

discs and are used directly in soil (Malazian et al.  2011).  

Mechanical sensors are used to evaluate the soil mechanical resistance by measuring resistance 

forces resulting from cutting, breaking, and displacing of soil (Adamchuk and Rossel 2010).  

Acoustic sensors are used to determine soil texture and structure by measuring the change in noise 

level as the tool interacts with the soil particles (Adamchuk and Rossel 2010).  

Optical sensors employ electromagnetic energy to characterize soil properties. They use various 

frequencies of light reflectance in visible (400–700 nm) (Viscarra Rossel et al., 2008), near-

infrared (700–2,500 nm), or/and mid-infrared (2500–25,000 nm) to perform soil analysis 

(Adamchuk and Rossel 2010). These sensors can be placed on vehicles or drones which can detect 

the level of energy absorbed, reflected, or transmitted by soil particles in real-time. Optical sensors 

can gather multiple data with just a single scan, which provides an opportunity to determine many 

soil properties such as soil organic matter, soil texture, weed management, mineral composition, 

and particle size (Shonk et al. 1991, Sudduth and Hummel 1993, Shibusawa et al. 2001, Mouazen 

et al. 2005, Christy 2008, Sui et al. 2008).  

Electrochemical sensors are most commonly used to detect specific ions in soils. They provide 

key information on soil pH, nutrient levels for N, K, and Na, heavy metal concentration, and 

electrical conductivity (Nagamori et al.  2007, Adamchuk et al.  2005, Memon et al.  2009). 

Electrochemical sensors function by relating electricity to chemical reactions and are broadly 

divided into three types: voltammetric, potentiometric, and conductometric (Veloso et al.  2012).
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2.4 Phosphate Sensing Techniques  

As presented in the previous section, sensors have been developed and validated for so many soil 

properties. Yet, phosphate sensors are very underrepresented in agriculture and need more 

attention. In this section, phosphate sensing techniques will be overviewed, highlighting their 

challenges to be used in agricultural applications. 

2.4.1 Diffuse Reflectance Spectroscopic Phosphate Sensors 

Spectroscopy in the visible and near-infrared (Vis-NIR) and in the mid-infrared (MIR) has been 

used in previous works to elucidate relationships between soil spectra and PAP status. The mobile 

and non-invasive nature of spectrometers make them very attractive in soil science tests; however, 

the practical applicability of PAP prediction, using Vis-NIR or MIR, in precision agriculture is not 

yet satisfactory for the determination of precision fertilizers dosage. Reviews by Kuang et al. 

(2012) and Soriano-Disla et al. (2014) have reported that IR spectroscopy provides only an 

approximate quantitative prediction of PAP mainly because of the low dipole moment between P 

and oxygen which inhibits the detection of orthophosphates (Kuang et al.  2012, Soriano-Disla et 

al.  2014). Constituents of soil that are not optically active, such as P, can be evaluated by IR 

spectroscopy through covariations with optically active constituents. Hence, this requires testing 

on a wide range of soil properties (Abdi et al.  2016). Thus, there will likely be some 

inconsistencies within the optical estimation of P and any disturbance in the natural covariation 

structure, such as intensive crop production where large amounts of P are applied, will result in 

discrepancies in PAP results (Hu et al.  2016). Previous research has shown that Vis-NIR P direct 

estimation is not reliable though some studies have reported consistently good calibration curve 

results characterized with R2 greater than 0.8 (Daniel et al.  2003). Others reported moderately 
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accurate results (R2 between 0.5 and 0.8) (Lee et al.  2008)  and consistently poor results (R2 <0.5) 

(Rossel et al.  2006). Wijewardane et al. (2018) reported a poor PAP prediction with R2 < 0.4 using 

MIR (Wijewardane et al.  2018). In another study, Vis-NIR and MIR yielded satisfactory model 

performances (with R2 0.70 and 0.72, respectively), yet model transferability was affected by the 

sampling date, fertilizing regime, and pre-crop harvest residues (Pätzold et al.  2020).  

2.4.2 Fluorescence Phosphate Sensors 

Portable X-ray fluorescence spectrometry (pXRF) is a powerful and low-cost sensor that can be 

used to obtain soil total elemental composition rapidly (Weindorf et al.  2014). Soil pH, texture, 

some nutrients, and cation exchange capacity were successfully estimated in previous works 

(Sharma et al.  2014, Zhu et al.  2011, Weindorf et al.  2013, Sharma et al.  2015). In previous 

work by de Lima et. al (2014),  PAP showed a substantive correlation (r=0.68) with total soil P 

obtained via pXRF (de Lima et al.  2019). Hence, a regression model was used to estimate PAP 

based on the observed soil total P.  Despite that, the model exhibited poor correlation (r=0.49) 

between observed and predicted available P when applied on validation sub-datasets. E. Coli 

phosphate-binding protein (PBP) had been studied for fluorescent detection of inorganic 

phosphates and had been introduced first by (Brune et al.  1994). Furthermore, a PBP-based sensor 

is commercially available and is only recommended in sensitive biological applications for 

research purposes only such as enzyme phosphate assays (ThermoFisher  2021). PBP-based 

sensors are promising and have a low limit of detection. However, the performance of these sensors 

in the soil is still unclear since very little research has been done on their applicability in 

agriculture.  
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2.4.3 Electrochemical Phosphate Sensors  

Electrochemical phosphate sensing provides a way forward in detecting phosphates and is the 

focus of this research. There are two main categories for electrochemical phosphate sensors, 

potentiometric and voltammetric. The electrochemistry principles, approaches, and limitations of 

both sensors will be overviewed in this section, highlighting why no electrochemical phosphate 

sensors have been developed to date for soil applications. 

2.4.3.1 Potentiometry Principles 

Potentiometric sensing is a direct electrochemical approach that correlates the zero-current 

potential (relative to the reference electrode), developed at the ion-selective membrane or the metal 

electrode surface, to the analyte concentration (Borman  1987). In a potentiometric cell, the net 

electromotive potential (emf) is determined based on the potential difference between two 

electrodes, the indicator or working electrode and the reference electrode, Eq 2.4. This potential 

difference is dictated by the Nernst equation (Fourmond and Léger  2020) which predicts the 

relationship between concentration and voltage. 

For a half-reaction of the working electrode, 

aA + ne− ⇌ bB 2.1 

The Nernst equation for the half-cell potential of the working electrode is 

EWe = E° −  
RT

nF
ln

𝐴B
b

𝐴A
a 2.2 
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which simplifies to 

EWe = E° −  
0.059 

n
log10

𝐴B
b

𝐴A
a 2.3 

Where Ai is the activity of species i at equilibrium potential, R is the gas constant, T is 

temperature, n is the number of electrons transferred, F is the Faraday constant. By converting Eq 

2.2 to base-10 logarithms (Eq 2.3), the cell potential changes by 0.0591 V for each 10-fold change 

of reaction quotient.  

For a complete cell, 

emf =  EWe − ERe 2.4 

Where ERe is the half-cell potential of the reference electrode. Nernst equation is not only used to 

determine the value of emf but also the direction of the spontaneous redox reaction happening.  

2.4.3.2 Potentiometric Phosphate Detection  

Potentiometric sensing is a direct electrochemical approach with several advantages due to the low 

cost of the recording instrumentation, the portability, and the adaptability with a variety of ion-

selective electrode (ISE) sensors. However, the acquisition of high sensitivity and selectivity 

towards the operable concentration range of the ion could be problematic. Selectivity is one of the 

major criteria in assessing potentiometric sensors as ions related to the target ions can interfere 

with the analytical signal recorded by the instrument (Meruva and Meyerhoff  1996). The 

hydrophilicity and the size of the phosphate ion make it challenging to design a phosphate selective 

membrane with a macrocyclic host-guest interaction with high selectivity (Villalba et al.  2009). 

Phosphoric acid (H3PO4) is polyprotic acid that successively loses protons to yield H2PO4
-, HPO4

2-
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, and PO4
3- depending on the pH value of the solution (Figure 2.2). Developing a phosphate ISE 

that can detect different phosphate species is important for successful phosphate determination. 

The distinctive cobalt oxide (CoO) group has shown a good selectivity towards different phosphate 

species, but the response mechanism is subject to some debates by being either mixed potential 

mechanism (Meruva and Meyerhoff  1996), host-guest mechanism (Xiao et al.  1995) or even 

Nernst potential (Wang et al.  2018). Some recent studies even proposed the mixed potential 

mechanism but with different chemistry than that was reported before (Wang et al.  2018, Xu et 

al.  2018). Different approaches and technologies have been investigated and typically fall within 

the following categories: Co metal phosphate ISE, Co alloy phosphate ISE, Co needle type 

phosphate ISE, Co nanosensors phosphate ISE, and On-chip and screen-printed Co phosphate ISE. 

More recently, molybdenum (Mo) was introduced to phosphate potentiometric sensing (Li et al.  

2016, Xu et al.  2020). Under alkaline conditions, Mo produced an intermediate substance and 

continued to react with hydrogen phosphate (HPO4
2-) and phosphate (PO4

3-) (Li et al.  2016, Xu et 

al.  2020). Unlike Co, Mo showed an effective selectivity towards alkaline phosphate ion groups 

(HPO4
2-, PO4

3-) occurring at pH > 6.5 (Figure 2.2). 



 

20 

 

Figure 2.2 Phosphoric acid speciation diagram obtained using solubility equilibrium constants of 

polyprotic phosphoric acid. 

2.4.3.3 Challenges of Potentiometric Phosphate Sensors 

Targeting techniques with a lower limit of detection is required for environmental systems like 

agriculture and water testing applications. From the linear ranges achieved by Co assemblies 

summarized in Table 2.2, it can be concluded that the nanostructure (Wang et al.  2018) and needle-

type microelectrode assemblies (Choi et al.  2010) improved the detection of phosphate ions. This 

could be attributed to the large surface areas of both assemblies which provided more surface for 

the phosphate-Co redox chemical reactions. The linear range phosphate detection of both sensors 

is suitable for phosphate measurements in soil and wastewater (WW). Further studies are still 

required by these sensors to investigate their selectivity, reproducibility, and lifetime in real 

environmental samples. Even though Needle-type microelectrodes were used successfully in 

microprofiling phosphates in the plant root environment (Choi et al.  2010), the instability of the 

heating and pulling process necessary for needle-type microelectrodes fabrication makes them 
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hard to manufacture (Choi et al.  2010). Hence microelectrodes cannot be commercialized yet. The 

applicable pH range is an important factor in developing phosphate sensors for the environmental 

sector. From Table 2.2, most of the Co phosphate sensors reflected the highest sensitivity towards 

H2PO4
- species which occurs at pH 4-5 (Figure 2.2). On the other hand, Mo reflected the highest 

sensitivity towards HPO4
2- and PO4

3-species which occurs at pH > 6.5 (Figure 2.2). The inability 

of Co and Mo phosphate sensors to respond accurately to multiple phosphate species affects the 

sensor’s reliability in WW and soil P tests. In traditional soil P tests, P extractant solutions have 

specific pH values. Co phosphate ISE can be used to measure phosphate in the P extractant 

solutions that have pH values falling within sensor’s applicable pH. However, in-situ phosphate 

monitoring using Co phosphate ISE in soil and WW tests will require sensor adaptability to 

different pH values, depending on the nature of soil and WW pH.  Co phosphate ISEs have the 

opportunity to be used for soil and WW phosphate tests if the pH was controlled and fell within 

the sensor applicable pH range. Another challenge associated with Co sensors is their lack of 

stability and longevity to be used in environmental tests. These two issues were addressed in two 

ways; introducing the iron (Fe) element to the Co electrode surface by alloying them (Kidosaki et 

al.  2012) and introducing a third electrode to provide a protection voltage that prohibits the 

formation of Co precipitates on the electrode surface (Jones  2014).  Regrettably, the Fe-Co alloy 

did not explain completely the electrochemical behavior towards phosphate. Further studies are 

required on the applicability of the voltage protection approach in real tests to be validified.  

The details of the Co potential reporting mechanisms are still unclear, but they are not the limiting 

factor for the electrode performance as Co electric potential is always reproduced in the presence 

of phosphate ions. While the Co phosphate detection methods reviewed have low detection limits 

and could potentially measure phosphate concentrations at the limit (~10-6 M) suitable for soil and 
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WW tests, none of them eliminated the DO interference with phosphate detection. Also, most of 

the reviewed developed Co phosphate ISEs have not been tested in the field with environmental 

samples. From the potentiometric ISEs reviewed, the Co matrices suffer from limited pH range, 

DO interference, and require surface regeneration due to CoO oxide build-up, limiting suitability 

and robustness for continuous monitoring and environmental field use.  
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Table 2.1: Analytical characteristics of phosphate detection methodologies using Co. 

Phosphate 

detection 

Methodology 

(ISE) 

Species 

detected 

Slope 

(mV.dec-1) 

Analysis 

range (M) 

LOD 

(M) 

Applicable 

pH 

Real 

Test 

Refs. 

Unmodified Co 

electrode 

H2PO4
- 

 

H2PO4
-

HPO4
2- 

PO4
3- 

-55 

 

-35 to -50 

10-5-10-2 

 

10-4-10-2 

 

 

5  10-6 

 

NP 

4 

 

4 - 11 

NP 

 

NP 

(Xiao et al.  

1995) 

(Meruva 

and 

Meyerhoff  

1996) 

Coated Co 

electrode 

H2PO4
- -39 10-5-10-1 

 

NP 4 - 6.5 NP (Xu et al.  

2018) 

Co micro-

electrode 

H2PO4
-

HPO4
2- 

PO4
3- 

 

H2PO4
-

HPO4
2- 

 

-53 

 

 

-96 

10-6-10-2 

 

 

10-5.1-10-3 

NP 

 

 

NP 

4.5 – 10.5 

 

 

7.5 

 

Soil 

 

 

NP 

(Choi et al.  

2010) 

 

(Lee et al.  

2009) 

Co alloy 

electrode 

H2PO4
- -43 10-5 - 10-2 

 

1 × 10-5 

 

5 NP (Kidosaki 

et al.  

2012) 

Co nanosensors H2PO4
- 

HPO4
2- 

PO4
3- 

Sensitivity
=  −60(%H2PO4

−)
− 30(%HPO4

2−)
− 20(%PO4

3−) 

10-6 - 10-3 

 

10-6 3 - 6 NP (Wang et 

al.  2018) 

Co nanoparticles HPO4
2- -22.8 10-3-10-1 NP 6 - 8 NP (Sagir et al.  

2012) 

 
Co FIP H2PO4

- -58 10-5  -  10-2 3 x 10-6 5 WW (Marco and 

Phan  

2003) 

Co on-chip 

electrodes 

H2PO4
- NP 10-5 - 10-2 

 

NP 5 NP (Zou et al.  

2007) 

Co SPE H2PO4
- -37.5 10-5 - 10-1 3.16 × 

10-5 

 

 

4 WW (Zhu et al.  

2014) 

NP: Not Provided. 

 

 

2.4.3.4 Voltammetry Principles 

Voltammetry is a powerful tool that is commonly used to investigate the oxidation and reduction 

processes of molecular species. It is any technique where the potential is varied, against a reference 
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electrode, and current between working and counter electrode is measured. Voltammetric methods 

include cyclic voltammetry, linear sweep voltammetry, and a number of variations such as fast-

scan cyclic voltammetry, staircase voltammetry, and square wave voltammetry (Bard and Faulkner  

2001). When voltage is swept, the current rises and the current peak occurs. The reduction current 

is dictated by the diffusion of analyte A (Eq 2.1) from the bulk solution to the surface of the 

working electrode. The current begins to drop when the diffusion layer, the volume of solution 

containing the reduced analyte, B, (Eq 2.1) at the electrode surface, has grown sufficiently above 

the electrode that the flux of A to the electrode is not fast enough to satisfy the Nernst equation 

equilibrium potential (Eq 2.2).  In cyclic voltammetry, voltage is swept between two values (V1 

to V2) at a fixed scan rate. When the voltage reaches V2, the scan is reversed back to V1 resulting 

in the duck-shaped voltammograms. Potentiometry operates differently in that it measures the 

electric potential of an electrochemical cell under static conditions (no current flow). 

2.4.3.5 Voltammetric Phosphate Detection 

Voltammetric phosphate detection is not a new approach, and there exists a variety of phosphate 

voltammetric sensors. Navolotskaya et al. (2015) studied the influence of phosphate ions on silver 

nanoparticle oxidation important for the silver antibacterial properties for biological systems 

(Navolotskaya et al.  2015). Their work showed that the different species of P anions (PO4
3-, 

HPO4
2-, H2PO4

-) have varying degrees of influence on silver oxidation. Campos et al. incorporated 

silver in an array of individual noble and non-noble metal-based sensors to use it in voltammetric 

electronic tongue and predict phosphate concentration in influent and effluent wastewater (Campos 

et al.  2014). A cyclic voltammetric phosphate biosensor using ion-channel sensing was developed 

by (Aoki and Chen  2018). The response of phosphate detection was based on the redox reaction 

of [Fe(CN)6]
4-/3- marker and was achieved for phosphate concentrations above 5 x 10-4 M. In the 
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Murphy and Riley colorimetric method, which is an approved method by Environmental 

Protection Agency (EPA), ammonium molybdate reacts in acidic medium with phosphate ions to 

form phosphomolybdic acid. Subsequently, ascorbic acid reduces it to colored molybdenum blue 

using potassium antimonyl tartrate as a catalyst. This colored complex is measured with a 

spectrophotometer at a visible wavelength. Electrochemical adaptation of this method has been 

proposed in different studies.  A phosphomolybdic film deposited on a glassy carbon electrode 

was used to detect phosphate in biodiesel samples using cyclic voltammetry with a detection limit 

of 8.7 ×  10-6 M (Zezza et al.  2012). Voltammetric response based on the electrochemical 

formation of heteropolyanion at the interface between aqueous sample solution and nitrobenzene 

solution containing hexamolybdate anion detected phosphate at the range from 2.0 × 10-5 to 5 × 

10-4 M (Osakai et al.  1993).  

2.4.3.6 Challenges of Voltammetric Phosphate Sensors 

The current phosphate voltammetric sensors showed efficacy in detecting phosphate, yet they are 

still suffering from many drawbacks to be used in soil P testing. Phosphoric acid is a polyprotic 

acid and different species can coexist in the same solution depending on the solution pH (Figure 

2.2). This makes implementing the oxidation peak currents of silver electrodes, proposed by 

(Navolotskaya et al.  2015), to detect phosphate concentration complicated and indirect procedure 

since phosphate species showed different influences on silver oxidation peaks. (Campos et al.  

2014) achieved a 1 x 10-3 M phosphate characterization, which is very high and unsuitable for soil 

phosphate sensing. (Zezza et al.  2012) used an oxygen-free environment to detect phosphate by 

passing dry nitrogen through the solution. Even though this refines the peak currents and eliminates 

oxygen peak interference, this refinement cannot be applied in infield soil testing. In addition, the 

phosphomolybdic film developed by  (Zezza et al.  2012) can be susceptible to fouling in soil tests. 
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While lack of interference is a crucial key factor in phosphate sensing, the complex interface used 

by (Osakai et al.  1993) suffered from silicate inference which could be problematic in soil P 

testing. 
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Chapter 3: Electrochemical Mechanisms in Potentiometric Phosphate Sensing 

Using Pure Cobalt, Molybdenum and Their Alloy for Environmental 

Applications# 

#Contents of this chapter have been published as a research paper: Zeitoun, R. & Biswas, A. 2020. 

Electrochemical mechanisms in potentiometric phosphate sensing using pure cobalt, molybdenum, 

and their alloy for environmental applications. Electroanalysis, 32, 1-11. 
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3.1 Preface 

Chapter 2 highlighted the importance of P management and measurement in agriculture. The 

traditional P measurement analysis tools were reviewed. A brief overview of available soil sensors 

was presented, highlighting the importance of sensors in agriculture and the opportunity of soil P 

sensors which are underrepresented in agriculture. A comprehensive review was done on 

phosphate sensors, focusing on potentiometric and voltammetric sensors. Based on the review 

done on cobalt-based potentiometric sensors, cobalt is very selective to acidic phosphate species, 

limiting its applicability in alkaline soil tests.  In contrast, molybdenum-based potentiometric 

sensors were selective to alkaline phosphate groups. In this chapter, a cobalt-molybdenum alloy 

potentiometric sensor was developed to detect the acidic and alkaline phosphate groups 

simultaneously.  Performance criteria (sensitivity, selectivity, limit of detection, stability, and 

response time) of the developed sensor were studied. 

3.2 Abstract 

Phosphorus (P) is ubiquitous in the environment, but its measurement is costly and time-

consuming. Sensor-based measurement shows potential, but the selection of the right metal 

remains the major challenge due to the strong pH dependence of P species. This study examined 

the feasibility of pure cobalt (Co), molybdenum (Mo), and their electrodeposited alloy, Co63Mo42 

(wt%), as phosphate sensors. The cobalt, molybdenum, and alloy exhibited mixed potential, Nernst 

potential, and oxidation-reduction (red-ox) mechanisms, respectively. Alloy showed good 

selectivity over a wide pH range, high limit of detection but with a long response time (8-14 

minutes). Yet, alloy provides a new opportunity for improving electrochemical phosphate sensors.  
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3.3 Introduction 

The five Great Lakes of North America, the Lake Superior, Huron, Michigan, Ontario, and Erie, 

are the largest resources of freshwater on earth. They account for one-fifth of the surface freshwater 

in the world. The Great Lakes’ health is under serious threat from rising levels of nutrients, 

particularly phosphorus (P). The majority of this P is known to contribute from current agricultural 

systems (O'Sullivan and Reynolds  2004). The external addition of P fertilizers to the soil is the 

most used method to meet plant demands in agricultural systems. Unregulated use of P fertilizers 

led to P build-up in agricultural watersheds and water bodies leading to serious water pollution 

and eutrophication (JJ  2012). Therefore, it is highly recommended that P fertilizers be applied to 

the soil on an as-needed basis. This has contributed greatly to the analytical developments in-field 

and in laboratory P measurements (Kim et al.  2007b). 

Orthophosphates (dihydrogen phosphate (H2PO4
-) or hydrogen phosphate (HPO4

2-)) are the plant-

available phosphorus (PAP) forms in soil, and sometimes they are referred to as soil extractable 

phosphorus (Brady and Weil  2016b). Traditional laboratory techniques can provide precise P 

measurements for a limited number of samples but require complex procedures, costs, and longer 

time (Rice et al.  2017, Yang et al.  2018). Inductively coupled plasma optical emission 

spectroscopy (ICP-OES), known for its high accuracy, is a modern laboratory analytical tool that 

uses conventional standard addition methods or calibration curve methods to quantify PAP in 

geological samples (Yang et al.  2018). However, ICP-OES spectroscopy is time-consuming and 

requires complex procedures to eliminate the errors caused by instrumental drifts. Visible and 

near-infrared diffuse reflectance spectroscopy (VNIR) is a rapid in-situ tool that can provide cost-

effective measurements for soil analysis. Yet, VNIR PAP direct estimation is not reliable. 

Although some studies have reported consistently good calibration curve results characterized with 
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R2 > 0.8 (Daniel et al.  2003), others reported moderately accurate results (R2 between 0.5 and 0.8) 

(Lee et al.  2008)  or consistently poor results (R2 <0.5) (Rossel et al.  2006).  

The potentiometric sensing approach, the zero-current potential, developed at the sensing electrode 

surface, is correlated to the analyte concentration relative to the reference electrode (Borman  

1987). Recently, electrochemical potentiometric sensors have been developed to be an invaluable 

replacement for present-day research facilities due to their quick execution and portability. 

Plasticized polymeric membranes with organotin carriers were first introduced by Russian workers 

in the 1980s (Zarinskii et al.  1980). Ion-selective membranes (ISM) with organotin compounds 

showed a detection limit of 3.2 × 10-5 M at pH 7 towards phosphate and good selectivity over other 

anions (Glazier and Arnold  1988, Glazier and Arnold  1991). However, ISM with organotin 

compounds suffered from a short lifetime of 14 days to one month (Liu et al.  1997, Kim et al.  

2007a). More recently, Kim et al. (Kim et al.  2007a) tested the performance of organotin-based 

ISM’s on Kelowna soil extracts. The results showed insensitivity to phosphate in the Kelowna 

solution. This could be due to the high fluoride concentration in Kelowna soil extractants.  

Previous works were conducted on molybdenum (Mo) and cobalt (Co) potentiometric sensing 

behaviors towards phosphates (Meruva and Meyerhoff  1996, Xiao et al.  1995, Li et al.  2016, Xu 

et al.  2020, Zeitoun and Biswas  2020c). Oxidized Co metal electrodes exhibited a great 

potentiometric response to dihydrogen phosphate, H2PO4
- in the concentration range of 10-5 to 10-

2 M (Xiao et al.  1995, Marco et al.  1998, Kidosaki et al.  2012, Zhu et al.  2014, Zou et al.  2007, 

Zeitoun and Biswas  2020c). The Co-based sensors are very attractive due to their significant 

selectivity towards phosphate ions. From previous research and the literature review, it was shown 

that Co-based electrodes have the highest selectivity towards acidic phosphate species, H2PO4
-, 
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(Xiao et al.  1995, Marco and Phan  2003, Zou et al.  2007, Lei et al.  2014, Zeitoun and Biswas  

2020c) which occurs at pH range 3 to 6 (Figure 2.2). More recently, Mo was introduced to P 

potentiometric sensing (Li et al.  2016, Xu et al.  2020). Under alkaline conditions, Mo produced 

an intermediate substance and continued to react with hydrogen phosphate (HPO4
2-) and phosphate 

(PO4
3-) (Li et al.  2016, Xu et al.  2020). Unlike Co, Mo showed an effective selectivity towards 

alkaline phosphate ion groups (HPO4
2-, PO4

3-) occurring at pH > 6.5 (Figure 2.2). Wastewater and 

soil solutions undergo various pH levels due to different fertilizer applications and treatment 

processes (Nasr and Moustafa  2014, Ojukwu and Oladepo  2017). For example, the pH of treated 

and untreated wastewater can be between 5 and 9 (Nasr and Moustafa  2014, Ojukwu and Oladepo  

2017). In North America, the median soil pH in the semi-arid and south regions ranges between 

5.7 – 7.7, with an average of 6.4 (The_Mosaic_Company  2019). These pH levels also change the 

composition of the available inorganic P species (Figure 2.2) making the pure Co and Mo sensors 

highly pH-dependent functioning. The inability of pure Co and Mo potentiometric P sensors to 

respond to multiple phosphate species limits the applicability of these sensors. As Co- and Mo-

based sensors are particularly attractive for acidic phosphate ion (H2PO4
-) and alkaline phosphate 

ions (HPO4
2-, PO4

3-), respectively, their applicability lies within a narrow pH range while 

environmental samples including soil and water are known for their high variability in pH.  

Owing to the disadvantages and limitations of pure metal-based sensors, a combination of metals 

or alloy can show potential as sensors. For example, in an alloy phosphate sensor study by Kidosaki 

et al. (2012), it was found that alloying pure Co with iron (Fe) introduced new advantages to Co-

based potentiometric sensors. The electrodeposited Co-Fe alloy demonstrated quicker and longer 

stability than a pure Co phosphate sensor. It was hypothesized that magnetic properties, coming 

from the inter-molecule interaction between the Co-Fe surface and the H2PO4
- ion, were important 
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for enhancing cobalt-based potentiometric phosphate sensing (Kidosaki et al.  2012). Similarly, 

though pure Co and Mo have been used in potentiometric P sensing within a certain pH range, 

their alloy can show unique potential in P sensing with a wider pH range but has never been tested. 

Therefore, the overall objective of this study was to examine the feasibility and explore the 

electrochemical mechanisms of Co-Mo alloy in sensing multiple phosphate species. In this work, 

the phosphate sensing mechanism of Co-Mo was proposed based on material characterization. 

Detailed comparison among Co, Mo, and Co-Mo alloy was provided on the phosphate sensing 

mechanism and sensor electrode performance criteria. This included calibration curves, linear 

sensitivity, selectivity, response time, lifetime, and stability. By comparing the three electrodes, a 

better understanding of metal sensors' applicability in environmental systems and potentiometric 

characteristics in phosphate sensing was provided. This study advances the field of metal-based 

phosphate ion-selective electrodes (ISE) towards wider applicability in environmental tests where 

analyte pH undergoes different changes. 

3.4 Materials and Methods 

3.4.1 Materials and Chemicals 

In this study, we used 99.95% metal basis Co rods (5 mm diameter ×150 mm length) and 99.95% 

metal basis Mo rods (5 mm diameter × 150 mm length) to build the Co and Mo phosphate sensing 

electrodes. Both Co and Mo rods were purchased from Fisher Scientific Inc., ON, Canada. Three 

grit-size emery papers including 1000, 1500, and 2000 grades were obtained from Canadian Tire 

stores, ON, Canada, and used, in that order, to polish the metal electrodes. Following steps were 

followed in order to build the electrodes: 
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• The metal rods were cut into 50 mm lengths by a hacksaw.  

• A lathe was used to clean the ends of the rods and to drill a small hole in one side of 

the rod slightly larger than the connecting copper wire.  

• A 5 cm length copper wire was inserted into the hole and fixed using a bench vise by 

crimping the wire into the electrode.  

• The copper wire was soldered into a shielded wire that was directly connected to the 

appropriate equipment/meter.  

• Co and Mo electrode surfaces were polished with 2000 grade emery paper before every 

potentiometric and cyclic voltammetry characterization.  

The Co-Mo alloy was prepared by electrodepositing Co and Mo (using the electrodeposition 

solution in Table 3.1) on copper foil substrates. The copper foil (0.3 mm thick) was obtained from 

Goodfellow Inc., PA, USA. The copper foil was cut into square substrates (1.5 cm x 1.5 cm) and 

polished with 1000, 1500, and 2000 grade emery papers, in order. The substrates were then 

degreased in 10% NaOH and washed with DI water. After degreasing the substrates, they were 

etched in 50% HCl for five minutes and then washed again with DI water. A total of 60 mL 

electrodeposition solution (Table 3.1) was used in the electroplating process. Platinum mesh (2.5 

× 2.5 cm) was used as the counter electrode. HEKA PG 590 galvanostat/potentiostat linked to PC 

computer was used to provide galvanostatic control of 60 mA.cm2 for 36 minutes to deliver a total 

electrodeposition charge of a 290 C. The 63:37 wt% Co-Mo alloy (Co63Mo37) electrodes were built 

by soldering the electrodeposited Co63Mo37 alloy substrates into the shielded wires (directly 

connected to the appropriate equipment/meter).   
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   Table 3.1. Summary of chemicals, their usages, and prepared concentrations. 

Chemicals Usage/Concentration (chemicals were 

dissolved in DI water) 

Potassium dihydrogen phosphate 

(KH2PO4)
1 

10-1 M KH2PO4 stock solution was made by 

dissolving 13.6 g of KH2PO4 in 1 liter of DI 

water. This stock solution was diluted to 

make 10-6 – 10-2 M standard KH2PO4 salt 

solutions. 

Sodium hydroxide (NaOH)1 • Degreasing solution / 10% 

• pH control / 0.1 – 1 M 

Hydrochloric acid (HCl)1 • Etching solution / 50% 

• pH control / 0.1 – 1 M  

Sodium chloride (NaCl)1 • Separate solution method for selectivity     

   coefficient calculation/ 10-6 – 10-2 M 

• Cyclic voltammetry interferent test/ 10-2 

M 

Ammonium sulfate ((NH4)2SO4)
1 • Separate solution method for selectivity  

   coefficient calculation/ 10-6 – 10-2 M 

• Cyclic voltammetry interferent test/ 10-2 

M 

Sodium Nitrate (NaNO3)
1 • Separate solution method for selectivity  

   coefficient calculation/ 10-6 – 10-2 M 

• Cyclic voltammetry interferent test/ 10-2 

M 

Acetic acid (CH3COOH)1 Cyclic voltammetry interferent test/ 10-2 M 

Electrodeposition solution 

Cobalt (II) sulfate heptahydrate 

(CoSO4.7H2O)1 

0.062 M 

Sodium molybdate (Na2MoO4.2H2O)1 7.50 × 10-3 M 

Sodium citrate dihydrate 

(C6H5Na3O7.2H2O)1 

0.17 M 

Sodium dodecyl sulphate (C12H22NaO4S)1 0.060 × 10-3 M 

Ammonium sulfate (NH4.2SO4)1 0.064 M 

     1 Supplied by Fisher Scientific Inc., ON, Canada.  
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3.4.2 Chemical and Physical Characterization  

The prepared Co63Mo37 alloys were exposed to different conditions by leaving the alloys for 17.5 

hours in 10-5 – 10-2 M KH2PO4 standard solutions at pH 6. The pH was controlled manually by 

adding 0.1 – 1.0 M HCl acid or 0.1 – 1.0 M NaOH base. DI water was used as a control. The 

treated alloys were rinsed thoroughly with DI water and left to dry for 2 hours before characterizing 

the morphology and analyzing the chemical composition of the alloys. The surface morphologies 

of the treated and untreated Co-Mo alloys were characterized using an Inspect S50 (FEI Company) 

equipped with a tungsten filament scanning electron microscope (SEM). The chemical 

composition of the electrodeposited alloys was determined using energy dispersive X-ray 

fluorescence spectrometry (EDS) (Oxford Instruments). 

3.4.3 Cyclic Voltammetry 

Cyclic voltammograms (CVs) were obtained for the Co63Mo37, Co, and Mo electrodes in 10-2 M 

KH2PO4 standard solution (pH 5-8), between 0.2 V and -1.4 V under a scanning rate of 50 mV.s-

1. The cyclic voltammograms were obtained in a three-electrode cell where the Co63Mo37 alloy and 

pure Co and Mo were the working electrodes. The platinum mesh was used as the counter 

electrode. Double-junction Ag/AgCl reference electrode (model# 16811, Sigma-Aldrich Inc., ON, 

Canada) was the reference electrode. HEKA PG 590 galvanostat/potentiostat was linked to a PC 

computer and was used for the electrochemical characterization. Fisherbrand™ accumet™ XL600 

Dual Benchtop meter was used to control the pH. 
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3.4.4 Performance Criteria: Guidelines for Reporting Characteristics of the Electrode 

Response 

Calibration characteristics, selectivity, response time, reproducibility, and stability of the electrode 

were determined by following the International Union of Pure and Applied Chemistry (IUPAC) 

recommended methods (Buck and Lindner  1994). Calibration characteristics include sensitivity 

and limit of detection. Calibration curve plots the cell electromotive force (emf), measured as ion-

selective electrode potential minus reference electrode potential, of the metal electrodes vs. the 

logarithm of the concentration of phosphates in standard solutions. Double-junction Ag/AgCl 

reference electrode (model# 16811, Sigma-Aldrich Inc., ON, Canada) was the reference electrode 

used. Emf values of the three sensing electrodes (Co, Mo, and Co63Mo37) (in 10-6 – 1 M KH2PO4 

standard solutions at pH 6-8) were collected using Fisherbrand™ accumet™ XL600 Dual 144 

Benchtop meter. This meter was also used to control the pH of the phosphate standard solutions 

between pH 6-8 by adding 0.1 – 1.0 M HCl acid or 0.1 – 1.0 M NaOH base. The separate solution 

method was used to calculate the selectivity coefficient of the Co63Mo37 alloy towards some 

common anions such as SO4
2-, Cl-, and NO3

-. The electrodes’ response time was recorded as the 

response potential achieved 95% of the activity change corresponding span. Reproducibility and 

stability of the Co63Mo37 electrode were evaluated by observing any shifts in the electrode 

sensitivity over three weeks.  

3.4.5 Data Analysis 

Statistical analysis was conducted using Microsoft Office 365 Excel. Two-way ANOVA was 

carried out to determine the significance of differences between treatments at 95% confidence 

interval.  All results were triplicated and expressed as mean  standard error (σx̅). Relative standard 
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deviation (RSD) of the linear sensitivity achieved by the sensing electrodes was reported to 

determine the electrodes’ reproducibility under different treatments.   

3.5 Results and Discussion 

3.5.1 Performance Criteria 

3.5.1.1 Emf response characteristics and reaction mechanisms of Co, Mo, and Co63Mo37 phosphate 

sensing electrodes  

In a typical galvanic cell, the net electromotive potential (emf) is determined based on the oxidation 

occurring at the anode (reference electrode), and the reduction occurring at the cathode (indicator 

or measuring electrode) (Casparian and Sirokman  2016). This is indicated by  

emf =  Ecathode − Eanode 3.1 

 where Ecathode is the cathode potential and Eanode is the anode potential (Harris  2007). The EDS 

spectra of the electrodeposited alloys showed a weight composition of Co and Mo of 63.4 wt%  

0.59 and 36.59 wt%  0.62, respectively. Unlike Co and Mo indicator electrodes, Co63Mo37 (Co 

63 wt%, Mo 37 wt%) alloy showed a significant increase (p < 0.05) in emf values with phosphate 

concentration (Figure 3.1). Other work reported similar results on Co and Mo phosphate sensing 

electrodes, where the oxidation of Mo and Co was enhanced with phosphate concentration leading 

to a decrease of emf with phosphate concentration (Meruva and Meyerhoff  1996, Li et al.  2016, 

Xu et al.  2020).  
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Figure 3.1 Potentiometric characterization of • Co63Mo37, ◼ Co, and  Mo in 10-6 – 1 M KH2PO4 

at pH 6, 5, and 8, respectively. Error bars  σx̅ (N = 3). 

The significant decrease (p < 0.05) in the emf of Co electrode with phosphate concentration was 

attributed to the mixed potential mechanism (Meruva and Meyerhoff  1996). This included the 

slow oxidation of Co ( Eq 3.2 at acidic medium or Eq 3.6 at alkaline medium) and the simultaneous 

reduction of dissolved oxygen (Eq 3.3 at acidic medium or Eq 3.7 at basic medium) upon exposure 

to phosphates (Eq 3.5 at pH 4, Eq 3.9 at pH 8, or Eq 3.10 at pH 11) (Meruva and Meyerhoff  1996). 

From previous research and the literature review, it was concluded that Co-based electrodes have 

the highest selectivity towards phosphate species, H2PO4
- (Xiao et al.  1995, Marco and Phan  2003, 

Zou et al.  2007, Lei et al.  2014, Zeitoun and Biswas  2020c) which occurs at acidic pH range (3-

6) (Figure 2.2). 
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 At pH 4.0, acidic medium, 

 

2Co0 + 2H2O ⇌ 2CoO + 4H + + 4e− 3.2 

O2 + 4H+ + 4e−  ⇌ 2H2O 3.3  

2Co0 + O2  ⇌ 2CoO 3.4  

 3CoO + 2H2PO4
− + 2H + ⇌ Co3(PO4)2 + 3H2O 3.5  

At pH 8.0 or pH 11.0, basic medium, 

2Co0 + 2H2O ⇌ 2CoO + 4H + + 4e− 3.6  

O2 + 2H2O + 4e− ⇌ 4OH− 3.7 

2Co0 + O2  ⇌ 2CoO 3.8  

The following reaction takes place at pH 8.0,   

3CoO + 2HPO4
2− + H2O ⇌ Co3(PO4)2 + 4OH− 3.9  

The following reaction takes place at pH 11.0, 

3CoO + 2PO4
2− + 3H2O ⇌ Co3(PO4)2 + 6OH− 3.10  

The significant decrease (p < 0.05) in the emf of Mo electrode with phosphate concentration 

was attributed to the near Nernst response towards phosphate sensing (Li et al.  2016). This 

involved the oxidation of Mo in alkaline conditions (Eq 3.11) which produced an intermediate 
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substance that continued to react with the HPO4
2- group (Eq 3.12) (Li et al.  2016).  

Mo + OH−  ⇌ MomOn
z− 3.11  

MomOn
z−  + HPO4

2−  ⇌  PlMom1On1
z1− 3.12     

Co63Mo37 alloy showed a significant increase (p < 0.05) in the emf with phosphate 

concentration (Figure 3.1). This indicated an increase in the alloy electrode (cathode) reduction 

potential which increased the net emf value of the alloy electrode (Eq 3.1). In another alloy 

study on silver ion-selective electrode based on alloy glass membrane, monotonous reduction 

on measuring electrode was witnessed and this behavior was referred to as inverted Nernstian 

response caused by hydrogen ion concentration (Li et al.  2017). It was hypothesized that the 

net increase of the alloy emf value was due to the alloy surface reduction by hydrogen ion 

adsorption caused by the alloy's electrocatalytic properties. Binary coatings formed by 

combining elements with an electronic configuration of d6-d8 (iron group: cobalt, iron, and 

nickel) and d4-d5 (like Mo) were applied as cathode for water electrolysis due to their excellent 

catalytic properties (Casciano et al.  2017). These catalytic properties are either caused by the 

electronic configuration of the alloy (Jakšić  1984) or modification of the crystalline structure 

(Allahyarzadeh et al.  2011). In electrolytic cells, Co-Mo alloys were used as hydrogen 

evolution catalysts due to their low overvoltage and low energy consumption in the water 

electrocatalytic process (Casciano et al.  2017). Hydrogen evolution reaction on alloy surfaces 

occurs via three reaction steps; Eq 3.13-3.15 (Casciano et al.  2017). The first step involves the 

splitting of water and the adsorption of hydrogen on the metallic surface (Eq 3.13). The 

following two desorption steps (Eq 3.14-3.15) can be switched or occur simultaneously 

depending on the adsorption strength.  
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Alloy(s) + H2O +  e−  ⇌  AlloyH(ads) +  OH(aq)
−  3.13 

AlloyH(ads) + H2O +  e− ⇌  Alloy(s) +  + OH(aq)
− +  H2(g) 3.14 

2AlloyH(ads) ⇌  2Alloy(s) +  H2(g) 3.15 

It was hypothesized that the observed reduction of Co63Mo37 alloy surfaces with phosphate 

concentration was due to oxidation-reduction (red-ox) reactions on Co63Mo37 alloy electrode.  

Similar to the oxidation of Co and Mo in response to phosphate (Eq 3.2 and Eq 3.11, respectively), 

the Co63Mo37 alloy formed an oxidized surface (Eq 3.16a) that continued to react with phosphate 

ion (Eq 3.16b). The electron-withdrawing associated with Co63Mo37 sensing mechanism towards 

phosphate ions (Eq 3.16a) led to the splitting of the water molecule (Eq 3.17). This caused 

hydrogen adsorption on the alloy surface (Eq 3.17). 

  Co63Mo37 + H2O ⇌  (Co63Mo37)mOn + 2ne− 3.16a 

      (Co63Mo37)mOn + HkPO4
i−+ H2O ⇌  Pl(Co63Mo37)m1On1 3.16b 

        Co63Mo37 + H2O + 2ne− ⇌ Co63Mo37H(ads) + OH− 3.17 

No surface morphological change was observed in the SEM images of the treated and untreated 

Co63Mo37 electrodes (Figure 3.2a-f). EDS spectra of treated and untreated Co63Mo37 alloys were 

collected to confirm the formation of an oxidized layer on the alloy surfaces by measuring the 

oxygen content (wt%). EDS spectra of Co63Mo37 alloys treated in DI water and dilute KH2PO4 

solutions (10-5 – 10-4 M) showed oxygen content ranging between 5.7 - 9.3 wt% (Figure 3.2). 

Alloys treated with less dilute KH2PO4 solutions (10-3 – 10-2 M) were less oxidized (Figure 3.2). 

These showed oxygen content that spanned between 2.8-3.2 wt% (Figure 3.2). Co63Mo37 alloy 
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surfaces were less oxidized with phosphate concentration. It was concluded that hydrogen 

adsorption (Eq 3.17), enhanced by phosphate concentration, on the alloy surface inhibited 

oxidation of the alloy surface. This led to a decrease in oxygen content with phosphate 

concentration (Figure 3.2). Correspondingly, alloy emf values increased with phosphate 

concentration as the surface reduction, caused by hydrogen adsorption, took place (Figure 3.1). 

Other work also reported corrosion/oxidation inhibition of iron surfaces by hydrogen adsorption 

in acidic media (Epelboin et al.  1971).  

 

Figure 3.2: SEM images of Co63Mo37 alloy coatings and EDS surface saturated oxygen (wt%) of 

a) untreated, b-f treated in 17.5 hours at pH 6 in b)10-2 M KH2PO4, c) 10-3 M KH2PO4, d) 10-4 M 

KH2PO4, e) 10-5 M KH2PO4, and f) DI water. Error  σx̅ (N = 3). 
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3.5.1.2 Cyclic voltammetry analysis on corrosion response characteristics of Co, Mo, and 

Co63Mo37 phosphate sensing electrodes   

The alloy revealed sharp hydrogen evolution tails towards negative potential in KH2PO4 (Figure 

3.3a and Figure 3.4a). Other work showed similar hydrogen evolution behavior of nickel-

molybdenum alloy in alkaline potassium hydroxide solution (Fernández-Valverde et al.  2010).  

Higher hydrogen evolution was revealed with higher KH2PO4 concentration (Figure 3.4a). The 

alloy did not show any hydrogen evolution behavior towards common interfering ions (such as 

SO4
2-, Cl-, NO3

-, and CH3COO-) (Figure 3.4b). This illustrated the tendency of the alloy to adsorb 

hydrogen (Eq 3.17) in the presence of KH2PO4 and the uniqueness of this behavior towards 

phosphate ion. The Co cyclic voltammetry curve (CV) (Figure 3.3b) showed the slow oxidation 

of Co to Co2+ and reduction peaks of Co2+ to Co as well as dissolved oxygen (a mixed potential 

mechanism) at approximately -0.35 V and -1.20 V, respectively. Similar results were also reported 

in other studies (Zhu et al.  2014). The Mo CV (Figure 3.3c) showed an anodic peak at -0.43 V 

which is Mo oxidation (Eq 3.11), facilitated by the reaction of MomOn
z- and HPO4

2- (Eq 3.12). 

Similar results were also reported in other studies (Xu et al.  2020). 
a) b) c) 
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Figure 3.3 CVs of a) Co63Mo37 alloy in 10-2 M KH2PO4 solutions at pH 6, b) Co in 10-2 M 

KH2PO4 solutions at pH 5, and c) Mo in 10-2 M KH2PO4 solutions at pH 8. 

 

 

Figure 3.4 CVs of a) Co63Mo37 alloy in (―)10-1 M, (---) 10-2 M, (―)10-4 M KH2PO4 solutions at 

pH 6, b) Co63Mo37 alloy in (―)10-2 M (NH4)2SO4, (---) 10-2 M NaNO3, (―)10-2 M NaCl, and 

(―) 10-2 M CH3COOH. 

3.5.1.3 Calibration characteristics of Co, Mo, and Co63Mo37 phosphate sensing electrodes   

The two-way ANOVA revealed that there were significant differences (p < 0.05) within the emf 

values of Co, Mo, and Co63Mo37 indicator electrodes associated with different pH treatments. This 

a) b) 

H2 evolution  
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indicated that pH had an important role in the sensing behaviour of the three electrodes. The 

coefficient of determination (R2) of the Co calibration curves increased as pH decreased (Table 

3.2). The relative proportion of phosphate groups at pH 6, 7, and 8 were approximately 0.94 H2PO4
- 

: 0.06 HPO4
2-, 0.50 H2PO4

- : 0.50 HPO4
2- and 0.1 H2PO4

- : 0.9 HPO4
2-, respectively (Figure 2.2). 

At pH 6, Co calibration curve R2 was the highest (0.95  0.01) (Table 3.2). This verified that Co 

had the best sensitivity to the acidic phosphate group, H2PO4
-. At pH 8, the Co calibration curve 

R2 was the lowest (0.34  0.15) since the analyte solution had the least composition of H2PO4
-. The 

R2 values of the Mo calibration curves (Table 3.2) were remarkably greater at pH 7-8 than that at 

pH 6. This verified that Mo had the best sensitivity to the alkaline phosphate group, HPO4
2-. The 

calibration curves of Mo at pH 6 showed a very weak correlation with phosphorus concentration. 

At pH 8, Mo showed a near Nernst response with a slope of -27.50  1.18 mV.dec-1. Mo near 

Nernst response was also reported in another work by Li et al. (Li et al.  2016). The Nernstian 

response was revealed when the half-cell potential change by 59/n mV per 10-fold change in the 

ion activity (Buck and Lindner  1994). The n value represents the ion valency which could be one-

electron or two-electrons delivering a Nernstian response of 59 or 28 mV.dec-1, respectively. The 

Co and Mo sensitivity RSD results demonstrated high reproducibility levels of 2.34 and 7.45% at 

pH 6 and pH 8, respectively (Table 3.2). The sensitivity RSD values of Co and Mo significantly 

decreased and increased, respectively, with pH. This again indicates the suitability of using Co and 

Mo phosphate sensing electrodes in acidic and alkaline media, respectively. The calibration curves 

of alloy showed better fitting performance (R2, 0.96 – 0.97) at a wider pH range than Co and Mo 

(Table 3.2). At pH 8 the alloy sensitivity was relatively low (Table 3.2) because the H2PO4
- 

fractional composition was very low relative to HPO4
2- at pH 8 (Figure 2.2). Hence the phosphate 

sensing activity of the 63 wt% Co in the alloy decreased greatly relative to the 37 wt% Mo in the 
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alloy sensor. Furthermore, the reproducibility of Co63Mo37 exhibited sensitivity RSD values that 

ranged between 11.35-13.86%. Unlike Co and Mo sensitivity RSD values, the Co63Mo37 RSD 

values did not significantly change with pH. This indicates the applicability of Co63Mo37 in both 

acidic and alkaline media. 

     The limits of detection of Co and Mo were noticeably lower than Co63Mo37 (Table 3.2). This 

makes Co and Mo more reliable in applications where phosphate concentration is extremely low 

such as water treatment plants and soil tests. The Canadian federal regulations and Central 

pollution control board of India apply stringent requirements of 5.26 x 10-6 M and 5.26 x 10-5 M, 

respectively, of phosphates into effluents (CWN  2018, CPCB  1988). In soil solution, H2PO4
- 

concentration ranges from 1.05 x 10-8 M to 1.05 x 10-5 M (Brady and Weil  2016b). This led us to 

the conclusion that while Co63Mo37 showed phosphate sensitivity over a wider pH range than Co 

and Mo (Table 3.2), Co and Mo could be more applicable than their alloy in testing P in soil and 

water (within certain pH ranges) due to their extremely low limit of detection.   
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Table 3.2 Summary of calibration characteristics of Co, Mo, and Co63Mo37 phosphate sensing 

electrodes. Error  σx̅ (N = 3). 

Sensor 

electrode 

Sensitivity 

(mV.dec-1) 

Sensitivity 

RSD (%) 

R2 Limit of 

detection      

log (M) 

Response 

Mechanism 

Co 

 

-33.30  0.45 (at pH 6)* 

-14.89  1.64 (at pH 7)* 

-10.48  1.30 (at pH 8)* 

2.34* 

19.07* 

21.56* 

0.95  

0.01* 

0.48  

0.12* 

0.34  

0.09* 

-5.30  NA   

(Xiao et al.  1995)
 

 

 

Mixed 

potential  

Mo 

 

8.03  1.69 (at pH 6)* 

-24.30  1.89 (at pH 7)* 

-27.50  1.18 (at pH 8)* 

36.48* 

13.29* 

7.45* 

0.18  

0.10* 

0.89  

0.06* 

0.92  

0.02* 

 

 

-5.72  NA   
(Li 

et al.  2016) 

Near Nernst 

potential 

Co63Mo37 33.91  2.70 (at pH 6)* 

34.25  2.24 (at pH 7)* 

24.70  1.67 (at pH 8)* 

13.86* 

11.35* 

11.74* 

0.96  

0.01* 

0.97  

0.01* 

0.96  

0.01* 

-4.95  0.39* 

-4.98  0.32* 

-4.78  0.32* 

 

Red-ox 

potential 

* This work; NA: not reported in literature. 

 3.5.1.4 The selectivity of Co, Mo, and Co63Mo37 phosphate sensing electrodes  

Ion-selective electrodes are affected by other ions. The potentiometric selectivity coefficient 

(K
PO4

3−,J

pot
) defines the ability of the electrode to identify specific ions from others. The greater the 

value of K
PO4

3−,J

pot
, the smaller the electrode’s preference towards the principal ion, phosphate. The 

values of K
PO4

3−,J

pot
 of Co, and Co63Mo37 towards NO3

-, SO4
2-, and Cl- were comparatively close 

(Table 3.3). Both showed lower selectivity towards NO3
- ion. Values of  K

PO4
3−,J

pot
 of Mo were 

slightly higher than Co and Co63Mo37 and showed the least selectivity towards NO3
- ion.  
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Table 3.3. Selectivity coefficients of Co, Mo, and Co63Mo37 phosphate sensing electrodes 

towards common anions. Error  σx̅ (N = 3). 

Common 

 anions 
log 𝐊

𝐏𝐎𝟒
𝟑−,𝐉

𝐩𝐨𝐭
 

Co 

 

Mo  

 

Co63Mo37 

NO3
- -3.1  NA (Xiao et 

al.  1995) 
-3.5  0.2 

(Xu et 

al.  2020) 
-3.2  0.1* 

SO4
2- -3.0  NA  

(Xiao et 

al.  1995) 
-2.0  0.3 

(Xu et 

al.  2020) 
-2.6  0.1* 

Cl- -2.7  NA (Xiao et 

al.  1995) 
-3.0  0.2 

(Xu et 

al.  2020) 
-2.7  0.1* 

* Separate solution method (this work); NA: not reported in literature.  

 

 

 

 

 

 

 

 

3.5.1.5  Response time and reproducibility of Co, Mo, and Co63Mo37 phosphate sensing 

electrodes  

The response time of the Mo electrode was significantly less than Co and Co63Mo37 electrodes 

(Table 3.4). This indicated the fast response characteristics of Mo near Nernst response. It was 

concluded that red-ox and mixed potential response time of Co63Mo37 and Co took place over a 

long period of time, minutes, and indicated slow response characteristics of both electrodes. 
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Table 3.4. Summary of response times of Co, Mo, and Co63Mo37 phosphate sensing electrodes. 

Error  σx̅ (N = 3). 

  

 

 

 

 

 

 

 

The reproducibility of the Co, Mo, and Co63Mo37 electrodes was defined from the stability of the 

electrodes’ sensitivity over a long period of time, weeks. The linear sensitivity of Mo was very 

stable (within ~ 1 mV.dec-1 variation) over 6 weeks (Li et al.  2016) (Table 3.5).  The linear 

sensitivity of Co and Co63Mo37 electrode shifted within two weeks (Kidosaki et al.  2012) (Table 

3.5). This could be explained by the increase of electrode surface oxidation when exposed to the 

atmosphere over a long period of time. Co mixed potential response involved the slow oxidation 

of Co (Co0 to Co2+) and the simultaneous reduction of dissolved oxygen upon exposure to 

phosphates (Meruva and Meyerhoff  1996). At higher oxygen content on the Co electrode surface, 

less Co oxidation could take place. This shifted the electrode stability within two weeks. High 

oxygen content on Co63Mo37 affected the electrode linear sensitivity due to the inability of 

Concentration 

(M) 

Co 

(min) 

Mo 

(sec) 

Co63Mo37 

(min) 

1 ×10-6 Up to 10 (Engblom  

1999) 
42.0  NA (Li 

et al.  2016) 
13.6  4.0* 

1 × 10-5 5  NA  (Engblom  

1999) 
20.0  NA  (Li 

et al.  2016) 
8.0  2.6* 

1 × 10-4 < 5 (Engblom  1999) 12.0  NA  (Li 

et al.  2016) 
7.5  1.1* 

1 × 10-3 < 5 (Engblom  1999) 9.0  NA (Li et 

al.  2016) 
9.0  2.5* 

1 × 10-2 < 5 (Engblom  1999) 7.0  NA (Li et 

al.  2016) 
8.0  2.1* 

1 × 10-1 < 5 (Engblom  1999) 4.0  NA (Li et 

al.  2016) 
9.5  1.0* 

* This work; NA: not reported in literature. 
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phosphate groups to reduce the excess oxygen on the alloy surface (Eq 3.16a-3.17). This also 

affected the stability of Co63Mo37 in the long run. The three electrodes exhibited a lifetime of weeks 

indicating the irreversibility of the reactions taking place on the surface of these sensors. The 

longer the Co, Mo, and Co63Mo37 electrodes are exposed to phosphates and surrounding 

atmosphere, the more metal oxide buildup could occur. Regenerating the Mo and Co surfaces by 

polishing or cyclic voltammetry as described in previous works (Li et al.  2016, Jones  2014) can 

restore the electrode surfaces and increase repeatability. 

Table 3.5. The lifetime of Co, Mo, and Co63Mo37 phosphate sensing electrodes. Error  σx̅ (N = 

3). 

Weeks Co/slope 

(mV.dec-1) 

Mo/slope 

(mV.dec-1) 

Co63Mo37/slope 

(mV.dec-1) 

0 (fresh) 30.0  NA 

(Kidosaki et 
al.  2012) 

 33.9  2.7* 

1  26.5  NA (Li 

et al.  2016) 
30.7  2.2* 

2 Slope shifted 

within 2 

weeks (Kidosaki 

et al.  2012) 

27.1  NA (Li 

et al.  2016) 
22.9  1.9* 

3  27.3  NA (Li 

et al.  2016) 
21.4  1.6*  

4  27.2  NA (Li 

et al.  2016) 
 

5  26.9  NA (Li 

et al.  2016) 
 

6  26.6 NA (Li 

et al.  2016) 
 

* This work. NA: not reported in literature. 
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3.5.2  Feasibility of Co, Mo, and Co63Mo37 Electrochemical Phosphate Sensors in 

Environmental Applications.  

Estimating soil nutrients is fundamental in judging soil health and productivity. The plant-available 

phosphorus (PAP) is susceptible to transport in the soil through either run-off or leaching. 

Therefore, agronomists depend on PAP test values to calculate P fertilizer application 

recommendations for specific regions (Ziadi et al.  2013).  PAP in the soil samples is extracted 

with chemical extractants designed for certain soil pH. Two of the commonly used extractants are  

0.5 M sodium bicarbonate at solution pH 8.5 (Olsen  1954) and Mehlich 3 at solution pH 2.5 

(Mehlich  1984). In a previous study by Engblom et al. (1999), the Co electrode was used to test 

for PAP in ammonium lactate acetic acid (Al) P extractant (Engblom  1999). It was concluded 

from their work that dissolved organic substances interfered with the Co ISE phosphate sensing 

which made the phosphate measurements inaccurate 

Worldwide, there are numerous water quality requirements and regulations. Targeting techniques 

with a lower limit of detection is required for both water and soil testing applications. Phosphate 

concentration ranges between 1.05 × 10-8  - 1.05 × 10-5 M (Brady and Weil  2016b) and 5.26 × 10-

6 M - 5.26 × 10-5 M in soil solution and water quality requirements (CWN  2018, CPCB  1988). 

Even though the Co63Mo37 phosphate ISE indicated a great phosphate selectivity over a wide pH 

range (Table 3.2), the limit of detection (Table 3.2) rather disqualified this sensor for soil and water 

tests. Marco et al. (1998) used Co wire ISE in flow injection potentiometer in a pH 5 carrier to 

measure the phosphates in wastewater (Marco et al.  1998). The Co ISE was feasible in water tests 

(7.0 x 10-5 – 7.6 x 10-5 M)  to an accuracy of ± 5% (relative) (Bai et al.  2012). In another work 

towards Mo phosphate sensing, Li et al. (2016) used pH compensation models to offset pH impact 

on Mo phosphate sensing electrode (Li et al.  2016). However, this impacted the limit of detection 
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of the Mo electrode which was 10-4 M. Even though Mo showed a low limit of detection at pH 8 

(Table 3.2), the increase of Mo electrode limit of detection associated with pH compensation 

models made it not feasible in soil and water phosphate tests. Therefore, the pH should be manually 

manipulated to pH 8 to use the sensor in these water and soil tests.    

While the selectivity coefficients of the three electrodes towards NO3
-, SO4

2-, and Cl- fell below 

10-2 (Table 3.3), this does not guarantee the suitability of these electrodes for some particular tests 

where the concentration of interfering ions is expected to be 100-folds greater than phosphate 

concentration. Typical NO3
-, SO4

2-, and Cl- concentrations in freshwater, wastewater and soil tests 

are 0 to 18, 3 to 30, 1 to 250 mg.L-1, 0 to 1, 14 to 92, 713 to 745 mg.L-1 and 2 to 3, 3 to 11,  2 to 3 

mg.g-1 (Fontenot and Lee  2013, Nthunya et al.  2018, Sherina et al.  2014, USEPA  2003, Edeogu  

2007, Covarrubias et al.  2012), respectively. Considering the high concentration of Cl- in 

wastewater and freshwater, the three electrodes may not be suitable for high Cl- environment in 

water tests and should be restricted to low Cl- concentration tests.  Cl- is one of the most abundant 

ions in water tests. Hence, no interference towards Cl- is highly required in water sensors 

performance criteria. By comparing the CVs of the Co, Mo, and Co63Mo37 electrodes towards Cl- 

and phosphate ions (Figure 3.S1, Appendix B), no hydrogen evolution behavior was observed in 

the alloy CVs towards Cl- (Figure 3.S1.a, Appendix B). A very different behavior, from mixed 

potential, of Co CVs was observed towards Cl- (Figure 3.S1.b, Appendix B). This behavior is 

called pitting corrosion behavior and is typically observed in carbon steel CVs in chloride solutions 

(Deyab and Keera  2012).  Mo CVs revealed much lower anodic current towards Cl- than 

phosphate (Figure 3.S1.c, Appendix B). This confirms that phosphate has a more significant effect 

than Cl- in enhancing the oxidation of Mo (Eq 3.11-3.12). The observed voltammetric analysis of 

the three electrodes towards Cl- indicates that Cl- did not interact with these electrodes as phosphate 
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did. However, the interference of these electrodes towards Cl- and other ions could be caused by 

the hydrophilic nature of phosphate as indicated by the phosphate ion position at the end of 

Hoffmeister series (NO3
- > Cl- > SO4

2- > PO4
3-). This could limit the selectivity of these electrodes, 

as phosphate remains in the solution more readily than more hydrophobic ions.  

3.6       Conclusion 

In this work, a novel Co63Mo37 alloy phosphate sensor was developed and compared to pure Co 

and Mo phosphate sensors. The calibration characteristics and reaction mechanisms of pure Co 

and Mo metals, towards phosphate sensing, were very different from each other and Co63Mo37 

alloy. This is caused by different properties and characteristics of pure metals and alloys. 

Electrodeposited Co63Mo37 alloy coatings showed a novel sensing mechanism based on the results 

of SEM, EDS, cyclic voltammetry, and electric potential measurements. The main overall reaction 

driving the electric potential signal on the Co63Mo37 alloy phosphate sensor was the reduction of 

the alloy surface by hydrogen adsorption. This led to a increase in emf values with phosphate 

concentration. However, the near Nernst and mixed potential mechanisms of Mo and Co, 

respectively, showed an decrease of emf values with phosphate concentration. Unlike pure Co and 

Mo metals, the Co63Mo37 alloys showed more sensitivity towards phosphates at wider pH ranges 

with high R2 values (0.96 - 0.97). Wider pH range improves the field of phosphate ISE by 

eliminating the need to adjust the phosphate analyte pH according to the ISE applicable pH range. 

However, the limit of detection of the alloy was higher than Co and Mo electrodes. Wastewater 

and soil phosphate measurements require both a wide pH range and a very low limit of detection. 

This limits the application of Co63Mo37 in these environmental tests and makes Co and Mo more 

reliable as long if they meet the recommended pH values.  
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Chapter 4: Instant and Mobile Electrochemical Quantification of Inorganic 

Phosphorus in Soil Extracts# 

#Contents of this chapter have been published as a research paper: Zeitoun, R. & Biswas, A. 2020. 

Instant and mobile electrochemical quantification of inorganic phosphorus in soil extracts. Journal 

of The Electrochemical Society, 167, 167512. 
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4.1 Preface 

Chapter 3 tested the performance of cobalt-molybdenum alloy in potentiometric phosphate 

sensing. While the alloy showed success in detecting both acidic and alkaline phosphate species, 

the high limit of detection disqualified this sensor from being used in soil P tests. With the end 

goal of developing a sensor that can measure soil phosphate instantly, the very slow response time 

of the red-ox reaction response of the alloy towards phosphates (~9 min) made it impossible. In 

addition, the stability of the alloy sensor deteriorated over time with more exposure to oxygen in 

the atmosphere. Due to these challenges, the focus of the research shifted towards another 

electrochemical approach, cyclic voltammetry. Cyclic voltammetry is a powerful tool that is 

commonly used to investigate the oxidation and reduction processes of molecular species by 

scanning the sensor electrodes under controlled electric potential, thereby providing an instant 

response. Therefore, it was hypothesized that applying cyclic voltammetry measurements in soil 

P extracts can provide instant responses with comparable results to spectroscopic soil phosphate 

tests. In this chapter, voltammetric responses of phosphomolybdate complex were studied and 

tested in soil phosphate tests. Performance criteria (sensitivity, selectivity, limit of detection, and 

response time) of the developed sensor were also studied. 

4.2 Abstract 

Phosphorus (P) is critical for food production and is vital to both plant and animal life. 

Measurement and management of soil P are crucial for soil fertility maintenance and optimum 

plant growth while reducing P losses from agricultural fields and improving downstream water 

quality. Several costly and time-consuming analytical methods provide offsite P analysis, while 

onsite sensor-based P analysis method shows the potential to provide fast and cost-effective P 
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measurements. This study presented a portable electrochemical adaptation of the Environmental 

Protection Agency (EPA) recommended colorimetric method for measuring inorganic P. In this 

research, cyclic voltammetry was used to quantify inorganic P in the range between 0.25 and 3.08 

mg.L-1 (typical soil P range). The limit of detection achieved was 0.18 mg.L-1. Other common ions 

did not interfere with P detection and confirmed P selectivity. Unlike the EPA recommended 

method, this method only required molybdate ions as the complexing agent. Processed soil samples 

in the laboratory were used to validate this method against inductively coupled plasma optical 

emission spectroscopy. This method showed an average recovery of 98.27% of P, highlighting its 

suitability for field P measurements. The proposed electrochemical approach is promising for low-

cost, simple, and portable infield soil P tests.  

4.3 Introduction 

Phosphorus (P), one of the three soil macro-nutrients, is vital for food production and plant growth. 

The plant physiology, the amount, and availability of P in the soil are all factors affecting the 

amount of P uptaken by the plants. Between 40 and 60% of the applied inorganic P fertilizers and 

organic P manures remain in the soil, and the remaining is either lost through runoff or leached to 

groundwater (Brady and Weil  2016b). The availability (to the plants) of the P remained in the soil 

is affected by soil pH, organic matter, and by the presence of iron, aluminum, and calcium minerals 

which fix P into forms not available to plants (Brady and Weil  2016b). Hence, only 0.01% of the 

total applied P in soil is found in plant-available forms such as orthophosphates (H2PO4
- or HPO4

2-

) (Brady and Weil  2016a). Owing to this very small percentage, land growers use excessive 

amounts of P fertilizers to secure plants' nutrients needs.  Unregulated application of P fertilizers 

and animal manures to agricultural fields leads to P build-up in water bodies and agricultural 
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watersheds and results in serious water pollution (JJ  2012). High levels of P and nitrogen (N) are 

the main cause of eutrophication of lakes and streams where phytoplankton and benthic algae grow 

to a certain extent (Stelzer and Lamberti  2001). This algal bloom leads to the depletion of 

dissolved oxygen in the water bodies and blockage of sunlight causing the death of fish and 

macrophytes (Brady and Weil  2016a).  Hence, it is advised to apply P fertilizers in soil on an as-

needed basis to maintain the safety of watersheds, streams, and the overall ecosystem. This has 

contributed to the analytical development of fast and precise P measurement methods (Kim et al.  

2007b) which are fundamental in judging soil health and productivity.  

Agronomists depend on plant-available phosphorus (PAP) test values to calculate P fertilizer 

application (Ziadi et al.  2013). Traditionally, soil P tests are prepared by first collecting soil 

samples from the soil plow layer (0-30 cm) (Haneya et al.  2018) and then extracting the soil P 

with chemical extractants designed for certain soil pH. Table 4.1 provided a summary of phosphate 

quantification tools that are commonly used. It provided comparisons of different methods, 

detection range, limit of detection (LOD), pros and cons of each method. Inductively coupled 

plasma optical emission spectroscopy (ICP-OES) and colorimetric tools are the most used tools in 

soil P tests (OMAFRA  2018). ICP-OES provides a limit of detection that spans between 0.032 to 

0.092 mg P per litre of P solution (Yang et al.  2018). ICP-OES is highly capable of detection of 

multiple elements simultaneously and has a wider detection range than the Environmental 

Protection Agency (EPA) recommended colorimetric method (Rice et al.  2017, Carvalho et al.  

1998). Even though ICP-OES is highly reliable in soil P testing, it requires knowledgeable 

operators and extensive maintenance and is not accessible to every user. ICP-OES tools are also 

characterized by their high capital and annual consumption costs (Wilschefski and Baxter  2019), 

which increase sampling costs. A molybdenum blue colorimetric method is a well-established 
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method that is approved by the EPA and has been utilized to measure the orthophosphate 

concentration in soil extracted solutions, providing a minimum detectable P concentration between 

0.001 − 0.007 mg.L-1(Rice et al.  2017). Despite being the standardized method for phosphate 

assays, this method can only provide accurate measurement for a limited number of soil samples 

due to its complicated steps, which are influenced by human procedure, costs, and time. It is also 

not suitable for rapid PAP quantification of soil samples. Diffuse reflectance in the visible and 

near-infrared spectroscopy (Vis-NIR) and cobalt potentiometric electrodes are two phosphate 

quantification methods that have been applied in soil tests (Souza et al.  2020, Engblom  1999) but 

are still suffering from multiple limitations and not commonly used in soil P tests. The complex 

nature of the soil matrix, which involves interactions between mineral and organic material, 

interferes with Vis-NIR results, making the soil P tests unreliable 10. Cobalt phosphate electrodes 

detect phosphate via mixed potential reaction (Meruva and Meyerhoff  1996). Cobalt is 

characterized by its great selectivity towards P (Zeitoun and Biswas  2020c).  The simplicity and 

portability of cobalt phosphate potentiometric sensors make them highly promising in phosphate 

detection tools. However, dissolved oxygen (DO), high LOD, and pH limitation in acidic media 

are still factors affecting the cobalt sensors’ reliability (Xiao et al.  1995, Zeitoun and Biswas  

2020c, Meruva and Meyerhoff  1996).   
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Table 4.1: Sensing parameters of phosphate detection analysis tools 

Analytical 

method 

Method  Range 

(mg.L-1) 

LOD  

(mg.L-1) 

Pros Cons Refs. 

ICP-OES Spectro-

scopy 

0.00 – 

3.00 

0.032 –

0.092 
• Low LOD 

• Fast 

• Multielement 

• Wide 

dynamic range 

• High capital 

cost 

• Requires 

knowledgeable 

operator 

(Yang 

et al.  

2018) 

Vis-NIR Spectro-

scopy 

3.00 – 

458* 

0.40* • Show promise 

in classifying 

soil P 

availability 

• Interaction 

b/w soil 

minerals and 

organic 

materials 

interference  

 

(Souza 

et al.  

2020) 

Colorimetric  Spectro-

photometry 

0.01 – 

2.00 
0.001 − 

0.007 

• Very low 

LOD 

• 

Recommended 

by EPA 

• Requires 

maintenance 

• Not portable 

• Time-

sensitive 

• Turbidity 

interference 

• High capital 

cost 

(Rice et 

al.  

2017) 

Cobalt  Potentio-

metry 

0.31– 

310 

0.15 • Simple to 

manufacture 

• Very selective 

to phosphates 

• Portable 

• Inexpensive 

• DO 

interference 

 •Only 

applicable in 

acidic pH range 

• Surface 

regeneration 

required 

(Xiao et 

al.  

1995) 

*Per soil volume. 

 

Soil P analytical methods can be classified into three categories: spectroscopic (ICP-OES and Vis-

NIR), spectrophotometric (colorimetric), and electrochemical (cyclic voltammetry and 

potentiometric sensors) (Table 4.1). Electrochemical sensors are used to determine the analytical 

concentration of analytes by measuring the change in current (cyclic voltammetry sensors) or 

potential difference (potentiometric sensors) due to the analyte’s redox reaction occurring on the 

sensing electrode’s surface (Elgrishi et al.  2018, Sharma and Raghavarao  2019). Cyclic 
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voltammetry (CV), which is the focus of this study, is a powerful tool that is commonly used to 

investigate the oxidation and reduction processes of molecular species. It is an electrochemical 

technique that relates electron transfer via oxidation or reduction to chemical changes and is 

implemented by cycling the working electrode by a certain potential and measuring the output 

current (Elgrishi et al.  2018). CV analysis is widely used in a variety of electrochemical sensors 

such as nitrite quantification using modified carbon paste electrode (Terbouche et al.  2016), 

goethite and hematite quantification in soil using carbon paste electroactive electrode (Memon et 

al.  2009), ammonium and phosphate quantification in wastewater based on the intrinsic chemical 

nature of noble and non-noble metallic electrodes and the redox behavior of the analyte (Campos 

et al.  2014). The success of CV in quantification analysis of nutrients and minerals shows a 

promise in measuring inorganic P in soil tests. Unlike conventional accredited P quantification 

tools, CV provides a simple, portable, direct, fast, and cost-effective approach that requires no 

maintenance and can be used by any personnel. In this work, we used a CV electrochemical 

approach to quantify phosphate ions based on the reduction and oxidation peaks of 

phosphomolybdate ions. Precise CV electrochemical phosphate sensing has the potential to 

provide site-specific measurements of plant-available phosphorus through which crop advisors can 

target the localized excesses and deficiencies of extractable phosphorus in the agricultural fields 

thereby limits fertilizer wastage. This will help to improve crop productivity sustainably, 

economically, and efficiently through proper P management while simultaneously promoting 

environmental protection through reduced P losses. The overall objective of this study was to 

develop a sensor for fast and site-specific electrochemical measurement of soil P. The cheap and 

high-resolution measurement could be used to quantify spatial P variability in agricultural fields 

to apply P fertilizers to the soil on an as-needed basis and improve agricultural systems.  
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4.4 Materials and Methods 

4.4.1 P Standards, Interfering Solutions, and Testing Reagent 

P standards and interfering solutions were prepared to evaluate the sensitivity and selectivity of 

the proposed method. Acidic molybdate testing reagent was prepared to be mixed with P analytes 

and interfering solution, and the mixture was directly scanned by CV. P standard solutions were 

prepared in Olsen P extracting solution (0.5 M sodium bicarbonate).10-3 M potassium phosphate 

(KH2PO4) stock solution was prepared by dissolving 136 mg of KH2PO4 in 1 liter of 0.5 M sodium 

bicarbonate (NaHCO3). This stock solution was diluted to make 8.07  10-6 – 9.94  10-5 M (0.25 

– 3.08 mg.L-1) standard KH2PO4 salt solutions dissolved as well in 0.5 M NaHCO3. This range 

was selected based on the range of soil test P concentration (i.e., Olsen P concentrations) in 

Ontario, Canada. In Ontario, the crop yield response to manure or fertilizers applications can be 

divided into three classes: low (< 10 mg.kg-1), optimum (10-30 mg.kg-1), and very high (> 60 

mg.kg-1) (Reid et al.  2019). This corresponds to 0.5, 0.5-1.5, and 3 mg.L-1 (mg P per litre of Olsen 

extracting solution), respectively.  

Interfering solutions were prepared in Olsen P extracting solution with sodium chloride (NaCl), 

sodium nitrate (NaNO3), and ammonium sulfate ((NH4)2SO4) with concentrations of 3.95, 5.75, 

and 8.93 mg.L-1, respectively. The testing reagent had only two components: molybdate and 

sulfuric acid. In accordance with optical methods, silicate interference could be avoided by 

providing the protons to molybdate ratio close to 70 (Zhang et al.  1999). This ratio roughly 

corresponds to pH 1 and molybdate concentration close to 1.5 mM. The molybdate stock solution 

was prepared by dissolving 3.41 g of ammonium molybdate tetrahydrate ((NH4)6Mo7O24 · 4H2O) 

in 500 mL of distilled water. 5 mL of analyte solution was added to 2 mL of the molybdate stock 
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solution to keep the molybdate concentration at 1.5 mM. The pH of this mixture was manually 

adjusted to pH 1 using few drops of 5.5 M sulfuric acid (H2SO4). Cyclic voltammetry tests were 

collected after five minutes of reagent mixing. FisherbrandTM accumetTM AE150 benchtop pH 

meter was used to control and measure pH. All chemicals were purchased from Fisher Scientific.  

4.4.2  Cyclic Voltammetry Measurements 

The CV scans of the P analytes were conducted by EmStatBlue potentiostat (manufactured by 

PalmSens - Compact Electrochemical Interfaces). The potentiostat was connected to the Microsoft 

surface pro tablet (Surface Pro 6 Model 1796 i5) via Bluetooth connection. Zensor TE100 screen-

printed electrodes (SPEs) were obtained from eDAQ Pty Ltd. These SPEs featured silver/silver 

chloride pellet reference, carbon working electrode (central circle), carbon auxiliary electrode 

(outer annular crescent). Carbon SPEs are remarkably known for their inert electrochemistry, low 

cost, wide potential window, and chemical stability, making them very attractive in 

electrochemical tests (McCreery  2008). Carbon SPEs are manufactured to be disposable. 

However, some studies claimed that they could be utilized for a large set of measurements without 

losing sensitivity (Sosa et al.  2015, Pérez-Ràfols et al.  2016). To the best of our knowledge, none 

of the available studies performed a systematic study of disposable SPE towards phosphate sensing 

performance and degradation after reuse. Hence, each SPE was used once per measurement in this 

study. SPEs were connected to the potentiostat via standard miniature alligator clips. Disposal 

pipettes were used to dispense one drop of the analyte solution (combined with molybdate reagent) 

on the SPE. The configuration of the potentiostat setup for the phosphate analysis was summarized 

in Figure 4.1. Cyclic voltammograms were obtained between -0.5 V and 0.5 V under a scanning 

rate of 50 mV.s-1 after 1 scan. The calibration curve was generated by correlating the oxidation 

and reduction peaks of the cyclic voltammograms with phosphate concentrations.   
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Figure 4.1: Potentiostat setup for phosphate analysis. 

4.4.3 Soil Sample Collection and Traditional Olsen P Extraction 

To validify the use of the proposed electrochemical method in soil P testing, soil samples were 

collected and extracted for inorganic P using traditional Olsen P extraction method. Agriculture 

and Agri-Food Canada (AAFC) supplied us with soil samples that were collected from Gully 

Creek watershed (~15 km2) located in the southwest of Ontario (Canada) in Huron county. 

Fourteen soil samples (from fourteen agriculture fields) were collected within Gully Creek in 2018. 

For each agricultural field (<20 ac), a minimum of 25 soil cores (0-15 cm) were randomly collected 

using a soil core sampler. The soil cores were mixed in a bucket to produce one composite sample 

per field. The composite samples were stored in Ziploc plastic bags and transported to our lab for 

analysis. The composite soil samples were air-dried, crushed, and sieved to < 2mm prior to Olsen 

P extraction. The soil texture of these samples were provided in Table 4.2.  
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Table 4.2 Surface texture of soil samples collected in 2018 

Soil sample Soil series and surface 

texture 

GC3 Berrien sand 

GC7 Perth clay loam 

GC19 Huron clay loam 

GC20 Perth clay loam 

GC11 Burford Loam 

HV06 Huron clay loam 

HV02 Huron clay loam 

GC18 Perth clay loam 

HV43 Huron clay loam 

GC8 Brookston clay loam 

GC16 Perth clay loam 

GC17 Huron clay loam 

GC12 Huron clay loam 

GC21 Perth clay loam 

According to the Ontario Ministry of Agriculture, Food, and Rural Affairs (OMAFRA) in Canada, 

many agricultural soils in Ontario are alkaline and rich in calcium (OMAFRA  2018). Since the 

Olsen P test method is suitable for calcareous soil samples, PAP was extracted using the prepared 

Olsen P extracting solution (Olsen  1954). Olsen P extracting solution was prepared by dissolving 

42 g of sodium bicarbonate (0.5 M NaHCO3) in 1 L of distilled water. 50% sodium hydroxide was 

used to adjust the pH of the Olsen P solution to pH 8.5. 1 gram of soil sample was added to 20 mL 

of Olsen extracting solution and a reciprocating shaker was used to shake the samples for 30 

minutes at room temperature. Whatman No. 42 filter paper was used to filter extracts. Inductively 

coupled plasma optical emission spectroscopy (ICP-OES) (model: Varian VISTA PRO, CCD 

Simultaneous Axial ICP-OES) was used to analyze P in Olsen extracts. Due to the high cost of 

ICP-OES tests, only two soil samples were collected from each soil composite (keeping the 

possibility of 3rd if two values showed difference), extracted separately, and tested for available P 

content. 
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4.4.4  Data analysis  

The mean peak current of three replicates of P standard solutions under identical conditions, with 

new SPE used for each replicate, was used to plot the calibration curve. Error bars reflected the 

standard deviation () of the three replicates. Microsoft Office 365 Excel was used to conduct 

statistical analysis. The coefficient of determination (R2, Equation 4.1) was used to express the fit 

performance of the calibration curve. To validate the CV results for soil P tests, correlation analysis 

was done to estimate the correlation coefficient (r, Equation 4.2) between ICP P values and CV P 

values. The relative standard deviation of the average peak current (RSDrp, Equation 4.3) was 

calculated to evaluate the repeatability of CV peak current results. The recovered soil P values 

achieved by CV were estimated (Equation 4.4). To evaluate the repeatability of soil P recoveries, 

the relative standard deviation of the average recovered soil P (RSDrec, Equation 4.5) was 

calculated. 

R2 =  ∑
(Peak currenti,   predicted − Peak currentaverage)2

(Peak currenti − Peak currentaverage)
2

i

 4.1 

r =
∑ (ICP Soil Pi −  ICP Soil Paverage)(CV Soil Pi − CV Soil Paverage)𝑖

√∑ (ICP Soil Pi −  ICP Soil Paverage)𝑖
2

√∑ (CV Soil Pi −  CV Soil Paverage)𝑖
2

 4.2
 

RSDrp =  
σPeak current,   n = 3

Peak currentaverage
 × 100 4.3 

Recovery =  
Measured P

Actual P
× 100 4.4 

RSDrec =  
σRecovery,   n = 2

Recoveryaverage
 × 100 4.5          
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4.5 Results and Discussion 

4.5.1 Calibration Characteristics of Cyclic Voltammetry Responses  

Treatment of phosphate ion with acidic molybdate forms a complex Keggin phosphomolybdate 

anion P(Mo12O40)
3- (Equation 1) (Cogan et al.  1999). In this work, we used a CV approach based 

on the reduction and oxidation peaks of phosphomolybdate ions to quantify P. The CV responses 

of the SPEs towards 1.5 M ammonium molybdate tetrahydrate (AMT) at pH 1 with and without P 

were shown in Figure 4.2. Two oxidation peaks were observed at -0.08 (peak 1) and 0.04 V (peak 

2) (Figure 4.2.a). These were likely due to the oxidation of the following two reduction steps 

(Equation 4.6-4.7). Other work reported similar results (Kabir et al.  2018). 

7𝑃𝑂4
3− +  12𝑀𝑜7𝑂24

6− + 72𝐻+ → 7𝑃𝑀𝑜12𝑂40
3− +  36𝐻2𝑂 4.6 

7𝑃𝑀𝑜12𝑂40
3− + 𝑛𝑒−+ 𝑛𝐻+ → [𝐻𝑛𝑃𝑀𝑜12𝑂40]3− 4.7 

Reduction peaks corresponding to oxidation peaks were observed at -0.15 (peak 3) and 0.05 V 

(peak 4) (Figure 4.2.a). This could indicate the stability of the AMT reaction with phosphate and 

its reversible nature (Elgrishi et al.  2018) which was justified later in this paper. The CV responses 

towards a blank solution (0.5 M NaHCO3) and other common anions like Cl-, NO3
-, and SO4

2- 

showed indistinct peaks (Figure 4.2.b). The EPA optical method uses ascorbic acid to reduce 

ammonium phosphomolybdate to the colored complex. The minimum reduction time 

recommended by the EPA optical method is 5 minutes, following the addition of analyte and 

reagent solutions. Previous studies showed the best linearity of the colorimetric calibration plot at 

a wavelength peak of 715 nm and 50 minutes of reagent reduction time (Zeitoun  2018). The CV 

peak current of 0.68 mg.L-1 P solution over 5 - 20 minutes reaction time was shown in Figure 4.3. 
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The peak signals of the averaged five recorded measurements ( at 5, 8, 10, 15, and 20 minutes) 

and the first recorded measurement (5 minutes)  of 0.68 mg.L-1 P solution over 20 minutes were 

1.59  0.07 and 1.52  0.08 A, respectively. This shows that the reaction time had an insignificant 

effect on the voltammetric signals. This was because the CV protocol did not require a reducing 

agent, unlike the recommended EPA colorimetric method. Hence, the proposed CV method was 

not affected by the reaction time and analyte P solution could be tested instantly, following the 

addition of AMT reagent.  

 

Figure 4.2: CV responses using a SPE in a) (▬)0.68 mg P. L-1, (▬)1.5 mg P. L-1, (▬)2.03 mg P. 

L-1, (▬)2.70 mg P. L-1,(▬) 3.08 mg P. L-1 b) (▬) blank, (▬) 8.93 mg.L-1 (NH4)2SO4, (▬) 5.75 

mg.L-1 NaNO3, (▬) 3.95 mg.L-1 NaCl. All solutions contained 1.5 M AMT and were adjusted to 

pH 1. 

a) b) 

Increasing P 

concentration  

Increasing P  

concentration  

Peak 

Peak 

Peak 

Peak 

Peak 
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Figure 4.3: Oxidation peak current observed at -0.08 V as a function of time. The solution 

contained 0.68 mg.L-1 of P and reagent. 

The analytical peak chosen for this work was the oxidation peak at -0.08 V (peak 1) since it was 

found to show the best linear relationship with P concentration (Table 4.3), showing the highest 

coefficient of determination (R2) value of 0.99. It also exhibited the highest sensitivity towards P 

sensing by showing the highest slope value of 0.67 A/(mg.L-1). Hence, the line of best fit of peak 

1 currents was used as the calibration curve (Figure 4.4) with a limit of detection (3σ) of 0.18 

mg.L-1.  
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Table 4.3: Summary of slope, intercept and R2 for the calibration curves occurring at two reduction 

peaks and two oxidation peaks. 

Peak (V)  Slope (A/(mg.L-1))  

Intercept 

  R2  

-0.08 O (peak 1) 0.67 1.13 0.99 

0.04 O    (peak 2) 0.22 1.21 0.90 

-0.15 R (peak 3) -0.44 -1.64 0.92 

0.05 R   (peak 4) -0.13 -0.37 0.84 
O denotes oxidation peak; R denotes reduction peak. 

 

Figure 4.4: Calibration curve corresponding to P standard solutions. All solutions contained 1.5 

M AMT and were adjusted to pH 1. Error bars  σ (N = 3). 

 

The scan rate controls the speed of the applied potential. Faster scan rate leads to a higher current 

due to the decrease in the size of the diffusion layer (Bard and Faulkner  2001, Savéant  2006). 
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Randles-Sevcik equation (Equation 4.8) describes how the peak current (ip) increases linearly with 

the square root of the scan rate (υ)  

ip = 0.446nFAC0 (
nFυD0

RT
)

1
2

4.8 

where, n is the number of electrons transferred in the redox event, F is the Faraday constant, R is 

the gas constant, A is the electrode area, T is the temperature, C0 is the analyte concentration, and 

D0 is the diffusion coefficient (Elgrishi et al.  2018). 

The Randles-Sevcik equation can indicate whether the analyte is freely diffusing or is adsorbed on 

the electrode surface (Elgrishi et al.  2018). This is important to assess as it determines if the 

analyte is homogeneous in solution before being tested. The electrochemically reversible electron 

transfer process is recognized if the plot of ip versus υ1/2 is linear (Elgrishi et al.  2018). Deviation 

from this linearity either suggests electrochemical quasi-reversibility or electron transfer via 

surface adsorption (Elgrishi et al.  2018). The current versus square root of the scan rate plot 

exhibited a linear response showing an R2 value of 0.99 (Figure 4.5.b). This indicated that the 

AMT reaction with phosphate was a reversible reaction that was stable upon reduction and could 

be reoxidized consequently.  
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Figure 4.5: a) CV responses using SPE in 3.08 mg P per litre (containing 1.5 M AMT and pH 

adjusted to 1) at scanning rates: (▬) 50, (▬) 100, (▬) 150, and (▬) 200 mV.sec-1. b) 

corresponding linear plot of current versus √scan rate at peak -0.08. Error bars  σ (N = 3). 

 

4.5.2  Interference and Repeatability of CV P Analysis  

P standard solutions showed an increase in average current with P concentration (Figure 4.2.a and 

Table 4.4). They also showed greater average current values (at peak -0.08 V) than other anions 

(Table 4.4), ranging between 1.66-3.25 A. However, anions like carbonate (CO3
2-), chloride (Cl-

), nitrate (NO3
-), and sulfate (SO4

2-) delivered current values (at peak -0.08 V) that spanned 

between 0.92-1.13 A. This indicated the great selectivity of this method towards phosphate ion. 

RSDrp (Equation 4.3) of the average peak current was calculated to evaluate the repeatability of 

the proposed method. The RSDrp values showed satisfactory repeatability and ranged between 1.02 

- 5.77 % for the P analyte solutions (Table 4.3). The RSDrp values did not show any decreasing or 

increasing trend with P concentration in the analyte solution. It was hypothesized that the RSDrp 

values were affected mostly by the active sites on the SPE surface. The carbon SPEs were used as 

supplied with no surface cleaning or pre-treatment. The SPEs could be exposed to contaminants 

a) b) 

Increasing scan rate   
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from atmosphere, printing additives, or factory packaging which could passivate some of the active 

sites of the SPE carbon surface leading to less consistent peak signal results.  

Table 4.4: Summary of CV current responses (at peak -0.08 V) towards P standard solutions and 

other common anions. Error  σ (N = 3) 

Analyte   

Actual 

concentration 

(mg.L-1) 

Predicted 

concentration 

(mg.L-1) 

Average peak 

current (A)  

RSDrp 

(%) 

P 3.08       1.02 

P 2.70 2.55   2.86   5.77 

P 2.03 2.12   2.57   4.66 

P 1.50 1.47   2.13   4.57 

P 0.68 0.79   1.66   5.36 

Blank (NaHCO3)  28416.78 ND  1.05   4.46 

NaCl 3.95 ND  1.13   9.21 

NaNO3 5.75 ND  0.92   10.68 

(NH4)2SO4 8.93 ND  1.03   6.51 
ND: not detected. 

 

4.5.3  Analysis of Soil Samples 

PAP extracted by the Olsen method was analysed with CV and ICP (Table 4.5). The CV method 

showed high recovery values. This showed great potential for the CV approach in soil tests. The 

CV measured soil P was almost the same for the ICP soil P.  Correlation analysis showed the 

highly significant relationship between P determinations by the two analytical methods (Figure 

4.6). The coefficient of correlation (r) between ICP-P and CV-P for the 14 soil samples collection 

was 0.98. A slope of 0.96 was obtained in this study. This showed that ICP-P was about 4% greater 

than the CV measured P.  This difference could be due to the presence of organic P in Olsen 

extractants which can be detected by the ICP determination but not by the CV determination 

(Adesanwo et al.  2013).  The indirect electroanalytical protocol maintained high selectivity and 
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sensitivity, providing a limit of detection of 0.18 mg.L-1 which was shown to be effectively applied 

to calcareous soil samples and was validated by ICP-OES tests for quantification of PAP in soil 

extracts. The fast response and portability of our cyclic voltammetry approach make PAP 

characterization possible in the field. Conventional accredited measurement methods of soil 

phosphorus fertility provide accurate measurements for a limited number of samples due to cost, 

time, and labor involved with laboratory analysis and are insufficient to characterize phosphorus 

variability within agricultural landscapes. Our proposed approach provided an inexpensive and 

simple protocol that could be used as an invaluable replacement to complex analytical soil P tests 

such as ICP-OES and colorimetric methods.  

Table 4.5: Recovery of the proposed CV phosphate tests based on soil samples. Error  σ (N = 2). 

Soil Sample ICP 

concentration  

(mg.L-1) 

CV 

concentration  

(mg.L-1) 

Recovery (%) RSDrec  

(%) 

GC3 4.59   4.30   93.70   2.4 

GC7 1.27   0.97   76.38   2.5 

GC19 2.39   2.40    100.72   4.3 

GC20 0.94   0.87   92.52   10.9 

GC11 2.50   2.74    109.85   11.6 

HV06 1.04   0.94   90.59   1.1 

HV02 1.54   1.40    91.07   8.2 

GC18 2.10   2.16   103.32   14.5 

HV43 1.56   1.43   91.89   6.3 

GC8 1.21   1.13   93.66   7.6 

GC16 1.55   1.59   102.66   6.5 

GC17 0.98   1.02   103.58   14.6 

GC12 1.20   1.27   106.52   14.1 

GC21 1.09   1.29   119.28   7.2 
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Figure 4.6: Measured CV soil P versus measured ICP soil P. The units represent soil P (mg) per 

litre of extractant solution. Error bars  σ (N = 2). 

4.6 Conclusion 

The sensing of inorganic P in soil samples using an electrochemical adaptation of the standardized 

colorimetric method was carried out for the first time. The proposed procedure utilized cost-

effective SPEs and provided an appealing infield soil P testing. The portability of the potentiostat 

used in this study makes this protocol a potential method for instant electrochemical quantification 

in agricultural fields. This saves the end-user time by eliminating the need to transition the soil 

samples to the laboratories.  However, this method still requires the use of chemicals (AMT and 

sulfuric acid). The waste solutions will need to be disposed of in certain ways according to 

environmental standards. This could limit the applicability of this approach in the field. Further 

studies are required to explore the safety of this method’s wastes in the field and make the 
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pretreated samples (with AMT and sulfuric acid) less hazardous to the end-user. Unlike ICP-OES 

and colorimetric methods, the cyclic voltammetry approach provided a simple, inexpensive, and 

portable detection tool that did not require any maintenance. The proposed experimental method 

required less experimental time and overcame turbidity interferences associated with EPA 

recommended colorimetric methods. This method also eliminated the usage of a reducing agent 

(ascorbic acid) and catalyst (antimony potassium tartrate) required by the colorimetric method. 

The number of soil P tests collected per agricultural field is typically affected by the available 

budget and the spatial coverage required in the field. With the cost-effectiveness and simplicity of 

this method, denser P sampling and testing could take place over the fields. With more soil P data 

available, continuous P maps with higher resolution can be provided which will lead to more 

sustainable P management. The LOD and analysis range of the proposed cyclic voltammetry 

approach were suitable and applicable for soil P tests. Further research is required to improve the 

LOD of the cyclic voltammetry approach. Active sites on the SPE surface affect the current signal. 

Increasing the active sites on the SPE surfaces will increase the current signal by enhancing the 

sensitivity and LOD and is a future work of this study. 
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Chapter 5: Paper-polished Carbon Screen-Printed Electrodes Increase 

Reusability and Enhance Performance in Phosphomolybdate Electrochemical 

Detection# 

#Contents of this chapter have been published as a research paper: Zeitoun, R., Adamchuk, V., 

Warland, J. & Biswas, A. 2021. Paper-polished carbon screen-printed electrodes increase 

reusability and enhance performance in phosphomolybdate electrochemical detection. Journal of 

Electroanalytical Chemistry, 890, 115229. 
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5.1 Preface 

Chapter 4 tested the performance of phosphomolybdate cyclic voltammetry in detecting 

phosphates in soil extracts and showed success. In chapter 4, carbon screen-printed electrodes were 

used one time per test because there was no information available on the degradation or reusability 

of these electrodes in phosphate tests. With the high sample analysis load of soil phosphate tests, 

it may not be economically feasible to dispose of SPEs after a single use. In addition, it creates 

more environmental waste. Therefore, a sustainable solution was needed. In this chapter, surface 

modification was done on the carbon screen-printed electrodes using paper polishing. A systematic 

study was prepared on the performance of the modified electrodes and on the possibility of reusing 

these electrodes in soil phosphate tests, thereby increasing the economic and environmental 

sustainability of these tests.  

5.2 Abstract 

Carbon screen-printed electrodes (SPEs) are recognized as disposable, single-use, and inexpensive 

sensors to measure various analytes, including phosphates they have multiple applications using 

cyclic voltammetry (CV), which is a powerful electrochemical technique used to investigate the 

redox reactions of specific analytes. However, high demand for SPEs in laboratories creates 

questions about their economical feasibility and disposal after a single-use, while it has been found 

that polishing the surfaces of SPEs shows potential for reuse.  The aim of this study was to examine 

the effect of polishing SPEs using office paper on their reproducibility, repeatability, and 

amperometric response for phosphate electrochemical sensing. The effect was determined by 

measuring the peak currents of the CV scans of phosphate analytes before and after SPE polishing. 

The sensitivity, limit of detection, and reproducibility of the electrochemical phosphate test were 
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significantly improved by polishing the SPEs with office paper.  For example, the paper polished 

SPEs increased the phosphate sensitivity response by 63.6 % and showed reuse efficacy up to 

successive 20 cyclic voltammetry cycles. Compared to carbon pretreatment methods that use 

chemicals in SPE mechanical polishing, the proposed paper polishing method is eco-friendly, cost-

effective, and shows great promise towards more sustainable phosphate tests.     

5.3 Introduction 

Inorganic phosphate determination is very important in environmental applications such as 

determining soil productivity and controlling phosphate build-up in agricultural watersheds which 

may result in serious water pollution (Brady and Weil  2016b, Stelzer and Lamberti  2001). 

Conventional accredited phosphate analyses are often carried out using optical emission 

spectroscopy (ICP-OES) and molybdenum blue colorimetric methods. These methods are costly, 

requiring complex procedures, high maintenance, and lengthy analysis time (Yang et al.  2018, 

Carvalho et al.  1998, Rice et al.  2017, Zeitoun  2018). A promising alternative was an 

electrochemical test using cyclic voltammetry of carbon screen-printed electrodes (SPEs) in an 

acidic phosphomolybdate (PhMo) analyte (Zeitoun and Biswas  2020b). This offered low 

instrumentation costs and enabled on-site analysis (Zeitoun and Biswas  2020b). However, a few 

challenges remain; the main one is the unsustainable disposability of these SPEs after single use 

due to their loss of sensitivity and irreproducible results after multiple reuses.   

Carbon electrodes are known for their low cost, inert electrochemistry, structural polymorphism, 

rich surface chemistry, chemical stability, and wide potential window (McCreery  2008). Graphite 

is commonly used in the mass production of SPEs. Hence, they are always disposable and 

inexpensive (Zeitoun and Biswas  2020b, Churinsky and Grgicak  2014, Caygill et al.  2013). With 
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the high sample analysis load of laboratories, it may not be economically feasible to dispose of 

SPEs after a single-use. Moreover, the large quantity of these SPEs is simply not sustainable and 

may present concerns for environmental health.  Some studies claimed that SPEs can be reused for 

a large set of measurements without losing sensitivity (Sosa et al.  2015, Pérez-Ràfols et al.  2016). 

However, there is no systematic study to confirm this or to understand the SPE’s background 

reactions after reuse. Only one study was found on paper polishing of SPEs, which demonstrated 

the possibility of increasing SPE sensitivity and reproducibility for protein (rabbit 

immunoglobulin) detection (Pravda et al.  2001). To the best of our knowledge, there are no studies 

on nutrient detection using paper polished (PP) SPEs. In this work, for the first time, a systematic 

study was conducted on PP SPEs towards phosphate sensing behavior and performance after reuse.   

Techniques like SPE mechanical polishing, solvent cleaning, electrochemical polarization, and 

chemical modification are all actions used in SPE modification to achieve higher selectivity, 

repeatability, reusability, and sensitivity towards certain analytes (Kabir et al.  2018, Pravda et al.  

2001, Finšgar et al.  2018, Cumba et al.  2016, Rana et al.  2019). The kinetic sensitivity to a 

particular surface modification depends on the classification of the electrochemical redox system 

(Fig. 5.1) (McCreery  2008). Enhancing the SPE’s electrochemical performance by finding the 

appropriate electrode surface treatment for PhMo analyte sensing is fundamental in delivering 

more reliable results. 
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Figure 5.1: Classification of redox systems according to their kinetic sensitivity to different surface 

modifications on carbon electrodes. Adapted from McCreery (McCreery  2008). Ru(NH3)
6: 

Hexaammineruthenium, Co(phen)3: Cobalt(III) phenanthroline, IrCl6: Hexachloroiridate, Fc: 

ferrocene, MV: methyl viologen, CPZ: chlorpromazine, MB: methylene blue, Fe(CN)6: 

Ferricyanide, Fe: iron, Eu: Europium, and V: Vanadium. 

 In previous works, SPEs have been pretreated using metal compounds (Foster et al.  2014, Khairy 

et al.  2010), nanoparticles (Bernalte et al.  2012), nanowires (Kabir et al.  2018), and organic 

substrates (Honeychurch et al.  2001). Mechanical polishing offers some advantages over chemical 

pretreatment methods, including less labor-intensive and more cost-effective. Mechanical 

polishing was applied successfully to platinum and nickel-based electrodes to improve several 

electrochemical properties (Lee et al.  2016b, Lee et al.  2016a, Li et al.  2017) (Table 5.1). 

Mechanical surface polishing was also found to be essential to regenerate potentiometric electrode 

surface and improve sensitivity (Li et al.  2016, Zeitoun and Biswas  2020a).  Only two studies 

examined SPE mechanical polishing to enhance the electrochemical response (Cumba et al.  2016, 
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Pravda et al.  2001) (Table 5.1). Pravda et. al successfully used office paper polishing on SPEs to 

enhance the adsorption of rabbit immunoglobulin on SPE electrochemical biosensors (Pravda et 

al.  2001). Their method exhibited double sensitivity and reproducibility. Mechanical polishing of 

SPEs using a diamond spray or alumina slurry was found to increase nitrite sensitivity two-fold 

and improved the limit of detection (LOD) (Cumba et al.  2016). Paper polishing has the potential 

to be an easy pretreatment method that can be applied and extended towards phosphate sensing for 

an evident enhancement in the electroanalytical response. Hence, the overall objective of this study 

was to improve the efficacy of PhMo electrochemical detection by investigating the effect of paper 

polishing on SPE sensitivity, reproducibility, repeatability, and durability.  
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Table 5.1 Summary of mechanical polishing techniques applied in electrochemistry. 

Type of 

electrode 

Surface pretreatment 

method 

Analyte detected 

/electrochemical use 

Electrochemical advantage in 

performance 

Ref. 

SPE Paper polishing 

 

Rabbit immunoglobulin 

protein 
• Sensitivity and reproducibility were 

increased two folds 

(Pravda et 

al.  2001) 

SPE Diamond spray or 

alumina slurry  

Nitrite • Sensitivity was increased two-fold 

• LOD was improved 

(Cumba et 

al.  2016) 

Platinum 

screen-

printed 

electrode 

Alumina powder 

 

Oxygen  
• Removal of surface contaminants 

• Achievement of prolonged oxygen 

detection 

• Hydrogen adsorption was improved 

• Electroactive surface area was 

improved 

(Lee et al.  

2016b, Lee 

et al.  2016a) 

Nickel-based 

electrode 

Sandpaper 

 

Water electrolysis • Lower overpotential was achieved (Li et al.  

2017) 

Molybdenum 

electrode 

Sandpaper Phosphate • Restore electrode Nernst response (Li et al.  

2016) 
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CV scans were done on unmodified (UN) and PP SPEs in a laboratory test using various 

concentrations of PhMo solutions to test for peak currents. Following this, the UN and PP SPEs 

were used to measure phosphorus (P) in a set of soil samples aiming to increase the efficacy of P 

testing for agricultural and environmental applications. While traditional soil sample collection 

following a grid sampling strategy is the most common method for P management decisions 

(OMAFRA  2018), application of P fertilizers on an as-needed basis or variable rate fertilization 

requires greater information on soil P, often in the form of a continuous map (Lauzon et al.  2005, 

Franzen and Peck  1995). While sensor-based P measurement showed potential (Zeitoun and 

Biswas  2020b),  the sustainable reuse of SPEs will further reduce the cost of data generation and 

support a large number of soil P tests for the precision application of P fertilizers. 

5.4 Material and Methods 

A laboratory test was set up to examine the efficacy of paper polishing as a pretreatment step to 

improve the SPE’s electrochemical response in phosphate sensing. CV scans were performed on 

UN SPEs and PP SPEs in ascorbic acid and PhMo analytes. The peak currents of ascorbic acid CV 

scans were used to study the effect of paper polishing on the electroactive surface area of SPE and 

narrow down the electrochemical redox system of PhMo. The oxidation peaks of the PhMo CV 

scans of both SPEs were analyzed to evaluate the difference in the performance of each SPE 

towards phosphate sensing, examining sensitivity, reproducibility, LOD, and repeatability. 

Following that, a case study in soil tests was done on soil phosphate extracts using the PP SPEs to 

examine their use in real environmental phosphate tests. The detailed methodology of our approach 

is found in the following subsections.   
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5.4.1 P Standards and Testing Reagent 

To evaluate the sensitivity of the pretreated SPEs towards PhMo analytes, mixtures of acidic 

molybdate testing reagent and P standard solution were prepared and scanned by CV using the 

surface polished SPEs. Olsen soil P extractant (0.5 M sodium bicarbonate) is typically used in 

Ontario soils in Canada due to their alkaline nature and calcium richness (OMAFRA  2018). In 

this study, Olsen solution was used as the solute of standard P solutions and testing reagent and to 

extract soil P from soil samples. Potassium phosphate (KH2PO4) stock solution was prepared by 

dissolving 136 mg of KH2PO4 in 1 liter of 0.5 M sodium bicarbonate (NaHCO3). This stock 

solution (10-3 M) was diluted to make 8.07  10-6 – 9.94  10-5 M (0.25 – 3.08 mg.L-1) standard 

KH2PO4 salt solutions dissolved in 0.5 M NaHCO3. This range was selected based on the typical 

range of inorganic soil P test concentration in Ontario, Canada (Reid et al.  2019). An acidic 

molybdate testing reagent was prepared by dissolving 3.41 g of ammonium molybdate tetrahydrate 

(AMT) ((NH4)6Mo7O24 · 4H2O) in 500 mL of 0.5 M NaHCO3. To avoid silicate interference, the 

protons to molybdate ratio should be approximately 70 (Zhang et al.  1999). This ratio roughly 

corresponds to a molybdate concentration close to 1.5 mM and pH 1. To maintain the molybdate 

concentration at 1.5 mM, 5 mL of P analyte solution was added to 2 mL of the AMT stock solution. 

5.5 M sulfuric acid (H2SO4) was used to manually adjust the pH of this mixture to pH 1 using a 

FisherbrandTM accumetTM AE150 benchtop pH meter. 

5.4.2 Soil P Testing 

Five soil samples (S1, S2, S3, S4, and S5) were collected from the Gully Creek watershed (Huron 

County, ON, Canada) and extracted for inorganic P using the traditional Olsen P extraction method 

(Olsen  1954). Inductively coupled plasma optical emission spectroscopy (ICP-OES) (model: 
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Varian VISTA PRO, CCD Simultaneous Axial ICP-OES) was used to analyze P in Olsen extracts, 

giving concentrations of 2.49 ± 0.18 (S1), 2.09 ± 0.02 (S2), 1.55 ± 0.01 (S3), 1.09 ± 0.01 (S4), 

1.05 ± 0.03 (S5) mg.L-1. PP SPE was used in S1, S2, S3, S4, and S5 (soil P extracts samples) in 

that order. Following this, the same PP SPE was used again to test soil P extracts in the same order. 

In total, this was repeated 4 times, totaling 20 successive uses per PP SPE. Three PP SPEs were 

used for this case study. This was done to test for any legacy/memory effects associated with PP 

SPE’s reuse in soil P tests. This will help in indicating whether these PP SPEs can be employed 

interchangeably between different soil samples. 

5.4.3  Preparation of Polished SPEs 

The SPEs were obtained from eDAQ Pty Ltd. Office paper (69 g.m-2) was used to polish the SPEs 

for a few seconds until the SPEs gained a smooth and shiny graphite appearance.  

5.4.4 Cyclic Voltammetry Measurements 

The CV scans of P analytes were obtained between -0.5 V and 0.5 V under a scanning rate of 50 

mV.s-1 by EmStatBlue potentiostat (manufactured by PalmSens - Compact Electrochemical 

Interfaces). The potentiostat was connected wirelessly to the Microsoft surface pro tablet (Surface 

Pro 6 Model 1796 i5). Standard miniature alligator clips were used to connect SPEs to the 

potentiostat. One drop of the analyte solution was dispensed on the SPEs via disposal pipettes. The 

configuration of the potentiostat setup and SPE polishing was summarized in Fig. 5.2.   
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Figure 5.2: Graphical representation of SPE polishing and potentiostat setup. 

5.4.5  Data Analysis 

The calibration curve was generated by correlating the first oxidation peak (at 0.10 V potential) of 

the cyclic voltammograms with phosphate concentrations. The first oxidation peak was selected 

because it showed the best linear relationship with phosphate concentration in our previous work, 

delivering a coefficient of determination (R2) of 0.99 (Zeitoun and Biswas  2020b). R2 was 

employed to indicate the fitness of the calibration curve. All treatments were done in triplicate 

with the results expressed as mean ± standard error (x̄). To evaluate the reusability of PP SPEs 

and UN SPEs, the SAS® software package (University Edition, SAS Institute Inc., Cary, NC, 

USA) was used to conduct Tukey’s honest significance difference to compare the mean values of 

three SPEs after 20 successive measurements in 3.08 mg.L-1, with p < 0.05 indicating a significant 

difference. The reproducibility (RSDrr) and repeatability (RSDrp)of the SPEs were evaluated by 

calculating the relative standard deviation of the SPEs recoveries after 1 to 20 successive uses for 

each electrode and the relative standard deviation of the three SPEs recoveries for each of the 20 

uses, respectively.  
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5.4.6 Physical Characterization 

The surface morphologies of UN SPE and PP SPE were characterized using an Inspect S50 (FEI 

Company) equipped with a tungsten filament scanning electron microscope (SEM). 

5.4.7 Electrochemical Parameters Calculations  

The electroactive surface area (A) was calculated for PP SPEs and UN SPEs using Randles-Sevcik 

equation (Eq 5.1) (Elgrishi et al.  2018), 

ip = 0.446nFAC0 (
nFυD0

RT
)

1

2
5.1  

Where ip is the peak current, n is the number of electrons transferred in the redox event, υ is the 

scan rate, A is the electroactive surface area of the electrode, C0 is the analyte concentration, D0 is 

the diffusion coefficient, T is room temperature, R is gas constant, and F is Faraday constant. 3 

mM ascorbic acid (in 1 mM HEPES buffer at pH 7)  was the redox probe used for A 

characterization using D0 value of 1.42 × 10-6 cm2 s-1 (Kim et al.  2010). The surface roughness of 

PP SPEs and UN SPEs was determined by dividing A  by the geometric area (Ageo) of the electrode.  

The anodic segments of CV sweeps (in 3.08 mg P. L-1) were extracted to read for linear sweep 

voltammograms (LSV) to generate Tafel plots (Eq 5.2) (Faulkner and Bard  2002).  The Tafel 

region preceding the observed curvature at oxidation peak 0.10 V was used to generate the Tafel 

plot, where the logarithm of the current varied linearly with the potential. The anodic charge 

transfer coefficient, α, was calculated using the slope of Tafel plot (Eq 5.3) (Faulkner and Bard  

2002), 

η = a + b log j 5.2 
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α = 2.3
RT

bF
5.3 

where η is the overpotential, j is the current density, b is the Tafel slope, and a is the parameter 

associated with the exchange current density.  

5.5 Results and Discussion 

5.5.1  Effects of Paper Polishing on SPE surface Morphology and Electroactive Surface Area 

The UN SPE surface has a delicate porous structure (Fig. 5.3 a-c) that may be lost during 

manipulation resulting in poor reproducibility. Polishing SPE with office paper removed the 

original porous structure and exposed the interior composite of the SPE carbon surface, exhibiting 

smooth areas (Fig. 5.3 d-f). The electroactive surface area (A) and roughness of UN SPE and PP 

SPE, determined using the peak current of ascorbic acid redox (Fig. 5.4), were found to be very 

similar (Table 5.2). Ascorbic acid is a redox probe that is affected by the surface treatment of the 

electrode, but not affected by surface oxides (Fig. 5.1). This highlighted that paper polishing had 

no significant effect on the A of SPE nor the surface roughness (Table 5.2). Paper polishing also 

enhanced the electron transfer kinetics by shifting the anodic peak current of ascorbic acid to left 

in the direction of the potential sweep (Fig. 5.4). This indicated a faster electron transfer rate (Aoki 

and Chen  2018) since the peak potential has a dependence on the shift of equilibrium of redox 

species (Sandford et al.  2019). This could be due to the removal of the binding polymer 

overcoating on the surface carbon particles (Pravda et al.  2001) after paper polishing. The PP SPE 

revealed a sharp oxygen evolution reaction (OER) tail towards positive potential. Paper polishing 

SPE could have enhanced water electrolysis by achieving lower overpotential. Other work showed 

similar results by polishing nickel-based electrodes with sandpaper (Table 5.1) (Li et al.  2017). 
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Figure 5.3: SEM images of PP SPE (a-c) and UN SPE (d-f) at 200, 100, and 50 µm 

magnifications. 
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Figure 5.4: CV response of 3 mM ascorbic acid solution prepared in HEPES, pH = 7. The 

applied potential scan rate is 50 mV/s. 

 

Table 5.2. Electro-active surface area and roughness characterization of PP SPE  and UN SPE 

using 3 mM ascorbic acid redox probe in 1 mM HEPES (pH 7). 

 

PP SPE UN SPE 

A (mm2) 17.70 ± 0.97 18.63 ± 0.54 

Ageo (mm2) 7.07 7.07 

Roughness (A/Ageo) 2.50 ± 0.14 2.64 ± 0.14 

 

Peak shifts 

 

 OER 
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5.5.2 Effect of Paper Polishing on Electrochemical Properties of SPEs 

α is important to provide information on the energy barrier of the electrochemical reaction 

(Churinsky and Grgicak  2014). It indicates how responsive the current is to the applied voltage 

which lowers the energy barrier of the reaction. An increase of current density with the same 

overpotential indicates a decrease in charge transfer resistance. The anodic LSV sweeps of UN 

SPEs and PP SPEs in 3.08 mg P. L-1 were used to calculate α using the slope of the Tafel plots 

(Fig. 5.5). This was done for the 20 successive LSV sweeps of  UN SPEs and PP SPEs in 3.08 mg 

P. L-1 to calculate the variation of α over the 20 successive uses (Fig. 5.6). The α of UN SPEs 

gradually decreased from 0.95 to 0.70 (Fig. 5.6). Meanwhile, the α values of PP SPEs were 

consistently between 0.79-0.72. It can be concluded from this study that the charge transfer 

resistance decreased (lower α values) with successive UN SPE uses. This could be explained by 

the removal of binder, printing additives, or exposure of extra sites on graphite particles through 

repetitive uses.  
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Figure 5.5: LSV of the first use of PP SPE and UN SPE in 3.08 mg P. L-1 containing 1.5 M AMT 

(pH 1). (○) and (○) are the data used in the Tafel plot. The inset shows the Tafel plot derived 

from the LSV. 
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Figure 5.6: The average values of α of UN SPEs and PP SPEs over 20 successive uses in 3.08 

mg P. L-1. All solutions contained 1.5 M AMT and were adjusted to pH 1. 

5.5.3 Electroanalytical Response of Unmodified and Paper Polished SPEs towards PhMo 

Polishing carbon electrode surfaces increases carbon-oxygen groups on carbon ink surfaces 

(González-Sánchez et al.  2019) which is responsible for the electrochemical improvement and 

peak-to-peak separation (McCreery  2008) within oxide sensitive redox systems like Fe(II/III) and 

Eu(II/III) (Fig. 5.1). PhMo did not show a peak to peak separation after polishing the SPEs (Fig. 

5.7a). This indicated that the PhMo was not sensitive to oxide surfaces. PP SPEs showed a higher 

anodic peak, peak used for the calibration curve, towards PhMo detection than UN SPEs (Fig. 

5.7a). Paper polishing showed no effect on the electroactive surface area on SPE (Table 5.2). 

Similar results were shown in another study (Pravda et al.  2001). Hence, the increase of the anodic 

peak of PP SPE could be due to an increase in electron transfer kinetics (McCreery  2008) 

associated with the lower α values (Fig. 5.6). Polishing the SPE surface could affect the exposure 

of new edge or basal plane graphite sites which differ greatly in chemical and electrochemical 
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reactivity and are fundamental to the behavior of graphitic electrodes  (McCreery  2008). Exposure 

of these sites after polishing could enhance PhMo oxidation on the surface of SPE, delivering a 

higher peak current (Fig. 5.7). PhMo could be classified as an inner-sphere probe that is sensitive 

to surface modification of carbon surfaces (Fig. 5.1). Our previous work verified that the PhMo 

redox was a reversible reaction, hence, it does not require adsorption (Zeitoun and Biswas  2020b). 

Therefore, we can classify PhMo under an inner surface probe, oxide-independent, and reversible 

redox system class that is affected by carbon surface modification (Fig. 5.1). The linear sensitivity 

of the calibration curve was greatly improved by 63.6 ± 1.25 % after paper polishing the SPE (Fig. 

5.7b) increasing from 0.67 ± 0.02 to 1.07 ± 0.02 µA/mg. L-1. Similarly, other studies showed 

approximately 100% improvement towards rabbit immunoglobulin adsorption using PP SPEs 

(Pravda et al.  2001).  
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Figure 5.7: CV responses of UN SPE and PP SPE in 3.08 mg P. L-1 after 1 cycle. b) Calibration 

curve corresponding to P standard solutions of UN SPE and PP SPE. All solutions contained 1.5 

M AMT and were adjusted to pH 1.  

5.5.4 Repeatability and Reproducibility 

UN SPEs showed a good recovery of 90 – 110 % of 3.08 mg P. L-1 up until the eighth use (Fig. 

5.8a, Table 5.3). After the eighth use, UN SPEs performance towards 3.08 mg P. L-1 detection 

started deviating towards higher recovery values (110 – 130 %) (Fig. 5.8a, Table 5.3). After the 

first use, PP SPEs consistently showed good recovery of 90 – 110 % throughout the 20 successive 

uses (Fig. 5.8b). The low variability associated with PP SPEs α values over successive uses (Fig. 

5.6) could be the reason why they delivered consistent recoveries over the 20 uses (Fig. 5.8b); as 

the PP SPEs’ current signals (at the same applied potential) did not change over the 20 uses. 

 

a) 

 

b) 
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Figure 5.8: Repeatability and reproducibility of a) UN SPEs and b) PP SPEs after 20 successive 

CV uses in 3.08 mg P. L-1. All solutions contained 1.5 M AMT and were adjusted to pH 1.  

Tukey’s honest significance of difference test indicated that UN SPEs started showing a significant 

difference (p < 0.05) between successive uses after the eleventh use (Table 5.3). However, Tukey’s 

statistical test showed that PP SPEs did not exhibit a statistical difference between successive uses 

except the significance error for the first use. This could be due to some graphite residue on the 

electrode’s surface after polishing which could affect the current signal. Hence, the first use was 

discarded in the RSDrr calculations for PP SPEs. The RSDrp of both SPEs showed close values 

(Table 5.3). Nevertheless, PP SPEs showed better reproducibility (lower RSDrr) values with 

successive uses than UN SPEs which gradually showed higher RSDrr values with successive uses 

(Table 5.3). From Fig. 5.8a and Table 5.3, it was recommended that UN SPE could safely be reused 

for up to eight uses to guarantee better reproducibility and acceptable recoveries. Similarly, UN 

SPEs were reused 5 times in lead detection by another study (Finšgar et al.  2018). The 

performance of PP SPEs consistently showed great reproducibility and recoveries over the 20 uses 

showing no sign of deterioration (Fig. 5.8b, Table 5.3). Still, it was recommended to test the PP 

SPEs against a standard solution every few tests to guarantee the PP SPEs’ reproducible 

performance.   

a) 

 

b) 
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Table 5.3. Summary of reproducibility, repeatability, and recovery values of UN and PP SPEs 

after multiple uses.  
 % RSDrr  % RSDrp  Recovery per use # (%) 

Use 

# 

UN 

SPE 1 

UN 

SPE 

2 

UN 

SPE 3 

PP 

SPE 

1 

PP 

SPE 

2 

PP 

SPE 

3 

UN 

SPE  

1-3 

PP  

SPE  

1-3 

UN SPE PP SPE 

1 - - - - - - 1.2 4.4 102.8 ± 0.7 d, e, 

f 

83.5 ± 2.1 b 

2 5.5 9.1 1.4 NA NA NA 4.9 8.9 95.2 ± 2.7 f 95.4 ± 4.9 a,b 

3 4.0 6.6 3.6 1.9 4.5 2.7 3.6 5.2 98.5 ± 2.0, e,f 97.6 ± 2.9 a, b 

4 4.0 5.3 3.5 2.1 3.3 4.1 1.8 2.5 95.2 ± 1.0 f 98.0 ± 1.4 a, b 

5 

7.2 5.1 5.3 1.7 2.7 5.6 

7.1 3.7 105.5 ± 4.3 c, d, 

e, f 

100.0 ± 2.1 a 

6 

6.4 5.3 5.1 1.6 2.6 4.9 

4.2 4.4 104.7 ± 2.5 d, e, 

f 

99.5 ± 2.5 a 

7 

6.4 4.8 5.2 2.6 4.9 4.4 

5.2 6.0 104.4 ± 3.2 d, e, 

f 

100.1 ± 3.5 a 

8 

6.4 5.3 5.3 3.0 4.8 4.0 

2.3 4.2 108.4 ± 1.4 b, c, 

d, e, f 

98.2 ± 2.4 a, b 

9 

6.6 6.4 6.7 3.5 4.4 4.2 

1.8 4.5 111.1 ± 1.1 a, b, 

c, d, e, f 

94.6 ± 2.5 a, b 

10 

6.8 6.2 6.6 3.4 4.9 3.9 

5.2 7.2 112.9 ± 3.4 a, b, 

c, d, e, f 

99.3 ± 4.1 a 

11 

7.4 6.9 8.0 3.7 4.7 3.7 

3.6 4.7 115.2 ± 2.4 a, b, 

c, d, e 

96.3 ± 2.6 a, b 

12 

8.0 6.7 8.1 4.1 4.8 4.5 

7.9 7.0 117.1 ± 5.3 a, b, 

c, d 

100.7 ± 4.0 a 

13 

8.5 6.4 7.9 3.9 5.5 5.2 

8.8 6.5 115.3 ± 5.8 a, b, 

c, d, e 

104.5 ± 3.9 a 

14 

8.7 6.8 8.0 3.8 5.2 6.0 

9.7 3.0 112.9 ± 6.3 a, b, 

c, d, e, f 

103.9 ± 1.8 a 

15 

9.2 7.3 8.5 3.7 5.2 6.4 

5.2 3.8 120.6 ± 3.6 a, b, 

c, d 

104.9 ± 2.3 a 

16 

9.1 7.4 9.0 3.6 5.1 6.5 

4.2 2.3 120.2 ± 2.9 a, b, 

c, d 

101.9 ± 1.4 a 

17 9.5 7.7 9.1 3.9 4.9 6.3 4.9 3.2 124.8 ± 3.6 a, b 103.5 ± 1.9 a 

18 

9.6 8.2 9.9 4.4 4.7 6.3 

2.1 3.5 123.5 ± 1.5 a, b, 

c 

105.3 ± 2.1 a 

19 9.4 8.9 10.2 4.3 4.6 6.4 4.2 2.6 126.6 ± 3.1 a 103.1 ± 1.6 a 

20 9.3 8.9 10.1 4.2 4.5 6.8 5.1 6.1 123.7 ± 3.7 a, b 103.7 ± 3.7 a 

Avg. 7.4 6.7 6.7 3.3 4.5 5.1 4.6 4.7 112.4 ± 1.4 100.5 ± 0.7 
a – f Alphabets (a – f) specify statistically significant difference (p < 0.05) within each column using Tukey’s 

honest significance of difference test. 
NA Not applicable. Use# 1 was eliminated for PP SPEs reproducibility calculation for better representation of 

results.    
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5.5.5 Soil P Analysis   

Soil extracts were analyzed to demonstrate the applicability of the proposed PP SPEs in 

environmental samples. The PP SPEs showed high recoveries in soil extracts (Fig. 5.9) with 

acceptable repeatability and reproducibility values of 6.5 ± 1.0 % and 6.1 ± 1.6 %, respectively. 

This indicated that PP SPEs can be employed interchangeably between different soil samples and 

can successfully be reused in soil P detection. By reusing SPEs in soil P tests, we can greatly 

reduce SPE losses that are accompanied by the large set of soil P tests for precision application of 

P fertilizers. Most commonly, 1 ha (100 m x 100 m) is the typical spacing between sample sites 

georeferencing (OMAFRA  2018) required to create continuous P maps which is essential to apply 

P fertilizers on an as-needed basis, variable rate fertilization. Other studies refined the resolution 

of soil P maps by using denser soil sampling and implementing grid sampling spaces of 25, 50, 67 

m (Lauzon et al.  2005, Franzen and Peck  1995), hence, a larger set of soil P measurements.   
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Figure 5.9: Repeatability and reproducibility of PP SPEs after 20 successive CV uses in 5 soil 

extracts samples (S1-S5). All solutions contained 1.5 M AMT and were adjusted to pH 1.  

 

5.6 Conclusion 

The effect of paper polishing SPEs on PhMo detection was carried out for the first time. Polishing 

SPEs with office paper improved the sensitivity response of the PhMo by 63.6 ± 1.25 %. It also 

enhanced the LOD (3σ) from 0.18 mg.L-1, before polishing, to 0.10 mg.L-1, after polishing. 

Furthermore, paper polishing SPEs were found to be reusable due to their great reproducible 

responses following successive uses. With the high sample analysis load of laboratory phosphate 

tests, our study provides an economical, sustainable, and reliable solution for the reusability of 

graphite SPEs in phosphate electrochemical tests. The proposed paper polishing method could be 

performed by untrained personnel and provide a very simple SPE surface modification method. 

Compared to diamond spray, alumina slurry mechanical polishing, and carbon surface 

modification using chemicals, this technique required less experimental time, no chemicals, and 
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office paper only, which is readily available. The soil study showed the efficacy of reusing PP 

SPEs in soil extracts. This shows promise when denser phosphate testing is required in different 

environmental applications. Even though PP SPE shows promise in enhancing phosphate 

detection, this does not guarantee the applicability of this pretreatment technique in detecting other 

nutrients.  The kinetic sensitivity to SPE surface modifications depends on the classification of the 

analytes’ redox system and therefore, its efficacy with other nutrients needs to be determined. 

 

 

 

 

 

 

 

 

 



 

101 

Chapter 6: A Novel Paper-based Reagentless Dual Functional Soil Test to 

Instantly Detect Phosphate Infield#  

#Contents of this chapter will be submitted for publication as a research paper: Zeitoun, R., 

Adamchuk, V., & Biswas, A. 2021 A Novel Paper-based Reagentless Dual Functional Soil Test 

to Instantly Detect Phosphate Infield. (to be submitted).   
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6.1 Preface 

In chapter 5, the modified carbon-screen electrodes showed success in increasing the sensitivity of 

cyclic voltammetry measurements in soil phosphate tests and increasing their reusability. The 

studies done in chapter 4 and 5 were conducted on soil extracts, and chemicals were involved 

which made this test not suitable for infield soil phosphate testing. To address this issue, a study 

was conducted in this chapter on the performance of impregnated papers in providing an extraction 

and reaction zones for soil phosphate tests, thereby eliminating the chemical waste associated with 

cyclic voltammetry tests and providing an opportunity for infield soil phosphate tests. With the 

proposed reagentless method and reusability of the modified screen-printed electrodes (chapter 5), 

the total wastes of the soil phosphate tests were kept to minimal. 

6.2 Abstract 

Although phosphate, the most common form of phosphorus (P), is one of the key nutrients essential 

for plant growth, phosphate transport in agricultural runoff can accelerate serious water quality 

issues in the receiving water bodies. Several analytical tools and chemical extractions have been 

proposed to provide offsite phosphate analysis required to monitor P fertilizer application and 

reduce P losses to downstream water. However, procedural and cost limitations have restricted 

their widespread use and made them accessible only in laboratories. This study proposes a novel 

paper-based reagentless electrochemical soil phosphate sensor to extract and detect soil phosphate 

using an inexpensive and simple approach. In this test, concentrated Mehlich-3 and molybdate 

ions were impregnated in filter paper, which served as the phosphate extraction and reaction zone, 

and was followed with electrochemical detection using cyclic voltammetry signals. Soil samples 

from 22 sampling sites were used to validate this method against inductively coupled plasma 
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optical emission spectroscopy (ICP) soil phosphate tests. Regression and correlation analyses 

showed a significant relationship between phosphate determinations by ICP and the proposed 

method, delivering correlation coefficient, r, of 0.98 and a correlation slope of 1.02. The proposed 

approach provided a fast, portable, low-cost, accessible, reliable, and single-step test to extract and 

detect phosphate simultaneously with minimum waste (0.5 ml per sample) which made phosphate 

characterization possible in the field.   

Keywords: cyclic voltammetry; Mehlich-3 extractant; molybdate ions; plant-available 

phosphorus; screen-printed electrodes.  

6.3 Introduction 

Next to nitrogen (N), phosphorus (P) is the most critical element for plant growth and food 

production throughout the world (Brady and Weil  2016b). Unlike N, P cannot be supplied through 

biochemical fixation and must be applied through other sources such as commercial fertilizers, 

animal manures, and plant manures (Brady and Weil  2016b). In most soils, iron, aluminum, and 

calcium minerals fix P into forms not available to the plants, and only 0.01% of the total P in soil 

is found plant-available phosphorus (PAP) forms (Brady and Weil  2016b). To secure plants’ P 

needs, one of the most common fertilizer practices in many areas is to add large quantities of P 

fertilizers (Brady and Weil  2016b, Barber  1995). There remains inefficiency within this practice 

because the added fertilizers exceed that removed by crops (Syers et al.  2008). Research has found 

that less than 15% of fertilizer-applied phosphorus is taken up by the crop during the year the 

fertilizer was added (Brady and Weil  2016b). Large quantities of unregulated applied P fertilizers 

end up leached into groundwater or removed in water run-off. This has resulted in serious water 

problems through P build-up in water bodies and agricultural watersheds (JJ  2012). High P and N 

levels are the main cause of eutrophication of streams and lakes where algae grow to a certain 
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extent causing depletion of the dissolved oxygen in water and sunlight blockage which lead to the 

death of fish and macrophytes (Stelzer and Lamberti  2001). Therefore, it is highly recommended 

to apply P fertilizers to soil on an as-needed basis to preserve the safety of water streams and the 

overall ecosystem. This has contributed to the development of reliable P detection methods that 

are fundamental in judging soil P fertility (Kim et al.  2007a, Zeitoun et al.  2021b).  

P in the soil can be classified as labile P, which is available to plants or organisms, and non-labile 

P, which is stable and exists in insoluble forms (Costa et al.  2016). Labile P comes from different 

soil P pools in the soil. Labile P can be adsorbed on clay minerals and oxides of iron (Fe) and 

aluminum (Al) (Figure 6.1), or it can be the mineralized fraction of organic P which is typically 

mineralized after a short time. The non-labile P fraction in soil includes the stable organic form 

that can remain in this form for years and the precipitated forms of inorganic P such as Al, Fe, 

manganese (Mn), and calcium (Ca) phosphates (Figure 6.1). The modern soil P tests provide an 

indication of the labile soil P available to the plants, P in soil solution, some of non-labile P which 

becomes available slowly, but not the total concentration of P.  
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Figure 6.1. P cycle in soil. 

Traditionally, soil scientists depend on soil test P values to guide P fertilizer application (Ziadi et 

al.  2013). A viable soil P test requires the development of two phases of research: a correlation 

phase and a calibration phase. The correlation between P extracted by chemical extractant and the 

P amount available to the plants is necessary towards selecting the right chemical extractant 

(Watson and Mullen  2007b). PAP is extracted from soil samples using different chemical 

extractants that require lengthy extraction time, agitation, and sample filtration (Wuenscher et al.  

2015) and is subsequently detected using inductively coupled plasma optical emission 

spectroscopy (ICP) and colorimetric tools (Zeitoun and Biswas  2020b, Rice et al.  2017, 
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Adesanwo et al.  2013, Yang et al.  2018) to assess soil P needs. However, these detection tools 

are accompanied by many challenges such as extensive maintenance, high annual consumption 

costs, complicated steps, requirement of trained personnel, immobility, and lengthy analysis time 

(Zeitoun and Biswas  2020b, Rice et al.  2017, Adesanwo et al.  2013, Yang et al.  2018).  Mehlich-

3 (Mehlich  1984) and Olsen (Olsen  1954) are two chemical extractants that are widely used in 

soil analysis laboratories to extract labile PAP and have consistently shown a good correlation 

with P up taken by plants (OMAFRA  2018, Mallarino  1995, Mallarino et al.  2013). Furthermore, 

Mehlich-3 serves as an extractant for several nutrients such as magnesium (Mg), sodium (Na), Ca, 

potassium (K), copper (Cu), zinc (Zn), and Fe.  Mehlich-3 extractant has five components with 

each having different functions towards dealing with the Ca-Fe-Al-P complex. The fluoride ion is 

the primary component of Mehlich-3 for P selective extractability. The fluoride ion dissolves the 

aluminum and iron-bound phosphate releasing P and forming Al-F and Fe-F complexes (Hudak-

Wise  2013, Mehlich  1984, de Alcântara et al.  2008). In addition, the ammonium ion facilitates 

in extracting basic cations such as magnesium, sodium, calcium, and potassium (Hudak-Wise  

2013). Ammonium nitrate reacts with acetic acid to form ammonium acetate and its ammonium 

ion complements the ammonium fluoride in extracting basic cations (Hudak-Wise  2013, Mehlich  

1984). Nitric acid extracts a portion of calcium phosphates, and its acid components aids in the 

extraction of basic and micronutrients cations (Hudak-Wise  2013, Mehlich  1984). EDTA and 

ammonium nitrate form complexes with copper, zinc, iron, and manganese to release phosphate 

from the heavy metal phosphates (Kabala et al.  2018, Schick et al.  2013). EDTA is also 

accountable for preventing precipitation of calcium fluoride (Hudak-Wise  2013, Mehlich  1984). 

For a maximum advantage of the fluoride component, acetic acid is used to maintain the pH less 

than 2.9 to prevent calcium from precipitating as calcium fluoride (Hudak-Wise  2013, Mehlich  
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1984). Acetic acid also serves in decomposing apatite and thus releasing P (Mehlich  1984). Olsen 

P extractant is typically used in alkaline and neutral soils and has only one component, sodium 

bicarbonate, which enhances the dissolution of calcium-phosphate through the precipitation of 

calcium carbonate.  

In North America, Mehlich-3 is typically used in areas with acidic to neutral soils because the free 

lime in soil could neutralize the acid which could underestimate the available phosphorus in soil 

(OMAFRA  2018). However, several studies have shown high linear correlation (r = 0.93 (de 

Alcântara et al.  2008), r = 0.81 (Mallarino  1995), r = 0.99 (Ara et al.  2018)) between PAP 

extracted by Olsen and Mehlich-3, suggesting comparable results between Olsen and Melich-3 

extractable P in calcareous soils. In addition, conversion equations have been suggested to allow 

the combination of data derived by Olsen and Mehlich-3 extractions methods (Steinfurth et al.  

2021). The calibration phase of the soil P test involves determining the crop nutrient requirement 

at soil test values to produce quality responses to the added fertilizers. The calibration phase has 

been developed for Mehlich-3 and Olsen soil P tests in previous studies for different crop 

production (Mallarino et al.  2013, OMAFRA  2018).  In this proposed method, Mehlich-3 

components, along with P detection reagent, were impregnated in filter papers to extract P due to 

its high selectivity towards P extraction and its ability to extract P in a short period of time (Mehlich  

1984) (5 minutes extraction) as opposed to other P extractants which require longer extraction time 

period.  In our previous study, our team developed an electrochemical method for inorganic soil P 

determination in Olsen P extractants based on anodic oxidation of phosphomolybdate (Zeitoun 

and Biswas  2020b, Zeitoun et al.  2021a). However, this method could not be deployed in infield 

P detection because it required safe disposal of the extractant solution chemical wastes. The aim 

of the present work is to expand our method towards a reagentless dual functioning assay that can 
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be used in onsite P testing as a standalone sensor to extract and detect soil P simultaneously.  In 

this study, we integrated, for the first time, an efficient reagent-free P extraction and detection 

analyses on a single piece of impregnated filter paper. Subsequently, the filter paper was 

characterized for its surface crystallization morphology, chemicals releasing capacity, and time 

required for maximum chemicals recovery. The proposed assay has been electrochemically 

characterized by implementing cyclic voltammetry (CV) to detect cathodic peak current. The easy 

fabrication, portability, chemical-free, and fast responses of the proposed method make it useful 

for infield soil P tests and accessible to not only agronomists but also farmers and land growers. 

 

6.4 Materials and Methods 

6.4.1 Extraction-reaction Reagent, P Standards, and Interfering Solutions 

An extraction-reaction reagent (ERR) was prepared to extract PAP and react with molybdate 

reactive P (inorganic soil phosphate) concurrently. ERR was prepared by mixing acidic molybdate 

(AMT) ions with concentrated Mehlich-3 solution (× 5). Using a calibrated 100 ml flask, the 

chemicals of concentrated Mehlich-3 were first added to the flask by thoroughly dissolving 50 g 

of ammonium nitrate (NH4NO3), 1.39 g of ammonium fluoride (NH4F), 0.73 g of 

ethylenediaminetetraacetic acid (EDTA) in 50 ml of DI water. Following this, 28.75 ml of acetic 

acid (CH3COOH) and 2.05 ml of nitric acid (HNO3) were added to the flask and mixed thoroughly. 

4.63 g of ammonium molybdate tetrahydrate ((NH4)6Mo7O24 · 4H2O) and 3.8 ml of sulfuric acid 

(H3SO4) were added to the concentrated Mehlich-3 mixture to bring down the pH to 0.35. DI water 

was added to bring the total volume to 100 ml. P standard solutions were prepared by dissolving 

136 mg of potassium dihydrogen phosphate (KH2PO4) in 1 liter of DI water to prepare the stock 
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solution which was diluted to make 0.15 – 10 mg.L-1(5.00 × 10-6 – 3.23 ×10-4 M). To evaluate the 

interference of silicate ions with phosphate electrochemical detection, 4.7 mg of sodium 

hexafluorosilicate (F6Na2Si) was dissolved in 100 ml of DI water and 100 ml of 0.15 and 7.74 

mg.L-1 P standard solutions. All chemicals were purchased from Fisher Scientific. 

6.4.2  Impregnated Filters Preparation  

Different filters were tested in this study to determine the effect of pore size and filter thickness 

on reagents recovery. Whatman 41, 42, 934-AH (purchased from Fisher Scientific), and Millipore 

AP25 124 50 (purchased from MilliporeSigma) filters were cut into 0.5″ × 0.5″ squares using EK 

Success Tools Square punch and spread in Petri dishes. To prepare the impregnated filter paper 

(IFP), 100 µL of ERR was drop-casted, using a pipette, on each filter square and were left 

overnight to dry.  

6.4.3 Physical Characterization of ERR IFP 

The surface morphology of the impregnated filters was characterized using USB Digital 

Microscope 40X to 1000X. 

6.4.4 Recovery of Reagents from ERR IFP 

Impregnated Whatman 41, 42, and 934-AH and Millipore AP25 124 50 filters were tested for 

recovery or release of reagents. 5 impregnated filters of each were suspended in 2.5 ml of DI water 

for 10 minutes, and the conductivity of the suspended solution was detected using Fisherbrand™ 

accumet™ XL600 Dual 144 Benchtop meter. The filter showing the highest recovery was used in 

the rest of this study and was evaluated for the release of nutrients over different intervals of time 
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(0, 30, 60, 90, 120, 180, 240, 300, 360, 420, 480, 540, and 600 seconds) to determine the time 

needed for complete release of reagents for P tests.  

6.4.5 Stability of ERR IFP 

Whatman 41 0.5″ × 0.5″ filters were impregnated with 100 µL, for each square, of two reagents to 

evaluate and compare the loss of chemicals through evaporation of volatile components such as 

acetic and nitric acid. The two reagents used are ERR and ERR without acetic and nitric acids 

(ERR w/o AA + NA). The recovery of the two reagents from the filters was tested by measuring 

the conductivity of filters suspension over one-week using Fisherbrand™ accumet™ XL600 Dual 

144 Benchtop meter.  

6.4.6 Soil P Extraction  

50 mg capacity soil test measuring spoon (Lamotte Chemical) was used to weigh 50 mg of soil 

and mix it with 0.50 ml of DI water and 1 ERR IFP (Figure 6.2). The suspended solution was used 

to quantify P concentration via cyclic voltammetry (Figure 6.2); the settings used are found in 

section 6.3.9.  Soil P extraction was done for 1, 2, 5, and 10 minutes for one soil sample to 

determine the effect of suspension time on P extraction by comparing the results to Mehlich-3 

extracted P. The extraction time showing the least error was applied to the rest of the soil samples. 
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Figure 6.2. Setup scheme for soil phosphate analysis using ERR IFP.  

 

6.4.7 Soil Sample Collection and Laboratory Analysis 

22 soil samples were supplied to our laboratory by Agriculture and Agri-Food Canada (AAFC). 

Figure 6.3 represents the locations and soil types of the sampling points within the Gully Creek 

watershed (~15 km2) located in the southwest of Ontario (Canada) in Huron county and outside of 

the watershed boundaries (e.g. Huronview field). A minimum of 25 soil cores (0-15 cm depth) 

were randomly collected using a soil core sampler for each agricultural field (<20 acres). The soil 

cores were mixed in a bucket, producing one composite sample per field. The soil samples were 

stored in Ziploc plastic bags and transported to our lab at University of Guelph for analysis. Prior 

to Mehlich-3 extraction, the 22 soil samples were air-dried and sieved to < 2 mm prior. PAP was 

extracted using the traditional extraction method, Mehlich-3. The concentration of P in the extracts 

was determined using inductively coupled plasma optical emission spectroscopy (ICP) (model: 

174 Varian VISTA PRO, CCD Simultaneous Axial ICP-OES). Due to the high cost of ICP-OES 

tests, two soil samples were collected from each soil composite, extracted separately, and tested 
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for PAP. Soil pH was measured in a 1:2 soil/DI water suspension using a pH meter. The average, 

maximum and minimum soil pH were 7.58 ± 0.03, 7.76, 7.20, respectively.  

 

 

Figure 6.3. The locations of soil sampling points on the soil map and the soil texture of the fields. 

Legend: ▬ Gully Creek boundaries, ▬ field sites boundaries, ■ clay loam, ■ loam, ■ silty clay 

■ sandy loam, ■ silty clay loam. 

6.4.8 Soil P Data Mapping 

Soil P data collected from the proposed method and ICP analysis was used to generate a map 

showing P fertilizer recommendation based on the soil test value. This was generated by ArcGIS 

10.8.1. P soil test index values were adapted from Mallarino et. al 2013 (Mallarino et al.  2013). 

6.4.9  Cyclic Voltammetry Electrochemical P Detection 

Cyclic voltammetry (CV) scans of P tests were conducted by EmStatBlue potentiostat 

(manufactured by PalmSens - Compact Electrochemical Interfaces) connected via Bluetooth to 



 

113 

Microsoft surface pro tablet (Surface Pro 6 Model 1796 i5). Zensor TE100 screen-printed 

electrodes (SPE) were obtained from eDAQ Pty Ltd, modified following our previous work 

(Zeitoun et al.  2021a), and connected to the potentiostat via alligator clips. For each P standard 

solution, one ERR IFP was suspended in 0.5 ml of P standard for two minutes. Disposal pipettes 

were used to dispense the suspended solution on the SPE. CV scans were obtained between -0.5 

V and 0.5 V under a scanning rate of 50 mV.s-1. PSTrace software was used to generate the 

differintegral view of the cathodic sweep of each CV scan and locate the potential of the second 

reduction peak. This potential was used in the CV to quantify the peak height of the second 

reduction peak and correlate it with phosphate concentrations to generate the calibration curve.   

6.4.10 Data Analysis 

Statistical analysis was performed using Microsoft Office 365 Excel. All results were quadrupled 

and expressed as mean ± standard error (σx̄). SAS® software package (SASonDemand, SAS 

Institute Inc., Cary, NC, USA) was used to conduct Tukey’s honest significance difference to 

compare the mean values of different measurements, with p < 0.05 indicating a significant 

difference. The fit performance of the calibration curve was expressed using the coefficient of 

determination (R2). Regression analysis was also assessed to estimate the correlation between ICP 

Melich-3 P and CV P (using ERR IFP).  

6.5 Results and Discussion 

6.5.1 Chemical and Physical Characterization of ERR IFP 

Whatman 41 filter showed the highest recovery of released chemicals having a value of 59.47 ± 

0.24 % (Table 6.1). Hence, it was used in soil P tests in this study. It was observed that the recovery 

of released chemicals was affected by two factors, the filter paper (FP) thickness, and pore size. 
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The very high thickness of Millipore AP2512450 led to minimal recovery of chemicals of 0.21 ± 

0.02 %. The thicker the FP, the more liquid it can retain leading to an absorbance of the water 

added to the soil sample to test for extractable P and less chemicals being released to the water 

compared to thinner FP’s (Table 6.1). Smaller pore size could result in restricted counter diffusion 

of the solvent to the bulk solution resulting in lower recoveries (Table 6.1). The same effect of pore 

size was observed on a drug release study done on mesoporous silica nanoparticles (Li et al.  2018).  
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Table 6.1: Properties of filters used in this study and their observed recoveries of chemicals after impregnation. 

Filter  

name 

Filter  

material 

Uses Thickness  

(µm) 

Pore size 

(µm) 

Basis 

weight  

(g/m
2
) 

Recovery 

(%) ± σx̄ 

Whatman 41 Cellulose  Fast quantitative air pollution analysis as a 

paper tape for impregnation  

220 20 – 25 85 59.47 ± 0.24 
a 

Whatman 42  Cellulose  Slow quantitative analysis for filtering 

extremely small particles  

200 2.5 100 53.13 ± 0.25 
b 

Whatman 

934-AH  

Binder-free 

glass 

microfiber  

Fast and high loading capacity filtration  435 1.5 64 51.17 ± 0.69 
c 

Millipore 

AP2512450  

Hydrophilic 

glass fiber with 

binder resin  

Prefiltration for heavily contaminated liquids  1200 2 NA 0.21 ± 0.02 d 

a – d Alphabets (a – d) specify statistically significant difference (p < 0.05) within each column using Tukey’s honest significance of difference test 
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Unmodified and impregnated Whatman 41 FP’s showed no morphological difference (Figure 6.4). 

No surface crystallization was observed on the impregnated Whatman 41 FP (Figure 6.4b). This 

indicated that the solvent was loaded within the pores of the FP and these impregnated FP’s could 

be handled safely by any personnel.  

 

Figure 6.4. Digital microscope images of a) unmodified Whatman 41 FP and b) impregnated 

Whatman 41 FP. 

Component volatility of NA and AA was studied to assess the effect of the individual element 

volatility on chemicals losses from ERR IFP. The recovery of chemicals was almost the same in 

ERR IFP and ERR IFP w/o AA +NA throughout the six days (Table 6.2). This indicated that the 

chemical losses were not associated with NA and AA volatility losses. Hence, it can be assumed 

that the ERR mixture is an ideal solution, and no interactions were taking place in the mixture. 

The ERR solution consisted of three solvents: water, AA, and NA. Raoult’s law (Eq 6.1) was used 

to calculate the vapor pressure of the mixture to be equal to 17.77 mmHg (20°C).  
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𝑃 =  ∑ 𝑥𝑖𝑃𝑖
𝑠𝑎𝑡

𝑁

𝑖=1

 6.1 

where xi is the liquid phase mole fraction of component i, and Pi
sat is the vapor pressure of 

component i. The vapor pressure of the mixture was almost equal to the pure water vapor pressure 

of 17.53 mmHg (20°C). 

Table 6.2: Recovery of chemicals from ERR w/o AA + NA IFP and ERR IFP after 1 – 6 days of 

IFP curing/drying. 

 Recovery (%) ± σx̄ 

Day 

ERR w/o  

AA + NA IFP ERR IFP 

1 60.62 ± 0.80 a 59.44 ± 1.26 a 

2 59.55 ± 1.20 a 60.43 ± 0.78 a 

3 57.03 ± 2.01 a 58.62 ± 0.56 a 

6 57.19 ± 1.34 a 58.71 ± 0.07 a 

a  represents statistically nonsignificant difference (p 

> 0.05) between days within each column, determined 

using Tukey’s honest significance of difference test 

 

ERR released from IFP showed an immediate release after 60 seconds (Figure 6.5). The release 

process of the ERR reagent molecules involves the reagent dissolving in the dissolution medium 

and escaping from the FP pore channels. Therefore, the large FP pores allow the dissolution 

medium to penetrate promptly into carriers’ channels, and the reagent molecules would have a 

higher chance to be released immediately.  
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Figure 6.5. Effect of time on ERR release from ERR IFP. 

6.5.2 CV Response Characteristics 

The CV approach used in this study was based on our previous work (Zeitoun and Biswas  2020b). 

The phosphate ion in the dissolution medium reacted with AMT released from the ERR IFP 

forming a complex Keggin phosphomolybdate anion (Zeitoun and Biswas  2020b, Cogan et al.  

1999). The observed anodic and cathodic peaks (Figure 6.6a) are due to the two steps of reduction 

reaction (Eq. 6.2-6.3) and corresponding oxidation reactions (Zeitoun and Biswas  2020b, Kabir 

et al.  2018).  

7𝑃𝑂4
3− +  12𝑀𝑜7𝑂24

6− + 72𝐻+ → 7𝑃𝑀𝑜12𝑂40
3− +  36𝐻2𝑂 6.2 

7𝑃𝑀𝑜12𝑂40
3− + 𝑛𝑒−+ 𝑛𝐻+ → [𝐻𝑛𝑃𝑀𝑜12𝑂40]3− 6.3 

The calibration curve showed a high sensitivity response towards P sensing exhibiting a slope 

value of -0.56 µA/(mg.L-1). The second cathodic peak chosen for this work was found to show a 
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good linear relationship with P concentration (Figure 6.6b), showing a high coefficient of 

determination (R2) value of 0.98.  

 

 

Figure 6.6. a) Cyclic voltammograms of 1 ERR IFP suspended in 0.5 mL of ▬ 10 mg.L-1, ▬ 7.74 

mg.L-1, ▬ 3.10 mg.L-1, and ▬ 0.15 mg.L-1 of P standards for two minutes b) calibration curve 

corresponding to P standard solutions. 

6.5.3 Silicate Interference 

From our previous work, our proposed CV P tests showed excellent selectivity towards P with no 

interference from several nutrients that could be found in the soil such as nitrate, chloride, and 

sulfate (Zeitoun and Biswas  2020b). The concentration of soluble silica range from 1 to 40 mg.L-

1 in soil with a value of 15 to 20 mg.L-1 is most commonly found in neutral and acidic soils, where 

silica solubility is limited by amorphous silica (Ciavatta et al.  1990). Dissolved silica in soil 

samples could create a cross-interference with phosphate in the CV tests. Silicate interference with 

the phosphomolybdate complex formation can be avoided by addressing the protons to molybdate 

ratio (Zhang et al.  1999) and the reaction time (Jońca et al.  2011, Ciavatta et al.  1990). Silicate 
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interference could be avoided by allowing the protons to molybdate ratio to be close to 70 (Zhang 

et al.  1999). This was done by adjusting the pH of the reagent to pH 0.35 using sulfuric acid and 

providing a molybdate molar concentration of 7.5 mM. The CV signal of silica medium mixed 

with ERR IFP for two minutes delivered a peak height of -1.50 µA which corresponded to a P 

concentration of 0 mg.L-1(Figure 6.7a). This showed that silica would not interfere with P detection 

at two minutes reaction time, and thus, two minutes were used as a reaction time throughout this 

work. Furthermore, Si/P ratio of 1 and 51.6 (Figure 6.7b) did not show any difference in the peak 

height from only P medium signals. However, after five minutes of reaction time, silica showed 

unique voltammetry from P voltammetry (Figure 6.7a) where the waves overlapped to a greater 

extent, were less steep, and shifted towards negative potential. Similar behavior was observed in 

silicomolybdate complex voltammetry (Lacombe et al.  2007).  

 

Figure 6.7.  a) Cyclic voltammograms of 1 ERR IFP suspended in 0.5 mL 7.74 mg.L-1 Si for ▬ 2, 

… 5, and --- 10 minutes b) Cyclic voltammograms of 1 ERR IFP suspended in 0.5 mL of 7.74 
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mg.L-1 P ---, 0.15 mg.L-1 P ---, 7.74 mg.L-1 P and 7.74 mg.L-1 Si ▬, and 0.15 mg.L-1 P and 7.74 

mg.L-1 Si  ▬, for 2 minutes. 

6.5.4 Soil Samples Analysis 

1 minute extraction time showed significantly lower recovery of soil P (Table 6.3) compared to 2 

– 10 minutes extraction.  2 – 10 minutes of extraction time were required to deliver higher 

recoveries (Table 6.3) and more representative of P extracted by traditional Mehlich-3 soil P test. 

In this study, 2 minutes extraction were used throughout the tests. Longer extraction time could 

lead to AMT reaction with interfering silicate, as indicated in the previous section, and hence 

overestimate P.  

Table 6.3: Effect of extraction time on extracted soil P using CV of 1 FP suspended in a mixture 

of 0.5 mL of water and 50 mg of soil  

Extraction 

time (min) 
Predicted P 

concentration 

(mg.L-1) 

 Recovery (%) 

1 1.75 ± 0.15  42.02 ± 3.68 b 

2 4.35 ± 0.23 104.31 ± 4.75 a 

5 4.39 ± 0.29 105.23 ± 6.15 a 

10 4.43 ± 0.18 106.22 ± 3.79 a 

a & b specify statistically significant difference (p < 0.05) 

within each column using Tukey’s honest significance of 

difference test 
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Extracting soil PAP is a complicated procedure that typically involves four steps: 1- preparing P 

extractant solution (Table 6.4), 2- mixing soil sample with extractant at specific weight/volume 

ratio (Table 6.4), 3- agitating the sample for a period of time (Table 6.4), and 4- filtering the 

soil/extractant mixture. This takes time and effort and needs proper disposal of chemical wastes. 

In addition, this is not suitable for rapid PAP quantification. The proposed method is useful for 

rapid PAP detection because it required less extraction time (2 min) than other conventional PAP 

extractants (Table 6.4), eliminating the need to agitate and filter soil/extractant mixture.  
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Table 6.4: Overview of soil P extraction methods. 

Method Extracting 

solution 

Solution pH Extraction 

time 

Soil-to-solution 

ratio 

Method of 

detection 

Ref. 

HCl 0.5 M HCl < 1 2 h 1:10 ICP (Wuenscher et al.  2015, Kuo  

1996) 

LiCl 0.4 M LiCl unbuffered 2 × 2 h 1:1.8–1:4.0 ICP (Wuenscher et al.  2015) 

CAE* Distilled water unbuffered 16 h 1:40 photometer (Wuenscher et al.  2015) 

CAL* 0.05 M C6H10CaO6,  

0.05 M (CH3COO)2Ca 

 

4.0 2 h 1:20 photometer (Wuenscher et al.  2015) 

CaCl2 0.01 M CaCl2 unbuffered 2 h 1:10 photometer (Wuenscher et al.  2015, Houba 

et al.  2000) 

H2O Distilled water unbuffered 12 h 1:0.3–1:1.2 photometer (Wuenscher et al.  2015) 

FeO IFP* 0.01 M CaCl2 unbuffered 16 h 1:40 photometer (Wuenscher et al.  2015, 

Sharpley  1993) 

Olsen 0.5 M NaHCO3  

 

8.5 30 min 1:20 Photometer/ICP (Olsen  1954, Wuenscher et al.  

2015) 

Mehlich-3 0.015 M NH4F, 0.013 M 

HNO3, 0.001 M EDTA, 

0.25 M NH4NO3 

0.3 M CH3COOH 

 

  

 

2.5 5 min 1:10 Photometer/ICP (Mehlich  1984, Wuenscher et 

al.  2015) 

ERR IFP* DI water Unbuffered 2 min 1:10 Cyclic 

voltammetry 

This work 

*CAE: Cation/anion exchange membranes; CAL: Calcium acetate lactate; Fe IFP: Iron oxide impregnated filter paper; ERR IFP: Extraction-detection reagent impregnated filter paper.  
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PAP extracted and analyzed with ERR IFP CV setup (Figure 6.2) was compared to Mehlich-3 

extracted PAP analyzed with ICP (Figure 6.8) for the same soil samples. Regression and 

correlation analyses showed the highly significant relationship between P determinations by the 

ICP Mehlich-3 and ERR IFP CV P, delivering R2 value of 0.97. This shows great potential for the 

ERR IFP CV approach in soil tests. The CV detected soil P was almost the same for the ICP soil 

P as indicated by the correlation slope of 1.02 (Figure 6.8). The proposed electroanalytical protocol 

provided a limit of detection of 0.11 mg.L-1 which is shown to be effectively applied to alkaline 

soil samples and was validated by ICP tests for quantification of PAP in soil Mehlich-3 extracts. 

Our proposed approach provides a simple and single step protocol to extract and detect PAP 

simultaneously with minimum waste (0.5 ml per sample) which makes PAP characterization 

possible in the field. 

 

Figure 6.8. Measured CV (using ERR IFP) soil P versus ICP Mehlich-3 soil P
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6.5.5 Soil P Test Interpretation 

The variability of P across the 16 agricultural fields (Figure 6.9) promotes applying P fertilizers in 

soil on an as-needed basis to maintain the safety of watersheds and save fertilizers resources. This 

emphasizes the importance of P analytical development of fast and precise P detecting methods 

towards judging soil health and productivity. The soil P recommendations based on ERR IFP CV 

P test (Figure 6.9a) were lower than ICP Mehlich-3 (Figure 6.8b) recommendations for three fields, 

indicating that ERR IFP CV recommendations were underestimated for these fields. However, this 

could be due to the presence of organic P in Mehlich-3 extractants which can be detected by the 

ICP determination but not by the CV determination (Adesanwo et al.  2013).  

 

Figure 6.9. Measured soil extractable P concentration with regard to crop response to P inputs 

using a) ERR IFP CV P test b) Mehlich-3 ICP P test. Legend: ■ too high, ■ high, ■ optimum, ■ 

low, ■ very low. 

6.6 Conclusion 

Conventional accredited detection methods of soil PAP fertility deliver precise measurements for 

a limited number of samples due to time, cost, and labor involved with laboratory analysis. This 

makes them insufficient to characterize phosphorus variability within agricultural landscapes and 
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accessible to only specific personnel. Up till now, no infield extraction protocol has been 

developed for P nutrient, requiring the transport of soil samples to the laboratory to extract P. In 

this study, the extraction and determination of PAP using ERR IFP and CV setup was carried out 

for the first time. The proposed procedure utilized fast and cost-effective means to extract PAP 

using ERR IFP. This extraction method required less time (2 min) than other conventional PAP 

extractants and was comparable to P extracted with Mehlich-3 extractant solution. In addition, less 

waste was associated with this procedure, requiring only a couple of drops (~0.5 ml) of extraction 

solution (DI water) to run CV scans. The simple P extraction, portability of setup, zero chemicals 

to be handled by end-user, and CV instant response make this protocol a potential method for 

infield soil P testing and accessible to any personnel. The spatial coverage and available budget 

affect the number of soil P tests collected in the agricultural field. With the cost-effectiveness and 

high accessibility of the proposed method, denser P sampling and testing could take place over the 

fields. With more soil P data available, continuous P maps with higher resolution can be prepared 

which will guide more sustainable P management. Research is still required for further 

standardization of the procedure. Fresh soil samples are wet, and soil water content could affect 

the concentration of P detected. Eliminating the error introduced by soil water content is under 

investigation in our future research.  
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Chapter 7: Conclusion and Future Work 

7.1 Conclusion 

In chapter 3 of this thesis, a novel Co63Mo37 alloy potentiometric phosphate sensor was developed. 

Electrodeposited Co63Mo37 alloy coatings showed a novel sensing mechanism towards H2PO4
-  and 

HPO4
2- based on the results of SEM, EDS, cyclic voltammetry, and electric potential 

measurements. The main overall reaction driving the electric potential signal on the Co63Mo37 alloy 

phosphate sensor was the reduction of the alloy surface by hydrogen adsorption. This led to a 

increase in emf values with phosphate concentration. However, the near Nernst and mixed 

potential mechanisms of Mo and Co, respectively, showed a decrease of emf values with phosphate 

concentration. Unlike pure Co and Mo metals, the Co63Mo37 alloys showed more sensitivity 

towards phosphates at a wider pH range (6 − 8) with high R2 values (0.96 - 0.97). Wider pH range 

improves the field of phosphate ISE by eliminating the need to adjust the phosphate analyte pH 

according to the ISE applicable pH range. However, the limit of detection of the alloy (1 × 10-4.9 

M) was higher than Co and Mo electrodes and was not suitable for very low soil P ranges.   

Cyclic voltammetry using molybdate ions in Olsen soil P extracts showed a significant relationship 

with ICP soil P measurements (r = 0.98). A correlation slope of 0.96 was obtained in this study. 

This showed that ICP-P was about 4% greater than the CV measured P.  This difference could be 

due to the presence of organic P in Olsen extractants which can be detected by the ICP 

determination but not by the CV determination. The proposed procedure utilized cost-effective 

SPEs and a portable potentiostat analysis tool. The proposed experimental method required less 

experimental time and overcame turbidity interferences associated with EPA-recommended 

colorimetric methods. This method also eliminated the usage of a reducing agent (ascorbic acid) 
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and catalyst (antimony potassium tartrate) required by the colorimetric method. Since this method 

still required the use of chemicals (AMT, sulfuric acid, and Olsen extracts), using it in the field for 

direct P measurements was still an issue that was addressed in chapter 6.  

Since the degradation of SPEs was never studied in phosphate CV testing, the SPEs were disposed 

of after a single-use in chapter 4. In chapter 5, the effect of paper polishing SPEs on PhMo 

detection was carried out for the first time to investigate the reusability and the electrochemical 

performance of the modified electrodes. Polishing SPEs with office paper improved the sensitivity 

response of the PhMo by 63.6 ± 1.25 %. It also enhanced the LOD (3σ) from 0.18 mg.L-1, before 

polishing, to 0.10 mg.L-1, after polishing. The increase of the anodic peak of PP SPE was due to 

an increase of electron transfer kinetics associated with the observed low α values. Furthermore, 

paper polishing SPEs were found to be reusable up to 20 times due to their great reproducible 

responses following successive uses. With the high sample analysis load of laboratory phosphate 

tests, this study provided an economical, sustainable, and reliable solution for the reusability of 

graphite SPEs in phosphate electrochemical tests. 

In the last chapter of this thesis, the extraction and determination of PAP using ERR IFP and CV 

setup was carried out for the first time. The proposed procedure utilized fast and cost-effective 

means to extract PAP using ERR IFP. This extraction method required less time (2 min) than other 

conventional PAP extractants and was comparable to P extracted with Mehlich-3 extractant 

solution. In addition, less waste was associated with this procedure, requiring only a couple of 

drops (~0.5 ml) of extraction solution (DI water) to run CV scans. The simple P extraction, 

portability of setup, zero chemicals to be handled by end-user, and CV instant response make this 

protocol a potential method for infield soil P testing and accessible to any personnel. The spatial 
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coverage and available budget affect the number of soil P tests collected in the agricultural field. 

With the cost-effectiveness and high accessibility of the proposed method, denser P sampling and 

testing could take place over the fields. With more soil P data available, continuous P maps with 

higher resolution can be prepared which will guide more sustainable P management. In addition, 

having an accessible and inexpensive reagentless soil phosphate test can also provide farmers with 

tools to optimize their use of P fertilizer inputs, thereby bringing in economic advantage while 

supporting water quality from the reduced release of excess nutrients into waterways. 

The findings of this research can contribute to the development of theories and algorithms for fast, 

cost-effective, and infield soil phosphate characterization, quantifying soil distribution, and 

assisting in managing decisions for overall environmental and economic sustainability. Through 

proper implementation of site-specific crop management based on the accurate soil phosphate 

sensors data, this research can bring economic and environmental benefits at the national and 

provincial levels. For example, it has been reported in published literature that technology access 

in precision agriculture has helped in $20-40/ha increase in profit from lower average fertilizer 

rates or increased yield. With a 5 million hectares total farming area in Ontario, there is an 

opportunity to increase Ontario’s revenue if precision agricultural practices are implemented. 

Variable fertilizer rate management is one of the most promising strategies for precision 

agriculture to optimize fertilizers use and crop yield. By integrating different layers of spatial field 

data, including soil phosphate sensors data, effective fertilizers application algorithms can be 

developed.  
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7.2 Future Work 

Based on results of these studies and research observations, recommendations for future work are 

as follows: 

• A future work of this study is to generate continuous P maps with high resolution in 

agricultural fields using denser soil sampling with the PP SPEs and reagentless CV method. 

This will identify the P information that is overlooked in less-resolution maps, the spatial 

P variability, and help classify information for CSAs identification. 

• Adapting the reagentless method towards different field-testing methods such as on-the-go 

sensors is a future suggestion for this work.  

• To enhance soil properties predictions, a future recommendation is to combine the 

reagentless CV method with other available field proximal soil sensors (section 2.3).  
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Abstract 

Inorganic phosphorus (orthophosphate) determination is crucial within environmental 

applications. Conventional accredited measurement methods of orthophosphate provide accurate 

measurements for a limited number of samples due to cost, time, and labor involved with 

laboratory analysis and are insufficient to characterize phosphate variability within environmental 

applications. Precise electrochemical sensing has the potential to provide accurate phosphate 

measurements and has the advantage of being inexpensive to produce and portable. Cobalt is a 

robust metal that has shown a unique selectivity towards phosphate in potentiometric sensors. In 

this manuscript, we reviewed the cobalt phosphate ion-selective electrodes with cobalt matrices in 

the form of pure metal, microelectrode, thin-film, and heterogeneous metal membrane in building 

integrated probes for determining phosphate concentrations in aqueous solutions. We reviewed 

different proposals of the cobalt-phosphate chemical reactions on the electrode surface, the factors 

affecting the stability of the phosphate measurement, and the success stories in the form of the 

limit of detection, linear range, and sensitivity. With strong progress in recent decades, we 

restricted ourselves at the time between 1995 and 2018. We discussed future opportunities of 

cobalt sensors towards more reliable phosphate sensing using novel approaches like cobalt alloys, 

three in one cobalt phosphate sensors, and external interference elimination methods.  

Introduction 

Phosphorus (P) is vital for all living organisms. The human body uses inorganic P available in 

plant diets for skeletal mineralization and cellular functions (Takeda et al.  2004). Plants' health 

and productivity depend mainly on P. P is an essential component of ribonucleic acid (RNA), 

which is responsible for protein synthesis in plants, and of the adenosine triphosphate (ATP), 
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which drives most of the cellular biochemical processes. Hence, P plays an essential role in energy 

storage, respiration, and photosynthesis in plants. Adding P externally as P fertilizers is the most 

common method to meet plant demands but unregulated use mostly led to P build-up in the 

agricultural watersheds leading to global eutrophication and serious water pollution (JJ  2012). For 

example, the Great Lakes, containing 1/5th of the world’s freshwater, are under serious threat from 

the rising levels of nutrients particularly P. The majority of this nutrient is contributed to current 

agricultural systems (O'Sullivan and Reynolds  2004). Therefore, it is strongly recommended to 

apply P to soil as-needed basis, which contributed largely to the analytical developments in 

laboratory and in-field P measurements. Another area of concern is controlling the phosphate 

concentration in drinking water. Keeping phosphate concentration at permissible phosphate levels 

is essential in maintaining good water quality and preserving the natural water sources. World 

Health Organization international standards recommend an acceptable limit of 0.3 mg. L-1 of 

phosphate in drinking water (W.H.O  2009). Minimizing phosphate concentration in wastewater 

(WW) prior to disposal in water bodies is highly important to minimize natural waters 

eutrophication. Hence, rapid and highly sensitive phosphate measurement tools are required for 

fast phosphate assessment in different water application systems. Phosphate measurements are also 

very important in biomedical applications. The human body uses inorganic P as an important 

constituent of cell membranes, in skeletal mineralization, and cellular functions (Takeda et al.  

2004). This made phosphate measurement in the body fluids necessary for clinical diagnosis of 

vitamin D deficiency, mineral and bone disorder, and kidney failure (Slatopolsky  2011). For these 

reasons, phosphate measurement is essential for regulating P fertilizers in the soil, maintaining 

good water quality, and performing necessary biomedical tests.  
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Intense research has been done on in-field phosphate sensors since the early 1980s to provide 

alternatives to costly and time-consuming laboratory analyses. Traditional laboratory methods 

such as molybdenum blue colorimetry and inductively coupled plasma optical emission 

spectroscopy (ICP-OES) can provide accurate measurement only for a limited number of samples 

due to their complicated procedures, labor-intensive nature, costs and time requirement (Rice et 

al.  2017, Yang et al.  2018). They create a great challenge to make the laboratory P measurements 

suitable for batch processing and a rapid method.  

Potentiometric sensing is a direct electrochemical approach that correlates the zero-current 

potential (relative to the reference electrode), developed at the ion-selective membrane or the metal 

electrode surface, to the analyte concentration (Borman  1987). Potentiometric ion-selective 

electrodes (ISEs) are portable, inexpensive to produce, and can provide an instant response. 

Standardized ISEs have been commercially developed for dissolved oxygen (DO), pH, and 

conductivity measurement (Sinfield et al.  2009). Even though P is an essential nutrient in 

environmental monitoring, to date there are no commercial phosphate ISEs sensors showing 

success (Sinfield et al.  2009). Potentiometric phosphate ion-selective membrane (ISM) using 

organotin compounds showed a good selectivity of phosphate over other anions and exhibited a 

limit of detection of 3.2 × 10-5 M at pH 7 (Glazier and Arnold  1988, Glazier and Arnold  1991). 

However, phosphate ISM suffered from a short lifetime of 14 days to one month (Liu et al.  1997, 

Kim et al.  2007). More recently, the organotin-based phosphate ISMs were reported to show 

insensitivity towards phosphate in Kelowna soil P extractant solution due to high fluoride 

concentration in Kelowna soil extractants (Kim et al.  2007). This limits the use of phosphate ISM 

in soil tests.  
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Cobalt (Co) is a robust metal that has shown a very unique selectivity towards phosphates (Xiao 

et al.  1995, Meruva and Meyerhoff  1996). Co phosphate ISE detects phosphates by undergoing 

a series of redox chemical reactions (Meruva and Meyerhoff  1996). The great selectivity Co 

towards phosphates and its robustness make it attractive in potentiometric sensors and applications. 

The present review focuses on the past work, current status, and future progress of phosphate ISE 

using Co. Readers will be directed to recent reviews, papers, and patents for the assessment and 

use of cobalt in phosphate ion-selective electrodes. Here we provide a critical review of phosphate 

ISEs using Co and a summary of their challenges and opportunities. We bring together the 

perspectives of issues associated with phosphate electrochemical sensing using Co metal by 

comparing fundamental techniques, measurement principles, detection limits, factors affecting 

sensor’s accuracy, and intensity of sample preparation required based on available published 

works. Based on this we provide suggestions on different approaches that can be implemented to 

enhance the phosphorylation on the Co surface and limit the sensor’s interference with different 

conditions.  

Potentiometric phosphate detection  

Potentiometric sensing is a direct electrochemical approach with several advantages due to the low 

cost of the recording instrumentation, the portability, and the adaptability with a variety of ISE 

sensors. However, the acquisition of high sensitivity and selectivity towards the operable 

concentration range of the ion could be problematic. Selectivity is one of the major criteria in 

assessing potentiometric sensors as ions related to the target ions can interfere with the analytical 

signal recorded by the instrument (Meruva and Meyerhoff  1996). The hydrophilicity and the size 

of the phosphate ion make it challenging to design a phosphate selective membrane with a 
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macrocyclic host-guest interaction with high selectivity (Villalba et al.  2009). Phosphoric acid 

(H3PO4) is polyprotic acid that successively loses protons to yield H2PO4
-, HPO4

2-
, and PO4

3- 

depending on the pH value of the solution (Figure 2.1). Developing a phosphate ISE that can detect 

different phosphate species is important for successful phosphate determination. The distinctive 

cobalt oxide (CoO) group has shown a good selectivity towards different phosphate species, but 

the response mechanism is subject to some debates by being either mixed potential mechanism 

(Meruva and Meyerhoff  1996), host-guest mechanism (Xiao et al.  1995) or even Nernst potential 

(Wang et al.  2018). Some recent studies even proposed the mixed potential mechanism but with 

different chemistry than that was reported before (Wang et al.  2018, Xu et al.  2018). Here we 

review the existing and under development phosphate ISE sensing technologies using Co and 

success stories in implementing these in soil and wastewater P determination. Few principles are 

highlighted for each approach examined including the fundamental measurement principle, the 

limit of detection, the analysis range, the lifetime, and the response time. Different approaches and 

technologies have been investigated and typically fall within the following categories:  

1) Co metal phosphate ISE. 

2) Co alloy phosphate ISE. 

3) Co needle type phosphate ISE. 

4) Co nanosensors phosphate ISE.  

5) On-chip and screen-printed Co phosphate ISE. 
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Figure 1. Phosphoric acid speciation diagram obtained using solubility equilibrium constants of 

polyprotic phosphoric acid. 

Co metal phosphate ISE 

Co metal was introduced first by Xiao et al. (1995) as an electrode material for phosphate ion 

sensors. It showed an excellent potentiometric response to phosphate ion in the concentration range 

of 10-5 - 10-2 M with a monovalent anion slope of 55 mV.dec-1. The Co showed a unique selectivity 

towards dihydrogen phosphate ion (H2PO4
-) over other common anions (such as sulfate, chloride, 

nitrate, and acetate). Xiao et al. (1995) reported the formation of cobalt oxide (CoO) on the 

electrode surface due to oxygen adsorption after pretreatment of electrode surface including 

polishing and immersing in potassium acid phthalate buffer solution. They proposed the phosphate 

capturing on the electrode surface as a result of the host-guest chemistry of the nonstoichiometric 

compound of CoO. They postulated that CoO provides cavities as the host and accepts H2PO4
- as 

its guest. They used the Co electrode to measure the concentration of disodium adenosine 5'-

triphosphate (ATP), disodium adenosine 5'-diphosphate (ADP), and disodium adenosine 5'-
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monophosphate (AMP). The Co sensor exhibited a potentiometric response towards ATP and ADP 

with a sensitivity of 34 - 36 mV.dec-1 and 48 - 50 mV.dec-1, respectively. However, the Co 

electrode showed only about 5-8 mV.dec-1 potential towards AMP. It can be concluded from their 

study that the cavities of the CoO layer only accept phosphate if it is already bound with a second 

phosphate, thus making it a challenge to measure single bound phosphate salts. Hence, phosphate 

binding with adenosine was not detected. Besides the activity of H2PO4
- on the Co electrode, the 

amount of dissolved oxygen (DO) had a prominent effect on the electrode potential change. 

Bubbling oxygen into the solution showed an effect comparable to decreasing H2PO4
- 

concentration. Removing oxygen by using argon showed an increasing H2PO4
- activity. At H2PO4

- 

activity higher than 10-3 M, most of the host holes were already filled with H2PO4
- which prohibited 

the oxygen atoms penetration. Thus, DO had only a minor effect on high H2PO4
-  activity (~10-3 

M) (Xiao et al.  1995).  

Later, Meruva and Meyerhoff (1996) more accurately explained the behavior of oxidized Co 

electrodes in the presence of phosphate and DO. They proposed that the potentiometric response 

resulted from the mixed potential of the slow oxidation of Co (Co0 to Co2+, Eq. 1 or Eq. 4) and the 

simultaneous reduction of oxygen (Eq. 2 or Eq. 5) and Co2+. The reduction of Co2+ to Co0 was 

neglected mainly for the sake of simplicity. At constant oxygen level and variable phosphate 

concentrations from 10-5 to 10-2 M, the phosphate ion enhanced the corrosion of Co0 to Co2+ (Eq..3 

and Eq. 6). From Eq. 7 – 9, Co3(PO4)2 is formed as the end product corresponding to the three 

forms of phosphates present: PO4
3-, HPO4

2-, and H2PO4
-.  

  At pH 4.0, acidic medium, 

2Co0 + 2H2O ⇌ 2CoO + 4H + + 4e− 1 
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O2 + 4H+ + 4e−  ⇌ 2H2O 2 

2Co0 + O2  ⇌ 2CoO 3 

At pH 8.0 or pH 11.0, basic medium, 

2Co0 + 2H2O ⇌ 2CoO + 4H + + 4e− 4 

O2 + 2H2O + 4e−  ⇌ 4OH− 5 

2Co0 + O2  ⇌ 2CoO 6 

Co3(PO4)2 is formed on the electrode surface in the presence of phosphate ions in the solution. The 

following reaction takes place at pH 4.0, 

3CoO + 2H2PO4
− + 2H + ⇌ Co3(PO4)2 + 3H2O 7 

The following reaction takes place at pH 8.0, 

3CoO + 2HPO4
2− + H2O ⇌ Co3(PO4)2 + 4OH− 8 

The following reaction takes place at pH 11.0, 

3CoO + 2PO4
2− + 3H2O ⇌ Co3(PO4)2 + 6OH− 9 

In the mixed potential mechanism proposed by Meruva and Meyerhoff (1996), the corrosion of 

Co0 to Co2+ only took place in response to phosphate present in the solution and was not driven or 

affected by the presence of chloride and other anions. In the absence of phosphate ions in the test 

solution, DO had a significant change (positive shift) in the net electrochemical mixed potential. 

Variations in oxygen levels influenced the cathodic electrode reaction and contributed to the 
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steady-state of open circuit mixed potential. High DO level interfered with the sensor’s phosphate 

measurement and made it challenging to accurately measure phosphate, especially at low 

phosphate concentrations. From their study, it was observed that in addition to the potentiometric 

response towards phosphate ions and DO, the stirring rate (at 0% O2, 100% N2), pH, nature of 

buffer salts, and ionic strength highly influenced the potentiometric response. From these 

observations, the emf response of the Co electrodes appears to resemble the emf response of 

electrodes that undergo mixed or corrosion potential mechanisms (Hahn et al.  1974, Meruva and 

Meyerhoff  1995). Compared to the host-guest mechanism proposed by Xiao et al. (1995), the 

mixed potential response mechanism proposed by Meruva and Meyerhoff (1996) explained the Co 

electrode behavior towards different phosphate ions more thoroughly.  Both mixed potential and 

host-guest mechanism suffered from DO interference. This limits the application of the Co 

electrode in phosphate sensing and requires the calibration of the Co sensor based on the DO level 

of the media. Further research is still required to eliminate or decrease the interference of DO in 

Co applications in phosphate sensing.  

In a recent study, Xu et al. (2018) explored the usage of cobalt phosphate coated Co electrode for 

phosphate detection. The electrode was constructed by electrodepositing cobalt phosphate hydrate 

(Co3(PO4)2.8H2O) onto the surface of the Co electrode. The sensor exhibited a linear response 

towards H2PO4
- at pH range from 4.0 to 6.5, in the concentration range from 10-5 to 10-1 M with a 

slope of -39 mV.dec-1. The scanning electron microscopy (SEM) images showed crystalline 

Co3(PO4)2.8H2O on the electrode surface after the electrolysis which maintained the electrode’s 

stability for 4 weeks in hydroponics systems. Xu et al. (2018) showed that the anodic peak of the 

cyclic voltammograms appeared due to the formation of cobalt phosphate, and it was intensified 

with H2PO4
- concentration. The cathodic peaks were exhibited due to the reduction of Co2+ to Co 
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(Eq. 10), which is either caused by the reduction of Co(OH)2 (Eq. 11) and/or Co oxides (CoO 

and/or Co2O3). This gave reduced Co in the solution that consequently reacted with H2PO4
- (Eq. 

12) to give the anodic peak.  

Co2+ + 2e−  ⇌ Co 10 

Co(OH)2 + 2e−  ⇌  Co + 2OH− 11 

Co(H2PO4)2 + 2e−  ⇌  Co + 2H2PO4
− 12 

Xu et al. (2018) also concluded that the zero-current potential shifted towards the positive potential 

with an increase of DO concentration due to the inhibition of the formation of an oxide layer on 

the phosphorylation (Eq. 12). The DO interference on the sensor was addressed by measuring the 

potential at constant DO concentration by air bubbling. However, air bubbling could be 

inconvenient in some applications depending on the viscosity and size of the tested media or the 

setup of the application. This makes air bubbling not applicable to all environments. The detection 

limit of the electrode deteriorated at pH > 7, in which the H2PO4
- is less predominant than HPO4

2- 

(Figure 1). This narrowed down the application of Co sensor to very limited pH range 4 -7 (high 

fractional composition () of H2PO4
- ), making it a challenge to use the sensor in alkaline media.  

The reaction series proposed here is different from what Meruva and Meyerhoff (1996) reported. 

Here, the reduction reaction resulted from the formation of Co(H2PO4)2 taking place in the 

presence of H2PO4
- species only, and the anodic current happened due to Co(II) reduction (Eq. 

15). Meruva and Meyerhoff (1996) reported that the main reduction reaction on the Co surface 

was oxygen reduction, which takes place due to the formation of Co3(PO4)2 as the end product 

corresponding to the three forms of phosphate species: PO4
3-, HPO4

2-, and H2PO4
-. Further research 
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is still required to further explain the electrochemical behavior of Co phosphate ISE towards 

different phosphate species.  

In 2014, a patented phosphate detection method invented by B. Jones compromised three 

electrodes; (1) silver/silver chloride (Ag/AgCl) reference electrode, (2) Co surfaced electrode, and 

(3) non-Co surfaced electrode. Electrode (2) was immersed in the testing solution to generate 

electrical potential with electrode (3) electrically connected to it. The voltage applied between 

electrode (2) and (3) made electrode (2) the cathode (with negative polarity) and electrode (3) the 

anode (with positive polarity). This polarity prevented the formation of Co-phosphate-oxide 

complexes on the electrode (2) which protected the sensitivity of the immersed Co surface (Jones  

2014). This work proposed a great advantage to potentiometric phosphate sensors because the 

sensitivity of the Co electrode decreases rapidly over time due to cobalt oxides build-up on the 

electrode surface which reduces the reaction rate. This affects the applicability of Co phosphate 

ISEs for long-term tests. The longer the Co electrode is exposed to cobalt oxides buildup, the less 

capable it is in acting as a phosphate ISE. This makes it useful for short period testing and not 

long-term in-situ phosphate ISEs. The reported Co-phosphate reaction series on the electrode 

surface occurred due to the formation of CoO upon water contact which reacts with phosphate in 

solution (Eq. 7-9). This work proposed the same mixed potential response proposed first by 

Meruva and Meyerhoff (1995). It did not examine the Co phosphate sensitivity towards different 

phosphate species at various pH levels. Regenerating the Co surface could provide higher 

resolution for phosphate sensing and confirm the actual performance o sensing towards phosphates 

at different pH levels. DO interference, at different phosphate concentrations, on the regenerated 

surface was not studied. It might be time-worthy to test whether regenerating the Co surface 

increases or decreases DO effect.  
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Other applications incorporated Co for phosphate detection such as Co wire in flow injection 

potentiometric (FIP). The Co wire with FIP setup was reported to be robust and highly stable for 

phosphate detection (Marco et al.  1998, Chen et al.  1997). The idea of the Co FIP setup was to 

use it for on-line monitoring of phosphates in fertilizers, WW, and on-line monitoring of phosphate 

in hydroponic farms (Marco et al.  1998, Chen et al.  1997, Marco and Phan  2003). FIP proposed 

the mixed potential reaction response of Co towards phosphate. However, frequent recalibrations 

towards factors causing potential drifts, like pH and DO, are still required by these setups. 

Co alloy phosphate ISE 

Kidosaki et al. (2012) introduced a new electrodeposited cobalt-iron film that showed a great 

promise as a dihydrogen phosphate sensor. The thin-film electrode-based electrochemical sensor 

was prepared by electrodepositing the alloy on gold-coated alumina. The sensor showed stability 

greater than 7 weeks and had a very quick response time (~13 seconds). The electrodeposited 

cobalt-iron alloy of 58% Co and 42% iron (Fe) showed a linear potentiometric response towards 

H2PO4
- ion at the concentration range of 1.0 × 10-5 – 1.0 × 10-2 M with the slope of –43 mV.dec-1 

at pH 5.0. The emf response of the Co/Fe film showed the highest selectivity at pH 5, indicating 

that the selectivity of H2PO4
- ion over other phosphate ions (PO4

3-, HPO4
2-) (Figure 1). They 

hypothesized that the Co/Fe alloy system’s magnetic properties are important for phosphate-ion 

sensing. The magnetic relation could be coming from the electric inter-molecule interaction 

between Co/Fe electrode and the H2PO4
- ion, which has 3 electrons in the P-atom 3p orbital. The 

sensing mechanism proposed based on instrumental analysis involved oxygen reduction (Eq. 2) 

and two oxidation reactions (Eq. 13 and Eq. 14) taking place simultaneously. These cathodic and 

anodic electrochemical reactions determined the mixed electrode potential. The anodic reaction 
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between the H2PO4
- ion and the Co alloy was enhanced by the presence of Co(II)-rich surface, like 

CoO, on the surface of the electrode. Fe stabilized the Co(II)-rich surface through a reaction in Eq. 

2.17, which consisted of reactions in Eq. 15 and 16. Hence, the Co-Fe alloy electrode showed a 

quicker and longer stability than pure Co electrodes. Further investigations were required to 

determine the electrochemical sensing mechanisms of the Co-Fe alloy (Kidosaki et al.  2012).  

However, the main disadvantage associated with the Co-Fe alloy sensor is the iron’s high 

susceptibility to rust with prolonged exposure to water. Once iron or iron alloy rust takes place, 

the whole metal surface would disintegrate (Hughes  2018) and would compromise the 

performance of the sensor.   

Co3O4 + 9H2PO4
− + 8H+ → 3Co(H2PO4)3  +  4H2O + e− 13 

CoO + 3H2PO4
− + 2H + → Co(H2PO4)3  + H2O + e− 14 

In the presence of iron on the electrode surface, CoO formation is stabilized through the following 

reactions. 

2Fe3O4 + 4H2O → 6FeOOH + 2H+ + 2e− 15 

Co3O4 + 2H+ + 2e− → 3CoO 16 

2Fe3O4 + Co3O4 + 3H2O → 6FeOOH + 3CoO 17 

Co needle-type phosphate ISE 

With a goal of microprofiling the plant root environment for remediation applications, Choi et al. 

(2010) fabricated a multi-analyte needle-type sensor to measure pH, phosphate concentration, and 

oxidation-reduction potential (ORP) in soil. Selective electrodeposition of cobalt oxide sensing 
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surface for phosphate and meniscus etching was used to fabricate the phosphate sensor. This 

showed ~53 mV.dec-1 sensitivity in the 10-6-10-2 M range proposing the same mixed potential 

series of reactions as of Meruva and Meyerhoff (1996). Microelectromechanical systems (MEMS) 

technologies were used to develop a standardized process for needle-type sensors fabrication. A 

Co thin film was electrodeposited selectively on the gold seed layer in Co plating solution and then 

oxidized in the air for two days to form a CoO sensing layer. The potentiometric response of the 

phosphate sensor was greatly affected by linear pH changes, which can be explained by the 

interference of the hydrogen ions in the equations of sensing mechanisms. By considering the 

interference effect of pH on the phosphate sensor, they calculated the compensated phosphates at 

different pH levels. This provided accurate phosphate measurements that are required for synthetic 

fertilizer applications which change the pH of the soil environment significantly. It was concluded 

from their work, that the pH adjustment could be skipped using an integrated multi-analyte sensor 

array for pH and phosphate giving more accurate results. The main advantage of this sensor was 

its minimal penetration into the soil samples for in-situ measurements. This sensor eliminated the 

need to sample the soil and place soil samples in fluidic analysis systems by performing microscale 

measurements and directly inserting the needle onto the measurement site.  Some drawbacks 

associated with this multi-analyte sensor included the consistent need for water supply to the 

detection site essential for electrochemical sensing in soil solution. Also, there is not an available 

standardized procedure for a stable needle-type microelectrode fabrication (Choi et al.  2010). The 

instability of the heating and pulling process, necessary for the fabrication of needle-type 

electrodes, requires numerous tries to prepare the microelectrodes. This makes it challenging to 

reproduce these sensors and manufacture them commercially.  

In another work, Lee et al. (2011) developed needle-type microsensors for direct measurements of 
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phosphates, pH, and dissolved oxygen inside biological samples (e.g., biofilm, flocs). The sensor 

exhibited a high sensitivity of about 96 mV.dec-1 of monopotassium phosphate (KH2PO4) 

concentration in the 10-5.1-10-3 M range (Lee et al.  2011). They used a 99.995% pure Co wire (0.1 

mm diameter) as the phosphate sensing material and pretreated the microelectrode to form a CoO 

layer (Meruva and Meyerhoff  1996). The phosphate electrode showed great selectivity towards 

phosphate group, and its selectivity response towards other anions follow the pattern of HPO4
2- , 

H2PO4
- > HCO3

- > Cl- > SO4
2- > NO3

- > CH3COO-. Above pH 11.0, CaCO3 interfered with 

phosphate measurement due to the precipitation of CoCO3 and Co(OH)2 on the tip of the 

microelectrode (Schecher and McAvoy  2003, Dean  1995). This sensor showed a well-defined 

performance towards biofilm micro-profile studies with minimal penetration. These microsensors 

had a great ability to monitor local concentrations, but they were still accompanied by a few 

drawbacks. The dissolved oxygen in the sample showed a substantial change of ∼69 mV offset 

between 0% and 21% DO in the same 10-3.9 M KH2PO4 solution. The requirement of oxygen 

calibration before or with phosphate measurements still creates a major challenge for wider 

acceptance of this method. Also, a standardized procedure for a stable needle-type microelectrode 

fabrication is still not available to manufacture this sensor commercially.  

Co nanosensors phosphate ISE 

In 2018, Wang et al. proposed a sensor response mechanism of Co nanostructured electrochemical 

sensors. These were fabricated by carrying out hydrothermal growth of zinc oxide (ZnO) nanoflake 

template followed by photoresist patterning, Co electroplating, photoresist stripping, selective 

itching on ZnO template, electrode patterning, photoresist patterning, and lastly sensor chip dicing. 

The nanostructure’s high surface area improved the phosphate analysis range to 10-6 - 10-3 M, and 
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it also enhanced the charge transfer process. They explained the associated chemical reactions on 

the electrode surface in response to phosphate measurements by absorbing water molecules on the 

electrode surface, and oxidizing Co atoms forming Co(OH)+ ions Eq. 18. Co(OH)+ ions reacted 

with water molecules, under neutral condition, to form passive CoO film on the electrode surface. 

This film was reactivated in acidic conditions to release Co2+ ions which react with H2PO4
-,  

HPO4
2-, and PO4

3- forming a layer of,  Co(H2PO4)2, Co(HPO4)2, and  Co3(PO4)2, respectively, on 

the electrode surface. The CoO film acted as a medium film (between the Co electrode and the 

analyte) to stabilize the Co2+ ion concentration which could easily be affected by solution 

conditions (Wang et al.  2018).  Their work proposed a Nernst reaction response showing linear 

sensitivities of ~ -20, ~ -30, and ~ -60 mV.dec-1 towards PO4
3-, HPO4

2-, and H2PO4
-, respectively, 

proposing Eq. 19 as the potential sensitivity. The Nernst response mechanism proposed a 

combined potential sensitivity for all phosphate species, in solution. This new mechanism 

eliminated any occurrence of DO interference and introduced a simple and direct response towards 

phosphate species. These sensors have the potential to be used in in-situ phosphate monitoring due 

to their low limit of detection and accurate responses. However, very stable conditions were used 

to test these sensors. Factors like stirring rate, DO level, and other nutrient interferents should be 

tested on these sensors to confirm the phosphate selectivity under various conditions. Another 

concern would be the lifetime and reproducibility of these sensors. Further studies should be done 

on the stability of the sensor’s nanoflake template over a long period of time.  

Co(H2O)ads 
→ Co(OH)+ + H+ + 2e− 18 

Sensitivity =  −60(%H2PO4
−) − 30(%HPO4

2−) − 20(%PO4
3−) 19 
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Sagir et al. (2012) patented an invention for detecting and measuring inorganic phosphate anions. 

Their invention was characterized by a Co nanoparticles composite layer composed of 10-50% by 

weight of Co nanoparticles and 50-90% by weight of cellulose acetate. The layer was disposed on 

a conductor layer which was disposed on a substrate. Sagir et al. presumed that the nanoparticles 

could have electromagnetic properties that were different from bulk metals. This could be caused 

by the large surface area to volume ratio of metal nanoparticles. The sensor exhibited a high 

sensitivity of -22.8 mV.dec-1 for H2PO4
- in the range of 10-3-10-1 M. The Co nanoparticles of the 

composite layer were oxidized to Co(II) in the presence of H2PO4
- which is the same mixed 

potential mechanism presented by Meruva and Meyerhoff (1996). Cyclic voltammetry voltage was 

repeatedly swept to reduce the oxidized Co nanoparticles (reduce Co(II) to Co0) to reuse or 

regenerate the oxidized sensor (Sagir et al.  2012). The narrow phosphate range, 10-3-10-1 M, used 

in this study was insufficient to decide if the sensor would work accurately in environments where 

phosphate concentration is lower than 10-3 M. For example, H2PO4
- concentration in soil solution 

ranges could go as low as 3.2 x 10-7 M (0.001 mg P/L) in very infertile soil (Brady and Weil  1996). 

Also, the study failed to examine how the new electromagnetic properties have any effects on DO 

and pH interference.   

On-chip and screen-printed Co phosphate ISE 

On-chip electrochemical sensors with planar microelectrodes were used for phosphate detection 

by depositing a layer of Co on a polymer substrate and integrating microfluidic channels showing 

a potential response over the range of 10−5 - 10−2 M at pH 5.0 (Zou et al.  2007). This proposed 

sensor showed a lot of benefits such as the low volume of waste generation, rapid sensing time, 

and elimination of the extensive polishing required for bulk Co-wire. Also, these sensors could be 



 

162 

used for large-scale field deployment for environment applications, soil extract analysis, and 

disposable point-of-care testing in clinical diagnostics (Zou et al.  2007). More recently, screen-

printed electrodes (SPE) were used to fabricate disposable Co phosphate sensors to determine 

phosphate concentration in aqueous solutions. The sensor consisted of a layer of carbon (C) 

conductive ink physically doped with Co powder, and Ag/AgCl reference electrode (Zhu et al.  

2014). The sensor yields a detection limit of 3.16×10-5 M with a phosphate-selective potential 

response in the range of 10-5-10-1 M in acidic solution. This disposable miniaturization was used 

for cost-effective and on-site analysis of WW samples (Zhu et al.  2014). On-chip and screen-

printed provide a simple requirement of instrumentation with low production costs. They are 

suitable for field-based phosphate analysis.  On-chip sensors, and screen-printed electrodes all 

proposed the mixed potential reaction response of Co towards phosphate. However, frequent 

recalibrations towards factors causing potential drifts, like pH and DO, are still required by these 

sensors.  

Application of Co phosphate ISE in environmental systems 

Phosphates in wastewater and agriculture 

Worldwide, there are several wastewater (WW) regulations and practices applied depending on 

the country and the location of the discharged effluent. In North America, the Canadian federal 

regulations apply the stringent requirement on WW effluents of pH 6-9 and < 0.5 mg/L (5.26  

10-6 M) of phosphates into streams, rivers, estuaries, and lakes (CWN  2018b, CWN  2018a). In a 

study conducted by Ojoawo et al. (2015) (Ojoawo and Udayakumar  2015), the average WW 

phosphate concentration and pH for 14 different water sources spanned between 3.70-85.4 mg/L 

(3.89   10-5 – 8.99  10-4 M) and 5.86-8.37, respectively. WW undergoes different pH levels due 
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to different treatment processes and influent characteristics (Chen et al.  2000), which also affect 

the phosphate species available (Figure 1). WW pH spans between 5 – 9 (Ojoawo and Udayakumar  

2015, Ojukwu and Oladepo  2017). 

It must be acknowledged that the phosphate concentration in soil solution ranges from 1.05 x 10-5 

M in very fertile soil to 1.05 x 10-8 M in very infertile soil (Brady and Weil  1996). Due to liming 

and aluminum sulfate applications to adjust soil pH for better yield (Brady and Weil  1996), the 

soil pH level is never constant at one value. This changes the composition of inorganic P species 

available in the soil solution (Figure 1). In the semi-arid and south regions of the United States, 

the median soil pH ranges between 5.7 – 7.7 (The_Mosaic_Company  2019). Estimating soil 

nutrients is fundamental in judging soil health and productivity. Orthophosphates (H2PO4
- or 

HPO4
2-) are the plant available phosphorus (PAP) forms in soil and sometimes are referred to soil 

extractable phosphorus (Brady and Weil  1996). PAP is susceptible to transport in the soil through 

either run-off or leaching; hence, agronomists depend on PAP test values to calculate P fertilizer 

application recommendations for specific regions (Ziadi et al.  2013).  In traditional soil PAP tests, 

the soil samples are dried first then ground and mixed with harsh chemical extractants, designed 

for certain soil pH. These solutions are then tested for PAP using well-established methods. 

Challenges of Co phosphate ISE in wastewater and agricultural applications 

Targeting techniques with a lower limit of detection is required for environmental systems like 

agriculture and water testing applications. From the linear ranges achieved by Co assemblies 

summarized in Table 1, it can be concluded that the nanostructure (Wang et al.  2018) and needle-

type microelectrode assemblies (Choi et al.  2010) improved the detection of phosphate ions. This 

could be attributed to the large surface areas of both assemblies which provided more surface for 
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the phosphate-Co redox chemical reactions. The linear range phosphate detection of both sensors 

is suitable for phosphate measurements in soil and WW. Further studies are still required by these 

sensors to investigate their selectivity, reproducibility, and lifetime in real environmental samples. 

Even though Needle-type microelectrodes were used successfully in microprofiling phosphates in 

the plant root environment (Choi et al.  2010), the instability of the heating and pulling process 

necessary for needle-type microelectrodes fabrication makes them hard to manufacture (Choi et 

al.  2010). Hence microelectrodes cannot be commercialized yet.  

Applicable pH range is an important factor in developing phosphate sensor for the environmental 

sector. From Table 1, most of the Co phosphate sensors reflected the highest sensitivity towards 

H2PO4
- species which occurs at pH 4-5 (Figure 1). This limits the performance of the sensor and 

makes the sensor not reliable at alkaline conditions. The inability of Co phosphate sensor to 

respond accurately to multiple phosphate species affects the sensor’s reliability in WW and soil P 

tests. In traditional soil P tests, P extractant solutions have specific pH values. Co phosphate ISE 

can be used to measure phosphate in the P extractant solutions that have pH values falling within 

sensor’s applicable pH. However, in-situ phosphate monitoring using Co phosphate ISE in soil 

and WW tests will require sensor adaptability to different pH values, depending on the nature of 

soil and WW pH.  Co phosphate ISEs have the opportunity to be used for soil and WW phosphate 

tests if the pH was controlled and fell within the sensor applicable pH range.  

Selectivity coefficient (K
PO4

3−,J

pot +), which defines the ability of the electrode to identify specific ions 

from others is important in determining the Co phosphate ISE sensing performance. The smaller 

the value of K
PO4

3−,J

pot
, the greater the electrode’s preference towards the primary ion, phosphate. Co 

matrices fairly showed low K
PO4

3−,J

pot + values towards some common anions like sulfate (SO4
2-), 
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chloride (Cl-), and nitrate (NO3
-) (Table 1). However, a successful sensor for the environmental 

sector will ultimately be required to operate on different complex media, encountering alternative 

interferents. 

Another challenge associated with Co sensors is their lack of stability and longevity to be used in 

environmental tests. These two issues were addressed in two ways; introducing the Fe element to 

the Co electrode surface by alloying them (Kidosaki et al.  2012) and introducing a third electrode 

to provide a protection voltage which prohibits the formation of Co precipitates on the electrode 

surface (Jones  2014).  Regrettably, the Fe-Co alloy did not explain completely the electrochemical 

behavior towards phosphate. Further studies are required on the applicability of the voltage 

protection approach in real tests to validified.
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Table 1: Analytical characteristics of phosphate detection methodologies using Co. 

Phosphate 

detection 

Methodology 

(ISE) 

Species 

detected 

Slope 

(mV.dec-1) 

Analysis 

range (M) 

LOD (M) Applicable 

pH 
𝐊

𝐏𝐎𝟒
𝟑−,𝐉

𝐩𝐨𝐭 + Real 

Test 

Refs. 

Unmodified 

Co electrode 

H2PO4
- 

 

H2PO4
-

HPO4
2- 

PO4
3- 

-55 

 

-35 to -50 

10-5-10-2 

 

10-4-10-2 

 

 

5  10-6 

 

NP 

4 

 

4 - 11 

SO4
2-; 1  10-3 Cl-; 2  10-3  

NO3
-; 8  10-4 

NP 

NP 

 

NP 

(Xiao et al.  1995) 

 

(Meruva and 

Meyerhoff  1996) 

Coated Co 

electrode 

H2PO4
- -39 10-5-10-1 NP 4 - 6.5 SO4

2-; 10-3.2 Cl-; 10-4  NO3
-; 10-

2.5 

 

NP (Xu et al.  2018) 

Co micro-

electrode 

H2PO4
-

HPO4
2- 

PO4
3- 

 

H2PO4
-

HPO4
2- 

 

-53 

 

 

 

-96 

10-6-10-2 

 

 

 

10-5.1-10-3 

NP 

 

 

 

NP 

4.5 – 10.5 

 

 

 

7.5 

 

NP 

 

 

 

NP 

Soil 

 

 

 

NP 

(Choi et al.  2010) 

 

 

 

(Lee et al.  2009) 

Co alloy 

electrode 

H2PO4
- -43 10-5 - 10-2 

 

1 × 10-5 

 

5 NP NP (Kidosaki et al.  

2012) 

Co 

nanosensors 

H2PO4
- 

HPO4
2- 

PO4
3- 

Eq.19 10-6 - 10-3 

 

10-6 3 - 6 NP NP (Wang et al.  2018) 

Co 

nanoparticles 

HPO4
2- -22.8 10-3-10-1 NP 6 - 8 NP NP (Sagir et al.  2012) 

 

Co FIP H2PO4
- -58 10-5  -  10-2 3 x 10-6 5 Cl-; 4.7  10-3 WW (Marco and Phan  

2003) 

Co on-chip 

electrodes 

H2PO4
- NP 10-5 - 10-2 NP 5 SO4

2-; 8.2  10-4 Cl-; 4.1  10-3 

NO3
-; 8  10-4 

 

NP (Zou et al.  2007) 

Co SPE H2PO4
- -37.5 10-5 - 10-1 3.16 × 10-5 

 

 

4 NP WW (Zhu et al.  2014) 

+ K
PO4

3−,J

pot
: selectivity coefficient; NP: Not Provided. 
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Summary and conclusions  

This review highlighted the range of approaches that were used to optimize the Co phosphate ISEs 

in the pursuit of higher stability, longer lifetime, different reaction mechanisms, and lower 

detection limit. It was concluded from this review that the details of the Co potential reporting 

mechanisms are still unclear, but they are not the limiting factor for the electrode performance as 

Co electric potential is always reproduced in the presence of phosphate ions. The search for an 

explanation for the phosphate sensing mechanism of the Co phosphate ISEs has been taking place 

since 1995. Different electrochemical reactions were explained based on X-ray powder diffraction, 

X-ray photoelectron spectroscopy, and Fourier-transform infrared spectroscopy measurements. 

Redox potential is the main reaction taking place to deliver a measurable potential for phosphate 

detection measurements on Co surfaces, but the species involved in the reactions are still arguable. 

While the Co phosphate detection methods reviewed have low detection limits and could 

potentially measure phosphate concentrations at the limit (10-6 M) suitable for soil and WW tests, 

none of them eliminated the DO interference with phosphate detection. Also, most of the reviewed 

developed Co phosphate ISEs have not been tested in the field with environmental samples. From 

the potentiometric ISEs reviewed, the Co matrices suffer from limited pH range, DO interference, 

and require surface regeneration due to CoO oxide build-up, limiting suitability and robustness for 

continuous monitoring and environmental field use.  

Future directions 

These issues underline why no Co phosphate sensor-based technology has, until now, been 

validated and replaced the standard lab techniques for phosphate measurements. Recent researches 

have been introducing new materials and methodologies to enhance the stability and sensing 
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characteristics of the Co matrices. Although previous studies have demonstrated excellent 

selectivity of Co toward phosphates, a fundamental question remains: can we build a reliable Co 

phosphate potentiometric sensor for in-situ control methods of nutrient solutions in water systems 

and agricultural fields or on-the-go soil sensors in precision agriculture?  The development of the 

Co phosphate sensor design, either by alloying Co or combining phosphate sensing with pH and 

DO sensing, could have the opportunity to optimize a sensor that is capable to encounter alternative 

interferents and operate in different environmental sectors. More studies should be directed 

towards Co alloys that have the potential to enhance the phosphorylation on the Co electrode 

surface. The detection limit and the stability of Co are the most focused research aspects of the Co 

phosphate electrodes. However, other operational characteristics such as DO and solution pH 

should get more attention. DO and pH quantifications are necessary for accurate measurement of 

phosphate for the Co matrices, and their variations affect phosphate quantification to a great extent. 

Portable three-in-one soil testers have been developed to measure soil pH, moisture, and light 

required for plant care. Similarly, combining DO and pH sensing with cobalt phosphate testing 

into a three-in-one sensor could provide data required to optimize the sensing electrode 

measurements. Furthermore, a statistical or numerical model is needed to determine the amount of 

compensated phosphate ions in the solution in relation to DO and solution pH. Another plausible 

approach could be introducing new components into the composition of the electrode surface to 

suppress the sensor’s reaction towards interferents like DO and pH. This review has attempted to 

highlight all of the Co phosphate electrochemical sensors, and there are ample opportunities to 

further optimize Co applications in pursuit of more reliable and well-established phosphate sensors 

that can be used widely in agricultural and water treatment systems.  
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Appendix B: Chapter 3 Supplementary Material 

 

Figure 3.S1. Cyclic voltammograms  of a) Co
63

Mo
37

 alloy in (―)10
-2 

M KH
2
PO

4
  and (―)10

-2 
M NaCl , b) Co in (―)10

-2 
M KH

2
PO

4
  

and (―)10
-2 

M NaCl , and c) Mo (―)10
-2 

M KH
2
PO

4
  and (―)10

-2 
M NaCl.  


