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Traditionally, the condition of hydroponic nutrient solutions used in controlled environment or greenhouse
plant production is obtained by monitoring solution pH and electrical conductivity. These parameters
provide greenhouse operators with an overall sense of the solution quality, but do not provide information
on individual components of the fertilizer solution. Considering that plant nutrient uptake requirements
vary with crop, growth phase and environment, real-time ion-selective measurements represent a
significant technological advance in the management of recirculating nutrient solutions. The capacity for
the monitoring and control of individual ions in the nutrient solution is the last remaining environment
variable for which reliable feedback control does not exist in controlled environment plant production.
This technology development study focussed on optical ion-selective sensors, termed ‘optrodes’, for
potassium and calcium sensing within nutrient solution. Bulk optrode absorption-based sensors, tailored
explicitly for nutrient ion activities within typical hydroponic solutions were theoretically modelled,
fabricated and experimentally tested. Experimental data on sensor response time, measuring range,
selectivity, repeatability, lifetime and influence of temperature were compiled. These ion-selective bulk
optrode membranes were integrated into a custom instrument combining a light source, minispectrometer, optical fibres and other associated components. Monitoring and control software was
written that collected and converted optical measurements into estimated nutrient ion activities for use in
managing nutrient solution quality. Implemented spectral averaging, normalization and ratiometric
computations and techniques resulted in sensors that offered the advantage of auto-calibration. The
sensors met selectivity requirements in half strength Hoagland nutrient solution and provided repeatable
measurements in solutions of different ion activity levels. Potassium and calcium selective membranes
demonstrated lifetimes of 30 to 50 hours when constantly immersed in nutrient solution. Strategies for
their operational implementation in plant growth systems based upon experimental testing are proposed
as are suggestions for future study. The low mass, low volume, low cost and robust nature of these
optrodes offer a promising technology for future space-based plant production systems and give them
excellent terrestrial technology transfer potential.
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Chapter 1. Introduction

Plants require various nutrient ions at varying concentrations for sustainable growth. Hydroponics, where
plants are grown in a soilless substrate and supplied with nutrients via nutrient-enriched water can allow
for control of the provided nutrients and their specific concentrations within the irrigation water. Providing
nutrients at appropriate levels allows for attainment of maximum yields and can conserve both water and
nutrients compared to other plant growth techniques (Jones, 2005). Traditionally, the condition of
hydroponic nutrient solutions used in greenhouse plant production is obtained by monitoring solution pH
and electrical conductivity (EC) (Kupers et al. 1992; Morimoto et al. 1992). Although this provides some
information about nutrient availability within the solution, EC is only a measure of the total nutrient
concentration and does not differentiate among the nutrient species present (Albery et al. 1985; Bailey et
al. 1988). Plant productivity can be influenced by the concentration of any one nutrient ion (of which there
are many). Given this, pH and EC measurements alone do not provide sufficient information to allow
growers to realize optimal plant production from a solution fertility perspective. Ion-specific sensing
remains the only environment variable that has eluded the capacity of growers to monitor and control in a
reliable, on-line and feedback controlled manner (Dixon 2011). The development of real-time ionselective sensors for nutrient solution is critical for several reasons:
•
•
•
•
•
•

Specific plant nutrient ion concentrations can directly influence crop growth yields (Voogt 1988;
Morimoto et al. 1992; Kane 2003; de Groot et al. 2004)
Nutrient requirements change over the lifetime of a plant (Harper 1971; Morimoto et al. 1992;
Voogt 1993; de Kreji 1995; McKeehen et al. 1996)
Nutrient requirements vary among crops (Voogt 1988; de Kreji 1995; Kane 2003)
Nutrient requirements fluctuate with changing environment conditions (de Kreji 1995; McKeehen
et al. 1996)
Ion concentrations in source water for the hydroponic solution recipes can vary considerably
depending on location and specific source (Flood 1996; Schwarz et al. 2005)
There exist several key nutrient ion ratios which must be maintained within the nutrient solution
(Voogt 1988; de Kreji 1995)

The aforementioned needs for ion-selective sensing are in addition to the benefits that ion-selective
nutrient solution management would provide to growers in terms of increased shelf life (de Kreji 1995),
taste manipulation (de Kreji 1995) and improved food safety (Forbes et al. 1992). Beyond the commercial
benefits, ion-selective sensing can further our scientific understanding of plant growth and physiology,
especially when integrated with sensing systems for other relevant environment variables (Albery et al.
1985). In addition to the more crop specific rationalizations for ion-selective sensing, there are several
additional key justifications for its necessity including the reduction of water use, nutrient use and allowing
growers to better meet the ever more stringent environmental regulations placed upon them. Although
there is substantial variation between countries, agriculture is the biggest overall water consumer and
accounts for approximately 70% of freshwater use worldwide (Saeijs et al. 1995; IWMI 2007). In Canada
3
specifically, the agricultural sector uses approximately 4.5B m of water annually, of which approximately
1% is used in greenhouse production (Beaulieu et al. 2001). As population grows, so too will the demand
for food and water. In fact, it is expected that food and feed crop demand will nearly double in the next 50
years (IWMI 2007).
Ion-selective sensing of the hydroponic solution improves the capacity of the grower to consider
recirculation of the solution by either confirming its immediate suitability or providing knowledge the
grower can use to directly adjust the nutrient solution for reuse in a much more effective manner than
solely EC and pH (Dieleman et al. 2005; Gieling et al. 2005a; Gieling et al. 2005b). This additional
monitoring allows for recirculation, thus also reduces crop nutrient requirements which decreases fertilizer
costs and aids in achieving environmental compliance (Albery et al. 1985; Bailey et al. 1988; Artigas et al.
2001a; Dieleman et al. 2005; Gieling et al. 2005b). In addition to the environmental impact associated
with the manufacture and transport of fertilizers, effluent and runoff from agriculture and greenhouses has
been recognized as a major environmental issue and one that is impacting water quality and ecosystem
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functionality within receiving ecosystems (Giuffrida et al. 2003; Antón et al. 2005; Muñoz et al. 2007;
Ahiablame et al. 2010; Grewal et al. 2011). These nutrient fluxes to the environment negatively impact
health and increase the economic burden on Canadians (Chambers et al. 2001). As environmental
regulations on the agricultural and greenhouse sectors become ever more stringent, ion-selective
technologies are becoming ever more critical to ensure compliance. This is especially true in relation to
nutrient management policies both in Canada and abroad (Kupers et al. 1992; Gieling et al. 1995;
Government of Ontario 2002; Blok et al. 2010b; OMAFRA 2011). Customers preferences are also
shifting toward growers who utilize more sustainable growing techniques (Tognoni et al. 1994).
Although ion-selective sensing provides innumerable terrestrial benefits, an important driver in this study
for the development of on-line ion-selective sensing technologies is their explicit requirement for the
attainment of closed-loop life support systems. Space-based biological life support systems for material
closure of air, water and food loops are of increasing necessity on extended duration exploration missions
(Barta et al. 1994; Tamponnet et al. 1994). The only means of increasing the competitiveness of
biological life support systems relative to other life support technologies or mission architectures (which
instead consider stowage or re-supply of the required consumables) is to reduce their system mass,
power, volume and crew time requirements while increasing their yields and intrinsic material use
efficiencies. The employment of ion-selective sensors to monitor hydroponic nutrient solutions within
biological life support systems is a key technology with the potential to advance each of the
aforementioned trade study parameters.
Though some larger scale commercial greenhouse operators can obtain an ion-selective status of their
nutrient solution, this is more or less exclusively conducted in an infrequent (e.g. 2-3 weeks) off-line
manner by sending a sample of their nutrient solution for analysis to an outside laboratory (Cloutier et al.
1997; Gieling et al. 2005b).
Bench-top analysis techniques such as high-performance liquid
chromatography (HPLC) are typically used by these laboratories to provide accurate constituent reports,
but the infrequent nature of these data analyses permit only coarse control of the nutrient solution.
Several mechanisms for more on-line ion-selective nutrient monitoring exist and could be considered to
include; absorption spectroscopy, atomic spectroscopy, ion-selective electrodes (ISE), ion-selective field
effect transistors (ISFET) and ion-selective optrodes. Each of these methods have been investigated with
varying degrees of success within plant growth systems. No reliable sensors have yet found widespread
use in the greenhouse industry and there remains a technology vacuum associated with on-line ionselective sensing technology (Cloutier et al. 1997; Bar-Yosef 2008). As will be elaborated, this work
explores the development of one of the lesser-explored sensor types, ion-selective optrodes. Specifically,
the application and optimization of ion-selective optrodes for potassium and calcium sensing are
investigated and proposed as a technology template for broad spectrum ion sensing for hydroponic
nutrient management.

Chapter 2. Justification for Research

As astronauts venture farther and stay for extended periods away from Earth, material recycling (i.e.
closure, of their air, water and food loops) becomes ever more necessary. As present regenerative life
support systems are physical-chemical based, they have no capacity to produce food and thus do not
provide for closure or near-closure of the human crew inputs and outputs. Longer and more extended
missions make resupply or the stowage of all necessary consumables increasingly more restrictive and
the requirement for closure in the food system thus becomes ever more desired. A biological life support
system utilizing higher plants provides the means to close all three of the air, water and food loops. A life
support system for a space mission must operate with limited mass, power, volume, crew time and
requires high reliability, as a failure may mean loss of mission and potentially loss of crew. These
requirements are driving the development of high yield plant production systems containing an extensive
sensor and monitoring network.
Space represents a very useful technology-pull that can yield applications for our activities here on Earth.
In particular, just as on a crewed space mission where resources are obviously restricted, we are
increasingly more aware that the same is true here on Earth. Resources are limited and we must improve
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our resource use efficiencies through improved production efficiencies, reduced use and improved
recycling. The capacity to monitor nutrient ions in an ion-selective manner within plant production
systems has the potential to have a significant impact on our resource use terrestrially and thus continued
research and development in this area is required. Presently there exists no reliable, affordable and
practical way for on-line ion-selective sensing of plant nutrient solution.

2.1 Space-Based Advanced Life Support Systems

Biological life support systems for human spaceflight have been proposed and studied for some time
(Myers 1954; Clark et al. 1960). Several excellent reviews of the history of bioregenerative life support
systems exist (Tibbits et al. 1982; Eckart 1996; Gitelson et al. 2003; Wheeler 2010). Their benefit stems
from their ability to provide edible biomass production, carbon dioxide absorption, oxygen generation,
water recycling and waste degradation (Galston 1992; Tamponnet et al. 1994). Evidence also suggests
that the use of higher plants could provide the crew with psychological benefits on long duration space
missions (Bringslimark et al. 2009). Bioregenerative life support systems become more advantageous in
comparison to more traditional physical-chemical based life support systems for distant, long duration
missions where resupply becomes too costly. It is instructive to compare various mission scenarios using
a plot of overall mission equivalent system mass versus mission duration. Equivalent system mass is a
trade study metric which incorporates system mass, power, volume, thermal requirements and required
crew time into one variable (Levri et al. 2003). As presented in Figure 1, a mission duration “breakeven
point” is reached for which the use of a biological life support system becomes more advantageous on a
purely metric driven comparison.
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Figure 1: General description of the breakeven point of biological versus physical-chemical (PC) life
support systems. The biological life support system considers closure of air, water and food, while
physical-chemical considers air and water recycling with food stowage. The vertical dashed line
represents the mission duration (breakeven point) for which the two different systems are equivalent from
an equivalent system mass analysis perspective.
The particular breakeven point depends on the assumptions made and can vary considerably between
authors, ranging from a duration of a few years to never reaching a cross-over point (Myers 1963; Barta
et al. 1994; Eckart et al. 1995; Drysdale et al. 1999; Drysdale 2001; Waters et al. 2003). Nevertheless,
there is wide acceptance in the literature that bioregenerative life support systems are required for
sustained human presence in space as biological systems are presently the only feasible way to generate
food (Tamponnet et al. 1994; Kliss et al. 2000; Gòdia et al. 2002).
Various countries and space agencies have been active in biological life support related research
including the USA with several noteworthy ground test-beds or projects including the Biomass Production
Chamber (Wheeler et al. 2003), Biosphere-2 (Nelson et al. 1993), concepts and subsystem technologies
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for a ‘Salad-Machine’ (Kliss et al. 1990; Kliss et al. 2000), the Lunar Mars Life Support Test Project
(LMLSTP) (Barta et al. 1996; Barta et al. 2006) and designs of the never completed Bioregenerative
Planetary Life Support Systems Test Complex (BIO-PLEX)/Integrated Human Exploration Mission
Simulation Facility (INTEGRITY) (Barta et al. 2001) in addition to numerous on-orbit plant growth studies
(Hoehn et al. 1998; Porterfield et al. 2003). Readers are referred to MacElroy et al. (1987) and Wheeler
(2009) for general reviews. Russia contributed their series of BIOS projects (Gitelson et al. 1989;
Salisbury et al. 1997) and Institute of Biomedical Problems facilities (Berkovitch et al. 2009) as well as onorbit plant growth facilities (Porterfield et al. 2003; Sychev et al. 2007). In Europe several technology
developments include the Micro-Ecological Life Support System Alternative (MELiSSA) Pilot Plant (Turc
et al. 1999; Dussap 2003; Lasseur et al. 2005), the Ecosysteme Clos Artificiel Simplifie at Cadarache,
France (Turc et al. 1999), hardware associated with CAB (Controllo Ambientale Biorigenerativo)
bioregenerative life support program in Italy (Lobascio et al. 2008) and on-orbit facilities (Brinckmann
2005). Japan has contributed the Closed Ecology Experiment Facilities (CEEF) (Abe et al. 2005; Nitta
2005; Tako et al. 2008) and more recently, China has made progress with their CELSS Experimental
Facility (CEF) and salad-machine like development activities (Guo et al. 2008a; Guo et al. 2008b).
Canada has been active in the biological life support domain since the early 1990s (Bamsey et al. 2009b).
Advanced life support has been continuously listed by the Canadian scientific and space community as a
Canadian priority and strength (CSEW6 Steering Committee 2009). In recent years, Canadian
researchers have developed the Canadian Advanced Life Support Systems (CanALSS) Roadmap (COM
DEV Ltd. 2008). The Roadmap has further matured and is based on the scientific studies and
technologies currently being developed at several Canadian institutions, and will allow Canada to expand
on this core capability where it is currently a world leader (Bamsey et al. 2009b; Members of the ALS
DWG Committee 2009; Scott et al. 2010). The CanALSS Roadmap has a very strong focus on plant
growth sensor development, with ion-selective sensors clearly targeted as a Canadian priority. Several
international groups have also defined ion-specific sensors as a key technology/priority for
bioregenerative life support systems (Schlager 1991; Tabacco et al. 1991; Lobascio et al. 2008; MartinBrennan et al. 2009).
Space-based biological life support systems will require high closure, crop yields and reliability (Drysdale
et al. 1999). As ion-selective sensors are a requirement for achieving this, they represent an integral part
of future on-orbit, in-transit or planetary surface plant production systems. Optrodes have a promising
opportunity of providing this nutrient sensing capacity due to their comparably low mass, volume, power
and prospective high reliability. Prior to this work optrodes could be considered to have a technology
readiness level (TRL) for application to plant growth systems of TRL 2 - 3 (NASA 2007; COM DEV Ltd.
2008). Research and technology development focused on increasing their TRL will assist in increasing
the feasibility of their integration into future space-based biological life support systems and foster ionselective technology transfer to terrestrial greenhouses and plant growth systems.

2.2 Terrestrial Benefits

The technologies needed for a safe and dependable food supply in harsh and/or remote locales requiring
minimum waste are much needed by Canadians and by society in general. The Canadian greenhouse
industry contributes significantly to the nation’s economy. In 2010, sales of Canadian greenhouse
products amounted to approximately $2.5 B (up 3% from 2009) however it is often an overlooked sector,
particularly where advanced technology development is concerned (Statistics Canada 2011). Canada is
currently recognized as a world leader in the field of greenhouse technologies and agriculture. It is
anticipated that future work related to the CanALSS Roadmap will continue to strengthen that position
globally, increasing knowledge and improving the sustainability of biological ecosystems that can be
applied to the greenhouse industry and our stewardship of the planet and its complex and fragile
ecosystems.

2.2.1 Benefits to Greenhouse Growers

Reliable ion-selective monitoring could potentially provide terrestrial greenhouse growers with the
following benefits (described in sections to follow):
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•
•
•
•
•
•
•
•
•
•

Increased crop growth yields
Improved crop growth reliability
Improved crop quality control
Reduced fertilizer use
Reduced water use
Reduced water and nutrient discharge (environmental compliance)
Improved nutrient control system reliability
Method to test plant growth media
Decreased labour requirements
Enhanced scientific knowledge of plant biology

2.2.1.1 Improved Crop Yields and Reliability

The traditional method of monitoring greenhouse nutrient solution is to measure pH and EC (Kupers et al.
1992; Morimoto et al. 1992). As described, since nutrient solutions are multi-component and
concentrations of specific nutrients may themselves dominate crop response, present measurement
techniques can be improved. Measuring EC provides the operator solely a measure of the total dissolved
nutrients, and so an excessively high or low concentration of one or more individual nutrients may go
undetected, impacting plant health and productivity (Kupers et al. 1992; Morimoto et al. 1992; Cloutier et
al. 1997). Monitoring for specific ions has the potential to improve the control of plant health and allow
monitoring of nutrient solution evolution over time, plant type and varying environment conditions due the
fact that these variables influence nutrient requirements (Voogt 1988; Dieleman et al. 2005). Both the
aerial and root zone environments can drive specific nutrient uptake. For example, in a study of
hydroponically grown tomatoes it was demonstrated that the uptake of nitrogen, potassium and calcium
were primarily a function of solar radiation and air temperature, while phosphorus uptake was influenced
more strongly by root temperature (Adams 1992; Adams 1994). Environmentally influenced selective
uptake of nutrients further implies the requirement for nutrient solution sensors since present attempts to
model and predict these uptakes based on an array of complex environment-plant interactions is beyond
the scope of current knowledge (Kläring 2001).
Ion-selective monitoring can improve crop growth yields by ensuring nutrients are provided at appropriate
levels and ratios (e.g. nitrate to ammonium) based on plant maturity, type, environment conditions and so
on (McKeehen et al. 1996; Ono et al. 2003). Monitoring individual ion concentrations also ensures that
control is maintained over plant-nutrient interactions. High concentrations of a given plant nutrient can
interfere with the availability and uptake of other nutrients (antagonism) or can increase the demand for a
different nutrient ion (stimulation) (Mengel et al. 2001). High potassium concentrations can result in
reduced plant magnesium uptake, decreasing growth and yield (Mengel et al. 2001). Research indicates
that even growers who dump and change their nutrient solution on a weekly basis may still suffer from
nutrient solution issues in the form of ion imbalances (Jones 2005). Continuous use of UV or ozone for
pathogen control in the nutrient solution is also known to result in unacceptable changes in nutrient
solution chemistry which if not detected and adjusted for, can result in reduced plant yields (Gonzales et
al. 1996).
In a similar way to crop yields, ion-selective monitoring can improve crop growth reliability. An improved
understanding of the nutrient solution environment reduces the risk of nutrient issues being the cause for
the loss of a given crop. Traditionally, growers relied on plant visual symptoms to diagnose different
nutrient deficiencies or crop growth issues.
In certain cases, visual symptoms for different
deficiencies/toxicities can be very similar (e.g. manganese or iron deficiencies) causing misdiagnosis. For
example, if a manganese deficiency is misdiagnosed as an iron deficiency, an iron adjustment will further
exacerbate the problem as both manganese and iron compete for absorption. Ion-selective sensors can
confirm nutrient ion concentration levels while also validating grower visual symptom observations.
Additionally, ion-selective sensors can serve as an early-warning stress detection system by following the
patterns of the uptake of certain nutrient species which are indicators of certain plant stresses (Ono et al.
2003). In a similar regard, controlling the nutrient solution (i.e. what is available for uptake by the plant)
will improve crop quality control and safety by better ensuring the desired final crop mineral composition
(McKeehen et al. 1996; Gieling et al. 2005a).
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2.2.1.2 Reduced Fertilizer and Water Use

Ion-selective sensing can improve the efficiency of nutrient use within a plant growth system (Van Os
1995; Ono et al. 2001; Gieling et al. 2005a). A more complete understanding of the nutrient solution
ensures that nutrients are added at a rate similar to the uptake by the plant. In traditional sensing
schemes where no ion-selective sensing is available, a low EC measurement will typically result in the
addition of a suite of nutrients where in actuality only one nutrient concentration may be below nominal.
This fertilizer addition will thus result in certain nutrients being added without being required and thus
wasted. As the acids and bases typically used by growers to maintain pH within desired bounds are salts
which include nutrient ions (e.g. HCl, HNO3, NaOH), adjusting pH results in the concentration of another
nutrient ion being increased, which if not understood can influence the overall system. Ion-selective
sensing will also ensure efficient use of water as tighter controls on its applicability for plant growth will
better improve the capacity for nutrient solution recirculation over longer periods, a variable even more
critical in the spaceflight environment. Presently, many terrestrial growers flush their nutrient solution
when they do not have full confidence in its quality, usually based on a predetermined EC discharge
criterion (Bar-Yosef 2008). Improved access to nutrient status data will reduce the need for the flushing
of effluent and thus reduce nutrient and water waste outputs (Van Os 1995; Gieling et al. 2005b). Studies
directly comparing open versus closed systems for various crop types have shown savings in both water
and nutrients for equivalent plant yields in closed systems (Tüzel et al. 2001). Additional studies have
shown that closed Dutch greenhouses save up to 30% water and 40% fertilizers compared to traditional
open systems (Van Os 1995; Van Os 1999). Full closure of Dutch greenhouses is limited by the relatively
poor quality of supply water, primarily due to elevated sodium levels (Van Os 1999). Canadian data has
suggested that greenhouse tomato production in rockwool leaches approximately 7.5 tonnes of fertilizer
salt per year for every hectare of production area (OMAFRA 1992). The same dataset suggested that
3
4,000 m of leached irrigation water was produced for the same one hectare production area while
studies from semi-arid regions suggested, that open irrigation systems produced approximately 10,000
3
m of discharged irrigation water per hectare of greenhouse production (OMAFRA 1992; Bar-Yosef 2008).

2.2.1.3 Environmental Compliance

As environmental legislation continues to become more stringent, agricultural growers will have even
greater need for ion-selective sensors to allow them to better comply with nutrient management codes
implemented or being implemented in various jurisdictions worldwide (Kupers et al. 1992; Gieling et al.
1995; Van Os 1999; Government of Ontario 2002; Blok et al. 2010b; OMAFRA 2011). For example, the
European Union Water Framework obliges member states by 2027 to achieve fixed output levels on all
areas of agricultural activity, including effluent restrictions on nitrate and phosphate per unit growing area
(Blok et al. 2010a). The province of Ontario, in the events surrounding the municipal water contamination
in Walkerton, Ontario, implemented many law and policy changes including the 2002 enactment of the
Sustainable Water and Sewage Systems Act, the Safe Drinking Water Act and the Nutrient Management
Act. These acts as well as other provincial acts including the Environmental Protection Act of 1990
directly affect the management of nutrients on farms and in greenhouses. The Nutrient Management Act
had been several years in development and in 1997 the Ontario Ministry of Agriculture, Food and Rural
Affairs (OMAFRA), commenced the definition of a provincial strategy and draft municipal bylaws for
nutriment management (O'Connor 2002). The Nutrient Management Act has the explicit purpose to
“provide for the management of materials containing nutrients in ways that will enhance protection of the
natural environment and provide a sustainable future for agricultural operations and rural development”
(Government of Ontario 2002). In addition to providing requirements for documentation and tracking of
nutrient applications, the act sets compliance measures. A corporation convicted under the act can
receive a fine of up to $10,000/day on first conviction or up to $25,000/day for repeat convictions
(Government of Ontario 2002). In addition, fines can be increased to offset any monetary benefit
acquired by the corporation as a result of the commission of the offence (Government of Ontario 2002).
As of the time of writing, greenhouses do not fall under the Ontario Nutrient Management Act but
discussions are underway for their future inclusion (Muffels 2011). Nevertheless, greenhouses like any
other entity must still comply with the Ontario Environmental Protection Act regulations. This Act can
apply fines up to $6 M/day for corporations committing their first offenses (Government of Ontario 1990).
Adding to the complicated puzzle of regulation, other federal regulations then overlay on the provincial
acts such as the Canadian Environmental Protection Act and Canada’s Fisheries Act.
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Space-based bioregenerative life support systems will require a high degree of mass closure
necessitating effective solutions to minimize resource output and waste. The space-pull to develop ionselective optrodes will also help realize and improve resource use and recycling in terrestrial systems. In
particular, an improved understanding of nutrient solution composition will lead to more efficient use of
water and fertilizers and a reduction in the leaching of chemicals into the environment (Arzberger 2004).

2.2.1.4 Improved Nutrient Control System Reliability

Monitoring ion-selective nutrient concentrations and their individual control will have benefit from the
perspective of reducing the probability of plant growth hardware failures. For example, if particular ion
concentrations become excessive, precipitates could form causing damage or blockage in certain
components (e.g. injectors, tubing etc.) (De Rijck et al. 1997). A possible and often reported example
within hydroponic plant growth systems is the clogging of emitters due to the formation of gypsum
(CaSO4) precipitate when elevated calcium and sulphate concentrations are reached (Bar-Yosef 2008).
In addition, nutrient and water delivery system components can change over time due to regular wear or
failure, producing changes in either the amount of water delivery or the amount of nutrient, acid or base
injected. Ion-selective monitoring would help growers better identify the potential hardware problem by
providing the capacity to note that a given concentration did not change as much as would have been
expected when performing control activities on the nutrient solution.

2.2.1.5 Method to Test Plant Growth Media

As growth substrates themselves can absorb and leach material into the nutrient solution they can have
an influence on plant growth if these fluxes cannot be monitored. The fact that various types of growth
media (polymers, coconut coir, mineral wool etc.) exist and that the same product can vary among
manufacturers implies even more variability in growth conditions (Verdonck et al. 1981). On-line ionselective sensors will ensure that the growth substrate variability can be adjusted by active control of the
nutrient solution. These sensors will also benefit already established media analysis programs (e.g. 1:2
dilution, 1:5 dilution, saturated media extract and pour through procedure) whereby media is tested before
and after planting by running water through it and testing the leachate. As the solution contained in these
media is the primary source of nutrients for plant growth, the extracted water gives a good indication of
the available nutrient status.

2.2.1.6 Decreased Labour Requirements

Labour is one of the larger costs to a Canadian greenhouse grower, totalling approximately 28.5% of total
greenhouse operating expenses, therefore any reduction in labour requirements can be of benefit
(Statistics Canada 2011). This is even more apparent on space missions where astronaut crew time is of
critical importance and is often limited. Ion-selective sensors can reduce human tending requirements by
increasing automation due to an improved understanding of crops and nutrient uptake (Ono et al., 2001).

2.2.1.7 Enhanced Scientific Knowledge of Plant Biology

Many of the advantages of ion-selective sensors stem from the increased understanding of the growth
environment that they provide. Their application to scientific studies can further plant science by helping
reduce variables of study. As plants are constantly modifying their environment, for instance by secreting
chelates, reducing compounds or hydrogen for soil acidification through their roots, ion-selective sensors
will allow the study of several of these processes and their influence on the nutrient solution. Further
benefit is provided when this information is available in real-time.

2.2.2 Plant Production Systems for Northern Communities

The Canadian Government Food Mail Program (now termed Nutrition North Canada) was established in
the late 1960s as a service that subsidizes shipping rates to northern communities primarily for the
purpose of shipping nutritious food items. It services approximately 140 northern communities, which are
home to approximately 100,000 people. In 2006–2007 approximately 16 million kilograms of food and
other goods were shipped under this program (INAC 2009). Indian and Northern Affairs Canada (now
Aboriginal Affairs and Northern Development Canada) provided over $45 M in funding for this program in
2007–2008 and an estimated $58.1 M in 2008-2009 (INAC 2009). Establishing plant production systems
in northern communities would reduce shipping costs and provide improved produce quality (INAC 2009).
Presently there are only two active ‘non-hobby’ greenhouses located in Canadian Arctic communities
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(Iqaluit and Inuvik) (Bamsey et al. 2009a). Additionally, the Government of Canada’s Northern Strategy
proposes a Canadian High Arctic Research Station and the inclusion of a greenhouse is currently being
considered (AANDC 2011). As local food production in remote/northern communities will at least, initially
be conducted in relatively small scale facilities, they will need to be designed to optimize crop yield per
unit area and take advantage of nutrient recycling technologies. Ion-selective sensors will make an
important contribution in achieving these objectives.

2.2.3 Other Applications

Robust ion-selective sensors can have significant impact in the fields of environment monitoring and
health. In particular, nutrient sensors for in-situ monitoring of coastal waters and other water bodies have
been denoted as sensors that would “represent a very significant improvement in our ability to monitor
nutrient fluxes and loading that cannot be achieved in manual sampling programs” (ACT 2003).
Biomedical applications could also benefit from improved ion-selective monitoring of blood analytes and
in other clinically relevant fluids at or near the bedside (Seitz 1987; Burritt 1990). Several challenges
exist regarding the application of ion-selective sensors to undiluted blood, plasma and serum samples
(Oesch et al. 1986). Known challenges include, required selectivity (e.g. potassium measurement in a
high sodium background), ion-selective activity changes during sample preparation or storage (e.g.
potassium release from erythrocytes) and the presence of macromolecules such as proteins and lipids in
blood that can influence sensor measurement accuracy and lifetime (Oesch et al. 1986).
In addition to the monitoring of space-based plant growth systems, there are also several potential
applications for ion-selective sensors on-orbit or on future planetary missions. Regolith/ice analysis,
space-based water analysis and advanced biomedical diagnostic systems are just some of many
potential applications where low mass, robust, in-situ, ion-selective analysis technologies would be
advantageous (Wu et al. 1993; Beegle et al. 2009; Kounaves et al. 2009; Nelson et al. 2010). Besides
on-orbit monitoring of total organic carbon, total inorganic carbon, total carbon, pH, and conductivity,
International Space Station water quality monitoring is conducted through ground-based analysis of
recovered water (NASA 2003; Bobe et al. 2007). For missions to near Earth objects, the Moon or Mars,
in-situ monitoring will become ever more critical due to the inaccessibility of Earth-based laboratory
analysis. On-line ion-selective calcium monitoring is of immediate interest due to the increased calcium
levels excreted in astronaut’s urine (in the microgravity environment) and its facility in forming precipitates
that damage and block water treatment hardware, a critical reported issue with the International Space
Station Urine Processing Assembly (Uhran 2011).

2.3 Limitations of Current Ion-Selective Sensors

The development of reliable sensors for ion-selective sensing of the nutrient solution has proven to be a
difficult challenge with current ion-selective sensor technology having insufficient robustness and/or
relatively high equivalent system mass, limiting both their use terrestrially and feasibility for use in spacebased biological life support systems (Martin-Brennan et al. 2009).

2.3.1 High-Performance Liquid Chromatography

HPLC is considered the ground-based off-line standard for nutrient solution chemical analysis; however
these devices typically have relatively high mass, volume and power requirements. In addition, HPLC
systems are relatively complex, requiring substantial maintenance, toxic chemicals, and have significant
consumable requirements (e.g. solvents, columns) (Graham 2011). Even with their high flexibility and
precision, the aforementioned characteristics leave them not well positioned for spaceflight. In particular,
even a HPLC-on-chip which diminishes the mass and volume issues does not rank well in comparison to
other potential technologies for portable diagnostic systems considered for future space exploration
missions (Nelson et al. 2010). In particular, separation-based technologies fared less well compared to
other assessed technologies due to greater crew time, maintenance and sample preparation
requirements to name a few.

2.3.2 Absorption / Atomic Spectroscopy

NASA has investigated direct absorption spectrometry and liquid atomic emission spectrometry for
nutrient solution monitoring through their Small Business Innovation Research (SBIR) program (Schlager
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1991; Schlager et al. 1991; Beemster et al. 1996). Atomic spectrometry which can include many different
forms depending on the source of energy used to break the molecular bonds (e.g. flame, electrothermal,
electric arc, inductive coupling etc.), has been used separately or in tandem with absorption
spectroscopy, and though these systems are decreasing in mass, power and volume with time they
typically require larger, more bench-top type sized instruments (Schlager et al. 1994; Ono et al. 2001).
The liquid atomic emission spectrometry and inductively coupled plasma (ICP) spectroscopy hardware
proposed for space plant growth systems cannot be used to monitor all of the nutrient ions of interest
(Schlager 1991; Schlager et al. 1991; Beemster et al. 1996; Ono et al. 2001). For example, ICP
spectroscopy cannot be used to assay for nitrogen of which knowledge will be critical for hydroponic
nutrient solution monitoring (Ono et al. 2001). Primary absorption spectroscopy is also limited, lacking
the capacity to monitor for potassium, calcium, magnesium and several other critical nutrient ions
(Schlager 1991; Schlager et al. 1991).

2.3.3 Ion-Selective Electrodes

ISEs have seen a great deal of attention over the past few decades and their general history and function
are described in several key reviews (Ammann et al. 1983; Oesch et al. 1986; Oggenfuss et al. 1986;
Koryta 1990; Bakker et al. 1997; Buck et al. 2001; Patko 2009). ISEs have been applied to a wide suite
of applications and there has been great interest in their specific relevance in soil and nutrient solution
monitoring for plant growth (Albery et al. 1985; Bailey et al. 1988; Hashimoto et al. 1989; Adamchuk et al.
2005; Dieleman et al. 2005; Grygolowicz-Pawlak et al. 2006; Gutiérrez et al. 2008). Though there has
been at least one use of ISEs in space, for example on the Mars Phoenix Lander (Kounaves et al. 2009)
there remain several key disadvantages to their use, especially if being considered as long-term sensors
for a biological life support system being relied upon by a human crew. There have been several explicit
tests of ISEs for hydroponic nutrient solution monitoring (Bailey et al. 1988; Heinen et al. 1992; Morgan
1993; Cloutier et al. 1997; Ono et al. 2001; Gieling et al. 2005a; Gieling et al. 2005b). Concluding
remarks included; “The ion selective electrodes used here proved to be temperamental devices with a
number of inherent problems.” (Morgan 1993), “In light of the potential limitations of ISE technology in
individual ion based control systems, other advanced sensor types are being explored.” (Cloutier et al.
1997), “Yet, a number of practical difficulties still need to be resolved, in particular the stability and
robustness of the measuring system, and the life expectation of the sensors.” (Gieling et al. 2005a), “No
sensors of acceptable quality have been offered on the market yet.” (Gieling et al. 2005b). The literature
raises the following specific limitations with ISEs:
•
•
•
•
•

Drift/stability (Bailey et al. 1988; Heinen et al. 1992; van den Vlekkert et al. 1992; Cloutier et al.
1997; Schröder et al. 2002; Gieling et al. 2005b; Kim et al. 2006)
Electrical interference (Wolfbeis 1985; Offenbacher et al. 1986; Hauser et al. 1994; Taib et al.
1995; Weidgans 2004)
Temperature sensitivity (Heinen et al. 1992; van den Vlekkert et al. 1992; Cloutier et al. 1997)
Lifetime (Gieling et al. 2005a; Gieling et al. 2005b)
Requirement for a reference electrode (Offenbacher et al. 1986)

If considered for use in a recirculating nutrient control system for space-based systems, the above issues
would result in certain operational constraints. In particular, to remedy the drift/stability issue with ISEs a
regular calibration sequence should be implemented (Bailey et al. 1988). This regular calibration program
could necessitate a considerable demand on crew time (depending on automation) but would prevent
system closure if discarding the used calibration solutions, or could result in ion accumulation if
considering the reincorporation of the used calibration solutions back into the nutrient system (Cloutier et
al. 1997).

2.3.4 Ion-Selective Field Effect Transistors

ISFETs which incorporate much of the same technology as ISEs, have been discussed in significant
detail in several general reviews (Janata 1994; Bergveld 2003a; Bergveld 2003b; Janata 2004). Like
ISEs there has also been substantial interest in the application of ISFETs to soil and hydroponic growth
systems (van den Vlekkert 1992; van den Vlekkert et al. 1992; Gieling et al. 1995; Artigas et al. 2001a).
Several other references include discussion of both ISE and ISFET sensor types with relevance to plant
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growth systems (Artigas et al. 2001b; Gieling et al. 2005a; Gieling et al. 2005b; Kim et al. 2006; Li et al.
2008).
Compared to ISEs, ISFETs allow for further miniaturization, reduced response times and reduced
susceptibility to external electromagnetic fields (Artigas et al. 2001a). Besides these benefits, ISFETs
face many of the limitations of ISEs, have only witnessed very limited incremental changes since their
introduction more than 30 years ago and have yet to find solid commercial footing (Janata 2004). A
survey of published limitations includes the following:
•
•
•
•

Drift /stability (Oesch et al. 1986; Bergveld 1991; van den Vlekkert 1992; van den Vlekkert et al.
1992; Gieling et al. 2005b)
Temperature sensitivity (van den Vlekkert 1992; van den Vlekkert et al. 1992)
Lifetime (Gieling et al. 2005b)
Requirement for a reference electrode (van den Vlekkert 1992; Bergveld 2003b; Janata 2004)

Due to their small relative size, ISFETs require less calibration solution than ISEs which would reduce the
issue related to discarding or reintroducing these solutions back into the nutrient solution (van den
Vlekkert et al. 1992).

2.3.5 Summary

Recently improvements have been made which aid in the applicability of some of the aforementioned
sensors for spaceflight, one particular example included the integration of a suite of ISEs along with
complex data processing, helping eliminate some of the uncertainty on any one given ion-selective
sensor (Gutiérrez et al. 2008).
University of Guelph has been an active player in ion-selective sensing and nutrient remediation for
nearly two decades and has conducted in-depth trials of several ion-selective sensor types (Cloutier et al.
1997; Stasiak 2001). The expertise and facilities at University of Guelph’s Controlled Environment
Systems Research Facility (CESRF) make them a valuable player within the development and testing of
new ion-selective sensors. Once an on-line ion-sensing technology has been deemed sufficiently
reliable, the CESRF with its controlled environment plant growth chambers will also play an important role
in the application of these sensors to controlled environment plant growth science and research. A
further stimulus for investigation into more robust nutrient sensors can also be attributed to specific
research conducted by the University of Guelph and the Canadian Space Agency (CSA) at the Arthur
Clarke Mars Greenhouse on Devon Island in the Canadian High Arctic (Giroux et al. 2006). As the
greenhouse environment was monitored but not controlled over the dark season, the bulk nutrient
solution would freeze, rendering useless any conventional glass bulb sensor for the subsequent spring
growth period (Bamsey et al. 2009a).
It can be concluded that at this time there is no one ion-selective sensor technology which is of sufficient
technology readiness for a biological life support system or applicable to reliable on-line sensing within
terrestrial greenhouses. Thus there remains a critical need to focus on either the limitations described or
explore other potential ion-selective sensing options (Bar-Yosef 2008).

Chapter 3. Plant Nutrition and Nutrient Solution Chemistry

Hydroponic plant production offers much less buffer in the root zone than soil culture. This implies that
more effective control of the root zone is required in hydroponics or the root zone will undergo more rapid
change and become inappropriate for use. On the other hand this effective monitoring and control of the
hydroponic nutrient solution variables permits maintenance of an ideal root zone from the perspective of
plant growth (Morimoto et al. 1992). The sections that follow detail several considerations and variables
associated with the manipulation of the root zone environment. The basic transport of nutrients and
general plant nutrient requirements are broadly discussed. Important variables related to the chemistry of
nutrient solution such as contained elements, pH, EC, concentration, activity and ionic strength are
discussed. Understanding the basics of the uptake of nutrients by plants, the effects of specific ion
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deficiencies and toxicities and the important variables and considerations of nutrient solutions themselves
can aid in the definition of ion-selective sensor requirements.

3.1 Basic Biology and Physics Related to Plant Nutrition

Plant roots have two main functions. The first is to provide the physical anchor for the plant in the
growing medium. The second to serve as an avenue through which water and ions enter the plant from
the rhizosphere where they can be translocated to where they are necessary within the plant. Water and
the nutrients which it contains, is literally pulled up the plant’s conductive tissue (i.e. xylem) through the
loss of water due to transpiration by the leaves, either through stomata or directly through the lenticels
and cuticle, and via the attraction for water of membrane-bound solutes in leaves and other tissues. The
resulting water potential gradient serves as the primary means of the translocation of nutrients from the
rooting system to the other portions of the plant.
Ions pass from the soil or media into the roots through both passive and active processes. Passive root
absorption (i.e. diffusion from a higher to lower concentration or down the chemical gradient of potential
energy) implies that a particular ion is carried into the root through the passage of water. Factors
influencing passive root absorption include the amount of water moving into the plant (influenced by rate
of transpiration), the specific ion concentration within the water and the size of the root system itself. It is
known that passive absorption is not the only process occurring, as there remains a process of chemical
selectivity, where some ions are absorbed preferentially compared to others, in some cases against a
concentration gradient (i.e. from a low concentration soil/media solution to a higher concentration in the
plant cell) (Gowariker et al. 2009).

3.2 Plant Nutrient Requirements

Nutrients are typically defined as any material that organisms take in and assimilate for growth and
maintenance. Depending on definition, approximately 17 chemical elements are known to be important to
efficient plant growth and survival. Three elements; oxygen, carbon and hydrogen can be considered
non-mineral or non-fertilizer nutrients as these are obtained through air and water. In comparison, the
other essential elements are obtained through the soil (or the nutrient solution if grown hydroponically)
where they may be dissolved in the water contained within and absorbed through a plant’s roots. Figure
2 displays a breakdown of the 17 essential elements (note that other elements such as cobalt, silicon,
sodium have been established as essential elements for some, but not all higher plants). Mineral
elements can be broken down into macronutrients and micronutrients. This distinction is based upon the
quantity of uptake by the plant of these particular nutrients.

Figure 2: Categories of essential plant nutrients.
Plant nutrients occur in different forms within the nutrient solution. Many occur as monatomic ions (e.g.
+
2+
2+
2+
K , Ca , Zn , Cl , etc.), while others occur as polyatomic ions (e.g. NH4 , NO3 , H2PO4 , HPO4 ). Each
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particular nutrient has its own effects on the plant and their individual concentrations can have a very
strong influence on plant growth and health. As demonstrated in Figure 3, if a particular nutrient is
deficient plant yields can be negatively affected. A similar reduction in plant growth can arise when a
particular nutrient concentration is too high and thus its concentration becomes toxic. That said, an
acceptable concentration range (aka sufficiency range) can then be defined for each particular plant
nutrient ion.

Figure 3: General principle of plant nutrient acceptable/sufficiency ranges. Dashed vertical lines
represent marginal zones between acceptable and deficient or toxic nutrient concentrations.
If the concentration of each plant nutrient is maintained within their specific sufficiency ranges (and other
environment variables are acceptable) then optimum plant growth will be obtained.
Although
micronutrients are required in lesser amounts than macronutrients, each nutrient has its own sufficiency
range and micronutrient deficiencies or toxicities can be just as devastating as macronutrient deficiencies
or toxicities. It should be noted that although the above text describes nutrient sufficiency ranges based
on concentration, as will be described, a more accurate statement is that nutrient sufficiency ranges are
defined by ion activity not concentration.

3.3 Choice of Potassium and Calcium for Ion-Selective Monitoring

There has been confirmation in the literature suggesting that potassium and calcium are both good
choices of ions to monitor in nutrient control systems (Morimoto et al. 1992). As described, each nutrient
ion within the nutrient solution can directly influence growth and must be maintained within some desired
concentration bounds for high yield plant growth. In theory, this implies that any of the suite of plant
nutrient ions are candidates for ion-selective sensors. Potassium and calcium were explicitly chosen
because optrodes for these ions had previously been reported for other applications. This provided the
benefit that it facilitated results comparison and provided a baseline for gauging quality of the developed
optrodes. More importantly as the objective of this work was to advance the technology of reliably
monitoring specific ion concentrations in a complex nutrient solution for the purpose of feedback control,
the greater literature on potassium and calcium optrodes, in some sense gave them greater readiness for
exploitation. The protocol for successfully achieving feedback control of these two ions would then be the
template for extrapolating this technology to include a broader spectrum of the ions in the management of
hydroponic nutrient solution.

3.3.1 Potassium

Potassium is a primary macronutrient taken up and utilized by plants in large quantities compared to the
bulk of the other nutrient ions. Potassium is required by the plant for several key functions including the
control of stomata and is involved in countless enzyme systems within the plant. An overview of
potassium as a nutrient and additional specifics of its use by the plant, symptoms of deficiency and
toxicity are provided in the sections to follow.
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3.3.1.1 General Information

Approximately 95 percent of commercially produced potassium (obtained from mined potash) is used as
fertilizer or plant food. The remaining five percent is used for industrial purposes and for products
common to the home (Jackson 2004). Canada leads the world in potash production and exports,
producing eight million tons in 2008 (CFAITC 2009). Potassium is the seventh most abundant element in
the Earth’s crust (CFAITC 2009). Even in this high abundance (total potassium content of soils frequently
exceeds 20,000 ppm) only one to two percent is available to plants as the bulk is fixed with other minerals
and are unavailable to plants (Rehm et al. 2002). Plants absorb potassium in the form of the ion
potassium which dissolves readily in water (CFAITC 2009). In terms of plant tissue composition,
potassium is second only to nitrogen in levels, typically ranging from one to three percent dry weight.
Interestingly potassium is the only essential plant nutrient that is not a constituent of any plant part
(McAfee 2010).

3.3.1.2 Function within a Plant

Potassium has many important functions within plants. Several key functions include:
• Regulates opening and closing of stomata (Jones 2005)
• Key nutrient in tolerance to stress such as cold/hot temperatures, drought, wear and pest
problems (McAfee 2010)
• Often referred to as “the regulator” since it is involved with over 60 different enzyme systems in
the plant (CFAITC 2009)
• Helps regulate water transport and use (osmoregulation) (McAfee 2010)
• Helps retard crop diseases (CFAITC 2009)
• Necessary for plant protein synthesis (required for every major step in the formation of plant
protein) (CFAITC 2009)
• Strengthens the plant stem/stalk (reducing lodging) (Troeh et al. 2005)
• In some species it can influence the proliferation of the plant’s root system (Jones 2005)
• Important for carbohydrate synthesis and movement (Jones 2005)
• Aids in the uptake of other nutrients and their movement together within the plant

3.3.1.3 Uptake and Movement Considerations

Potassium can be easily taken up by plant roots and can accumulate in the plant at levels higher than
physiologically required (“luxury accumulation”) (Jones 2005). The uptake of potassium is significant
during vegetative growth and decreases rapidly after fruiting. Plants without adequate potassium during
this critical stage of development will produce fruits or flowers of significantly reduced quality. Long-term
post-harvest quality of fruits and flowers can also be affected by potassium, with improved post-harvest
quality being achieved with typically higher levels of plant potassium than that which is required for
baseline plant sufficiency (Jones 2005). Another important consideration from the perspective of
potassium availability within the nutrient solution and the actual potassium salts used in the makeup
nutrient solutions is that nearly all potassium salts are soluble and highly ionized in solution.

3.3.1.4 Deficiency and Toxicity Symptoms

In general, potassium deficiency results in plants with reduced turgor, that wilt very easily and that have
slowed or stunted growth (Jones 2005). Since potassium is mobile in the plant, it can move rapidly from
the older to younger tissue, such as developing fruits and flowers. Therefore, a potassium deficiency
usually results in visual symptoms first occurring in older plant tissue (Jones 2005). As the severity
increases, lower leaves can develop marginal chlorosis (Jones 2005). This is in some instances referred
to as “leaf scorch” where the leaves appear to be burned around the edges. In time, necrotic spots may
form across the blades of these older leaves.

3.3.2 Calcium

A secondary macronutrient, calcium plays a major role in plant cell structure and membrane integrity and
is directly or more often, indirectly, associated with many critical cellular functions. An overview of
calcium as a nutrient and additional specifics of its use by the plant, symptoms of deficiency and toxicity
are provided in the sections to follow.
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3.3.2.1 General Information

As mineral soils are nearly always rich in calcium, calcium deficiency in soil grown crops occurs relatively
infrequently (Mengel et al. 2001). In hydroponic growth systems where calcium is directly added, it must
be accounted for just as any other required nutrient element. Like other minerals, calcium itself, can have
a direct influence on plant growth and yield (Voogt 1988; Supanjani et al. 2005).

3.3.2.2 Function within a Plant

Calcium has many important functions within plants. A list of several key functions includes:
• Heavily implicated in cell structure, membrane stability and integrity (Clarkson et al. 1980; Mengel
et al. 2001; Supanjani et al. 2005)
• Involved in a wide variety of biochemical functions within a plant* (Mengel et al. 2001)
• Activates protein channels within the root system for nutrient uptake (Hepler 2005)
• Delays senescence and abscission (Clarkson et al. 1980)
• Aids in plant heat stress tolerance (Jiang et al. 2001)
*Though calcium is involved in many biochemical functions (e.g. gene expression, carbohydrate
metabolism, etc.) it is primarily involved as a second messenger. This implies that calcium does not
directly produce a biological response in the form of activating an enzyme but may act on some other
entity which is capable of producing the response (Mengel et al. 2001).

3.3.2.3 Uptake and Movement Considerations

As the calcium ion is passively transported in the transpiration stream, its uptake is a function of its
concentration in the root zone and the rate of transpiration (Jones 2005). Similarly, the calcium content of
plant parts (e.g. leaves) is directly related to the calcium concentration of the nutrient solution, with higher
calcium concentrations in the nutrient solution driving higher calcium concentration within the plant
(Supanjani et al. 2005). The ratio of calcium with respect to other ions in the nutrient solution is of
importance and can influence fruit quality, yield etc. (Voogt 1988; Supanjani et al. 2005). In comparison
to ions such as potassium, the uptake of calcium remains fairly constant over the lifetime of a given plant
(Jones 2005).

3.3.2.4 Deficiency and Toxicity Symptoms

In general, a calcium deficiency will result in reduced plant growth but can also lead to several other
notable symptoms (Mengel et al. 2001). Other symptoms include poor root development and brown and
eventually dying root tips, cellular breakdown at the distal end of fruit (blossom-end rot) (Hepler 2005;
Jones 2005), deformed and chlorotic tips of young leaves and with further deficiency, necrosis at leaf
margins (Mengel et al. 2001; Hepler 2005; Jones 2005). When calcium is in excess concentration, it will
induce deficiencies in other ions (in particular potassium or magnesium) and thus result in symptoms
related to a lack of these other ions (Jones 2005).

3.4 Nutrient Solution Chemistry – Important Variables

There are several important variables that must be considered when attempting to understand nutrient
solutions and sensors for ion-selective measurement within them. Solution properties include pH, ionic
strength, electrical conductivity and the activities and concentrations of the species contained within.

3.4.1 pH

The pH is a measure of the acidity or basicity of a solution. Specifically, the pH can be determined by
taking the negative log of the hydrogen ion activity.
1

𝑝𝐻 = − log[𝑎𝐻 + ]

[1]

2

𝑎𝐻 + = 10−𝑝𝐻

[2]

+

+

By definition high pH (low [H ]) is a base and low pH (high [H ]) is an acid.
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Although a pH of 7 is considered neutral, pH 7 is not optimal for plant nutrient solution or irrigation water.
The pH itself has only a minor influence on the plant and its appropriate selection, though somewhat crop
dependent, depends primarily on nutrient availability (Bugbee 2004). In particular the solubility of the
various nutrient ions is directly related to solution pH. Though not a genuine rule (some exceptions
include Mo, P), macronutrients tend to become less available as pH decreases, while micronutrients tend
to become less available as the pH increases (Bugbee 2004). A general plot of specific nutrient ion
availability with pH is provided in Figure 4.

Figure 4: General dependency of nutrient availability on solution pH.
In general there is a band of pH values just below neutral pH for which all nutrient ions are ‘easily’
available to the plant, in essence a range of pH where nutrients do not become limiting. The upper and
lower extremities of this range are driven by unavailability of certain ions but can also be defined by ions
becoming so available that they become toxic. For example, very low nutrient solution pH can result in
certain micronutrients (e.g. iron) becoming toxic. There is not complete consensus on an ideal nutrient
solution pH range and again the ideal pH can be somewhat crop dependent, but several ranges from
literature are presented in Table 1.
Table 1: Several hydroponic pH ranges suggested in literature.
pH Range
5.5 – 6.5
5.5 – 6.5
5.6 – 6.0
5.5 – 5.8
5.8 – 6.5

Reference
(Islam et al. 1980)
(Berry et al. 1997)
(Wheeler et al. 2003)
(Bugbee 2004)
(Jones 2005)

In addition to having a detrimental effect on crops, nutrient solution pH values which fall considerably
outside the ranges presented in Table 1 can also result in precipitate formation which can damage or
degrade the functioning of a nutrient delivery system (Albery et al. 1985). Though the permitted pH
variation can also depend on the reliability of the particular pH sensors and their calibration, a pH
variation of 0.2 pH units, in either direction is a reasonable assumption for commercial greenhouses with
quality nutrient control (Graham 2011) It is likely that a space-based plant growth system will have quite
accurate control of pH..
Based on the above discussion a pH of 6.0 will be used as the nominal nutrient solution pH for
experimentation in the development and characterization of the ion-selective optrodes.
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3.4.2 Ionic Strength

Ionic strength is a measure of the concentration of all ions in a given solution, in a sense it is a measure
of the electrical environment of the solution. Ionic compounds, when dissolved in water, dissociate into
ions. The total electrolyte concentration in solution influences important properties such as the
dissociation or the solubility of different salts.
The ionic strength (I) is given by:
3

𝑛

1
𝐼 = � 𝑐𝑖 𝑧𝑖2
2

[3]

𝑖=1

Where ci is the molar concentration of ion i, zi is the charge number of that ion, and the sum is taken over
all ions in the solution. For a 1:1 electrolyte such as NaCl, the ionic strength is equal to the concentration,
but for MgSO4 the ionic strength is four times higher (as the charge number is squared). Thus, multivalent
ions contribute more strongly to the ionic strength.

3.4.3 Activity

Activity is the ‘effective concentration’ of a given species in a solution. It can be related to concentration
through:
4

𝑎 = 𝛾𝑐

[4]

Where a is the activity (M), ɣ is the activity coefficient (unitless) and c is the concentration (M) of the
species in question.
The activity coefficient depends on the ionic strength of the solution (see Debye–Hückel). In dilute
-4
solutions (<10 M) its value is close to unity, but decreases progressively as the ionic strength increases
and thus the difference between the concentration and activity increases. The activity coefficient is thus a
factor used in thermodynamics which aids in accounting for deviations between the ideal behaviour of a
mixture of chemical substances and the actual behaviour. In general, activity depends on any factor that
alters the chemical potential of a solution. These factors can include among others; temperature,
pressure, electric fields, magnetic fields as well as the composition of the mixture itself (i.e. concentrations
of the constituents), the latter being the most often considered account of activity.
It is activity of ions within the nutrient solution, not their concentration which is the important quantity from
the respect of plant nutrition (Mengel as cited in Crnogorac (1973)). In addition, bulk optrodes measure
ion activities and not concentrations (Bakker et al. 1997).

3.4.4 Debye-Hückel

In an electrolyte solution the activity coefficient of a given ion is not accessible because it is
experimentally impossible to independently measure the electrochemical potential of a given ion because
the solution contains both positively and negatively charged ions. Instead a mean activity coefficient is
defined. This mean activity coefficient (ɣi) is usually estimated using the Debye-Hückel formula or some
variation thereof (Meier 1982; Ritsema 1993). The basic Debye-Hückel formula is presented in Equation
5 (IUPAC 1997):
5
Where:
ɣi = Mean activity coefficient
I = Ionic strength (M)
z = Charge number of the ion

−𝑙𝑜𝑔𝛾𝑖 =

𝐴𝑧𝑖2 √𝐼

�1 + 𝐵 ∝𝑖 √𝐼�
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[5]

A and B = Temperature dependent constants
α = Ion size parameter (nm)
If assuming an aqueous solution and a temperature of 25 °C the expression simplifies to:
6

𝑙𝑜𝑔𝛾𝑖 =

−0.509𝑧𝑖2 √𝐼

1 + �3.29 ∝𝑖 √𝐼�

[6]

Note: For non-aqueous solutions or solutions which differ significantly from 25 °C, the coefficients A and
B differ from those listed in Equation 6 and can be calculated separately (Wright 2007). Tabularized
values for A and B can also be obtained in the literature (Grenthe et al. 2000). It should be noted that this
work applied the Debye-Hückel formulation while assuming a solution temperature of 25 °C though in
almost all experimental work, solutions were maintained at a room temperature between 20 - 25 °C.
Coefficients A and B have values of approximately 0.505 and 3.28 respectively in 20 °C solution and thus
the use of the assumption of 25 °C is of reasonable approximation all for room temperature experiments
(Grenthe et al. 2000).
The Debye-Hückel method is an accurate model when considering dilute solutions but becomes less
accurate as the considered solution becomes less dilute. Typically the basic Debye-Hückel method is
good for solution ionic strengths up to approximately 0.1 M while an extended Debye-Hückel method (e.g.
the Davies equation) can be utilized for solution up to approximately 0.5 M (Ritsema 1993). Other
methods have been proposed for more concentrated solutions (Pitzer et al. 1973).

3.4.5 Electrical Conductivity vs. Ionic Strength

Debye-Hückel requires ionic strength to estimate the mean activity coefficient. As ionic strength is a
calculated term that can only be estimated by either; knowing exactly what was put into solution (i.e. only
the case just following nutrient solution formulation) or by using a device (e.g. HPLC) which provides a
summary of all species in the solution, it is difficult to estimate concentrations from measured activities
within an operational nutrient control system. On the other hand EC is a simple and rapid measurement
frequently performed by greenhouse growers. Although far from being defined in the same way, EC
correlates well and can in most cases be used to estimate ionic strength and thus aid in the described
conversion. In particular Crnogorac (1973) describes that the relationship between EC and ionic strength
is essentially linear between pH 5 and pH 9 in studied samples of soil water extracts. The defined pH
+
range is centred on pH 7 because the further away from pH 7 the greater contribution that H or OH have
+
to ionic strength (i.e. very acidic or very basic solutions imply that the concentrations of H and OH
respectively are very high and contribute in a non-negligible way to the ionic strength). Overall this
demonstrates that should a grower be interested in converting from the activity of a particular ion
measured by an ion-selective sensor to a concentration, an EC measurement can be applied to make an
estimated conversion.

3.4.6 Choice of Nutrient Solution Used in Sensor Characterization

Although a wide number of nutrient solution recipes exist, all include salts which attempt to provide the
essential plant nutrients in the appropriate concentrations required by the plant in question. The basis for
the bulk of the published recipes stems from the two formulations published by Hoagland et al. (1950)
which is in fact the most cited publication in the crop science literature (Jones 2005). Not only can the
nutrient solution formulation influence plant growth, but the operational use (e.g. volume of solution,
number of plants, recirculating vs. open, frequency of replacement/replenishment) of it can also be a
large factor and must be documented in the published studies to allow comparison between results
(Jones 2005). For example, a dilute nutrient solution which is applied at some frequency could be
comparable in terms of plant performance to a more concentrated nutrient solution formulation applied at
a lesser frequency. Furthermore, many authors quote particular nutrient solution formulations but in
actuality utilize formulations that have little resemblance to the original formula (i.e. they make numerous
nutrient concentration modifications to a given recipe, but yet state the use of a standard formulation) (Le
Bot et al. 2005). This further suggests that for comparative purposes, which should be a necessity for
published studies, that particular formulation breakdowns be presented within the text, unless it explicitly
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matches a given reference formulation. Though a wide variety of nutrient solution formulas could be
utilized in the design and characterization of ion-selective optical sensors, it is most appropriate to
consider the use of a standard formulation which is routinely used in the literature (e.g. Steiner, Hoagland,
half strength Hoagland), and for which there is a desire to draw comparisons to.
The half strength Hoagland (also commonly referred to as half strength “Hoagland’s”) solution 2 recipe
has been chosen as the baseline nutrient solution recipe for this ion-selective optrode development work
(Hoagland et al. 1950). Hoagland solution 2 is equivalent to solution 1 published in the same reference
but includes ammonium acid phosphate (NH4H2PO4) in place of potassium acid phosphate (KH2PO4) and
generally different iron sources are utilized (Hoagland et al. 1950; Jones 2005). “Half strength” refers to a
dilution of the nominal Hoagland formulation, resulting in a recipe that includes nutrient ion concentrations
at half the level of the nominal Hoagland recipe. The half strength Hoagland recipe has been used in a
wide variety of plant growth and sensor development publications (some utilized a ‘modified’ recipe)
(McKeehen et al. 1996; Cloutier et al. 1997; Ono et al. 2001; Kane 2003; Ono et al. 2003). The nominal
half strength Hoagland formulation is provided in the Table 2 below.
Table 2: Nominal half strength Hoagland solution 2 formulation.
Fertilizer
Macronutrients

Formula

Fw (g)

Quantity

Units*

Ammonium dihydrogen phosphate

NH4H2PO4

115.02

0.5

[1]

Potassium nitrate

KNO3

101.10

3

[1]

Calcium nitrate

Ca(NO3)2-4H2O

236.15

2

[1]

Magnesium sulfate heptahydrate
Micronutrients

MgSO4-7H2O

246.47

1

[1]

Boric acid

H3BO3

61.83

1.43

[2]

Manganese (II) chloride tetrahydrate

MnCl2-4H2O

197.90

0.905

[2]

Zinc sulfate heptahydrate

ZnSO4-7H2O

287.57

0.11

[2]

Copper sulfate

CuSO4-5H2O

249.68

0.04

[2]

Molybdic acid

H2MoO4

161.95

0.01

[2]

Iron chelate (FeEDTA - 13.2% Fe)
C10H12FeN2NaO8-3H2O
420.98
18.85
[2]
*[1]: mL of 1 M stock solution in 1 L of final bulk solution
*[2]: g in 1 L stock solution of which 1 mL of this stock is added to every 1 L of final bulk solution
The nominal half strength Hoagland solution 2 nutrient solution is made up of the final ion concentrations
provided in Table 3 (ppm provided for reference).
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Table 3: Nominal half strength Hoagland solution 2 final ion concentrations.
Element

Ionic Form

Concentration

Macronutrients
Potassium (K)
Calcium (Ca)
Magnesium (Mg)
Nitrogen (N)

(ppm)
+

K

2+

Ca

2+

Mg

Total

+
(NH4 ,

NO3 )

117.29

3.00

80.16

2.00

24.31

1.00

105.06

7.50

7.01

0.50

98.05

7.00

15.49

0.50

+
NH4
NO3

Phosphorus (P)

Total

Sulfur (S)

2SO4

2(HPO4 ,

H2PO4 )

[1]

(mM)

32.08

Micronutrients

(ppm)

1.00
(μM)

Chlorine (Cl)

Cl

-

0.324

9.15

Boron (B)

3BO3
2+

0.250

23.12

Manganese (Mn)
Zinc (Zn)

Mn

0.251

4.57

2+

0.025

0.38

2+

0.0102

0.16

0.0053

0.06

2.500

44.77

Zn

Copper (Cu)

Cu

Molybdenum (Mo)

MoO4
2+

Iron (Fe)

3+

Fe , Fe [2]
+

Sodium (Na)
Na
1.029
44.77
[1]: The ratio of the ionic forms depends on the pH of the nutrient solution
[2]: The ratio of the ionic forms depends on the pH and O2 level within the nutrient solution
It should be stressed that there exist, even today, significant ranges in the elemental concentrations in the
popular and highly utilized nutrient formulations and there is no consensus on the perfect recipe as it
depends on the operational variables described previously, but also on the plant in question, growth
stage, environment etc. and thus once again, using a relatively standard recipe is most appropriate from
the perspective of comparison of results. For example, in one particular study it was determined that the
half strength Hoagland formulation produced the most onion biomass/yields of three different studied
recipes, but it is likely that for different crops, horticultural management strategies and environments that
a different formulation may have been more appropriate (Kane 2003).

Chapter 4. Optrodes for Ion-Selective Plant Nutrient Solution
Monitoring

The proposed method of ion-selective monitoring of nutrient solution is through the use of optical sensors
based on ion-selective membranes which exhibit a change in an optical property that can be correlated to
a specific analyte ion concentration of interest. Optrodes, as will be described, can typically be
envisioned as devices incorporating a light source and an optical transducer often placed on the end of
an optical fibre and positioned in the environment of interest. This optical fibre will often carry light from a
given light source to the optical transducer where it interacts and is then carried to some measurement
device (e.g. spectrometer). Since their discovery, the prime application of optrodes has been in the
biomedical field but they have also been applied to process control and environment monitoring (Langry
et al. 1999). Optrodes may provide significant benefits over other proposed ion-specific monitoring
methods. Some advantages may include; decreased mass and ease in miniaturization, robustness
(solid-state, no-moving parts), immunity to electromagnetic interference, decreased/no analyte
consumption and potential for greater sensitivity. Before presenting precise details on these potential
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advantages as well as specifics on the functioning of optrodes, a general review of their history of
development is provided.

4.1 History of Optrode Development

Numerous methods of chemical sensing utilizing optical transduction have been proposed and developed
to varying degrees. Today, in loose terms, optical instruments utilizing optical fibres and a reagent phase
undergoing a change in an optical property due to a change in some environment variable are deemed
optodes or optrodes. The term “optode” was introduced by Lübbers and Opitz in 1975 as cited in Lübbers
et al. (1983) while the term “optrode” was first used by Borman (1981) and Hirschfeld et al. (1984) as
cited for example in Wolfbeis (1986). Both terms remain in use today and are similarly derived from
“optical” and “electrode” by analogy to their physical use being similar to electrodes in that they could be
taken to and immersed in the solution of interest but their operating principles being quite different in that
an optical means is used for the determination of some chemical measurement (Seitz 1984).
Several of the significant historical developments related to optrodes include; Bergman (1968) who
focused on a portable optical instrument containing a solid matrix with an embedded fluorescent material
which exhibited different levels of fluorescence quenching for varied degrees of atmospheric oxygen
levels. Hesse (1974) is suggested to be the first fibre optic for chemical sensing, in this case, also for
oxygen. Moreover, in the 1970s, indicator strips for pH became available based on pH indicator dyes
covalently immobilized to a cellulose matrix (Narayanaswamy et al. 2004). These strips allowed for
improved continuous pH measurement by visual inspection and more recently, automated inspection
using optrodes (Woods et al. 1988; Narayanaswamy et al. 2004). The first pH fibre optic probe was
published in Peterson et al. (1980). Initial optrode work continued primarily in the area of pH and oxygen
sensing, with milestones such as the first fibre optic pH probe operating on fluorescence (Saari et al.
1982), the application of an oxygen probe to in-vivo oxygen sensing (Peterson et al. 1984) and a pH
sensor utilizing fluorescence ratiometric measurements (Zhujun et al. 1984).
Optrodes for metal ion sensing came shortly after and were based upon initial ground work laid out by
several research groups. Sumiyoshi et al. (1977) used the co-extraction of an alkali-metal selective
ionophore with a highly coloured anion between two immiscible solutions to estimate analyte
concentration. Charlton et al. (1982) replaced one of the two solvents with a solid phase, reducing
solution preparation and advancing towards a system capable of more reversible and continuous
measurement. Wolfbeis et al. (1987) developed a fluorescent sensor for a metal ion based on a
Langmuir–Blodgett film and detailed the extension of this concept to fibre optic sensors.
Optrodes or associated type sensors based on absorbance (Goldfinch et al. 1984), reflectance (Kirkbright
et al. 1984), fluorescence (Wolfbeis 1985) and chemiluminescence (Freeman et al. 1981) used to
measure the concentration of a gamut of chemical species have now been reported and described in
several key, fundamental optrode reviews (Seitz 1984; Seitz 1989; Seiler 1993; Boisdé et al. 1996;
Bakker et al. 1997; Langry et al. 1999; Narayanaswamy et al. 2004; Baldini et al. 2006).

4.2 History of Application to Plant Nutrient Solution Monitoring

The application of optrodes to nutrient solution monitoring was first explored in the mid-1990s (Tabacco et
al. 1994; Tabacco et al. 1996). Specifically this research group focused development work on controlled
environment optrodes for pH, potassium, calcium, magnesium, aromatic hydrocarbons, ammonia sensors
(vapour and dissolved) as well as atmospheric constituents including carbon dioxide, moisture, ethylene,
carbon monoxide and hydrazine (Tabacco et al. 1991; Tabacco et al. 1994; NASA 1995b; NASA 1995a;
Tabacco et al. 1996). It should be noted that the potassium, calcium and magnesium sensor research
was focused on optimizing molecular probe design and less on fully integrated sensor designs which
would be necessary for monitoring nutrient solution within an operational plant growth system. The bulk
of this prior work was conducted under the NASA SBIR Program by Polestar Technologies Inc. and GEOCENTERS Inc. but did not result in sensors which have wide-spread use today (Tabacco 2010). It is
relevant to note that work in this area did not stop due to issues associated with technical feasibility but
instead, programmatic motives drove the research away from optical ion-selective monitoring and toward
a focus on optical bacteria monitoring (Tabacco 2010). Though the developed sensors are not of the bulk
optrode variety, as the first authors to apply this technology to the application of life support and plant
20

growth, their contribution is particularly innovative. In addition to NASA directed optrode research, it is
also noteworthy, though not specific to plant nutrient solution monitoring that around the same time the
European Space Agency (ESA) invested in basic optrode development for spaceflight as part of their
Basic Technology Research Programme. The work involved optrode development for pH, oxygen and
carbon dioxide and further demonstrates the merit of optrodes for space-based systems (Binot et al.
1996; Trettnak et al. 1996).

4.3 Advantages and Disadvantages of Optrodes

Compared to the other methods of ion-selective sensing, optrodes have several potential advantages and
disadvantages. From an operational point of view the fact that optrode systems are based around fibre
optics allows the sensing component to be in close proximity to the environment of interest while keeping
more susceptible components of the system protected from what is, in some instances, a harsh
environment. In the case of hydroponic sensors, they can be placed within the nutrient solution reservoir
or within a calibration/measurement loop piped off the main nutrient control system. In both instances,
only the sensor head end of the optrode is exposed to the nutrient solution environment while the light
source, spectrometer and other components can be left in the nominal greenhouse environment thus
reducing risk of exposure. The fact that optrodes, like ISEs and ISFETs are in-line sensors means that
greenhouse growers do not have to be concerned with the need for handling, transport and general
sample integrity of collected samples which would be required for off-line sample analysis (e.g. HPLC).
Greenhouse growers sending samples away for laboratory analysis are also faced with a time lag in the
acquisition of sample results. Additional advantages of optrodes in comparison to off-line sensor options
include, ease of miniaturization, reduced mass, power and volume requirements, no consumption of the
analyte and as described, portability and ease of on-line deployment. Conversely optrodes must be
protected from interference from stray light and may exhibit reduced lifetimes than selected competing
sensors.
Summarizing several of the potential advantages and challenges of optrodes in comparison to ISEs the
following lists are obtained (Seitz 1984; Offenbacher et al. 1986; Wolfbeis et al. 1990; Narayanaswamy
1991; Weidgans 2004):
Potential Advantages
• No requirement for an additional reference element
• As the primary signal is optical it has immunity to electromagnetic interference
• Ease of miniaturization, light weight
• Solid-state, robust
• Reduced degradation in aggressive analytes
• The optical signal can provide multi-wavelength/ratiometric information
• Improved detection limit
• Reduced cost?
Potential Disadvantages
• Possibility of interference by ambient light
• Limited long-term stability
• Limited measuring range
• Reduced lifetime
It is relevant to note that not all of the proposed advantages or disadvantages have necessarily been
proven, or studied in great depth, in part because the implementation of optrodes on a wide-scale has not
yet been achieved, and thus the sample size still remains limited. Finally, certain entries such as “solidstate”, “limited long-term stability” and “reduced lifetime” may apply only to particular types of optrodes.
Overall, these lists represent a summary and cross section found throughout various optrode related
publications.
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4.4 Functional Overview

The sections to follow introduce several classes of optrodes, each differing in mechanism and thus each
with their own respective advantages and disadvantages. As there is substantial commonality in the
underlying photophysics associated with their response and the hardware utilized to measure this
response, certain concepts associated with optrode photophysics are presented. The function of bulk
optrodes, the chosen optrode class for this work, will be detailed theoretically, their membrane
components defined, followed by a discussion into relevant instrument parameters and fabrication
techniques.

4.4.1 Classification of Optrode Types

In general, successful optrodes exhibit some change in optical properties in a manner that is selective to
an analyte of interest. Typically this is achieved through the selective complexation of the analyte with an
indicator dye (i.e. chromoionophore), a critical component of an optrode. Though no formally presented
classification of optrode types exist, they can be classified based on the following top-level
characteristics:
• Surface or bulk mechanism
• Reversible or irreversible
• Optical transduction scheme (absorption, fluorescence, etc.)
A short discussion on the distinction between the classifications is provided.

4.4.1.1 Surface or Bulk

Surface optrodes rely on surface phenomena whereby the active components of the optrode are
immobilized near the interface or surface of the optical element so they are located within the sample
solution (Janata, 1987; Weaver and Harris, 1989; Seiler and Simon, 1992). Bulk optrodes on the other
hand generate an optical response based upon the concentration change of some species within a
separate, membrane phase. The active components of bulk optrodes are uniformly distributed within this
separate, bulk phase while the active components of a surface optrode are situated solely at the optrode
and sample solution interface (Seiler and Simon, 1992). One present disadvantage of the utility of
surface optrodes in comparison to bulk optrodes is that their mathematical description has not yet been
elucidated to good precision, whereas for bulk optrodes it has (Janata 1987; Seiler et al. 1989; Bakker et
al. 1992; Bakker et al. 1997). Further difficulties exist with surface optrodes in that they exhibit an
additional nonlinear dependence on the sample solution ionic strength compared to bulk optrodes which
are for the most part independent of ionic strength (Janata 1987; Seiler et al. 1992a).

4.4.1.2 Reversible or Irreversible

Both reversible and irreversible optrode sensors have been proposed. A sensor is considered reversible
if the active components are not consumed by way of their interaction with the analyte. Oppositely, if the
reagent phase is being consumed the sensor is termed irreversible. The majority of the optrodes
explored in greater detail in literature are of the reversible type, as they provide the advantage of being
multi-use and are obviously more applicable to sensor based monitoring systems.

4.4.1.3 Optrode Transduction Scheme

Light can be described with the help of two theories (i.e. the wave particle duality): as an electromagnetic
wave or as a stream of particles of energy quanta (photons). Certain phenomena related to the
transmission of light such as reflection, interference and polarization can be explained with the wave
character, while certain phenomena such as emission and absorption (i.e. the detection of light), with the
particle character. The interaction of light with matter forms the basis for the functioning of optrodes. The
interaction can take many forms, and optrodes can be classified depending on the form of interaction
which they utilize including; absorption, scattering and fluorescence.

4.4.2 Bulk Optrodes

Bulk optrodes for many analytically relevant ions have been explored experimentally by several research
groups, with sensors existing for numerous cations, anions and neutral species in solution, as well as
certain gas phase analytes (Bakker et al. 1997). The development of bulk optrodes has benefited
substantially from the experience gained in the development of ISEs due to several important similarities
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(ion-selective membranes). That said, optrodes offer several advantages and sensing benefits compared
to their electrode counterparts and their development and use introduces different challenges (Seitz
1984). As will be described in further detail in the sections to follow, the response of bulk optrodes is
dependent on the activity of the analyte ion within a separate membrane phase. To maintain
electroneutrality within the bulk phase, bulk optrodes typically involve the establishment of phase transfer
equilibria of two distinct ions, the analyte ion and a reference ion. The term ‘bulk’ in bulk optrode is
utilized because the analyte and reference ions are not just transported to the surface layer of the
membrane but are extracted and become evenly distributed within the bulk membrane. Thus a bulk
optrode membrane eventually achieves equilibrium with the sample solution.
Further to the list classifying optrodes in general, bulk optrodes can be classified accordingly to the
following characteristics:
• Hydrophilic or hydrophobic sensing layer
• Covalently immobilized or entrapped sensing components
• Co-extraction or ion-exchange systems
• Neutral or charged ionophores/chromoionophores

4.4.2.1 Hydrophilic or Hydrophobic Sensing Layer

Bulk optrodes incorporate either a hydrophilic or hydrophobic sensing layer. In the hydrophilic case (e.g.
hydrogels) water can freely diffuse within the bulk carrying the analyte in question (and other dissolved
ions) where it can then interact with the active components contained in the bulk. Hydrophobic bulk
optrodes utilize hydrophobic polymers such as poly(vinyl chloride) (PVC), poly(methyl methacrylate)
(PMMA) or other materials that do not allow the free movement of water into the bulk. In this latter case,
the sensor layer selectively allows the transport of the analyte from which it generates an optical
response which can be measured. Though hydrophilic sensing membranes more or less allow free
access of the analyte to the chromoionophore, for reasons of leaching, hydrophilic sensing membranes
require that the chromoionophore be bound to the matrix and they suffer several of the other issues faced
by surface optrodes such as dependency on sample solution ionic strength (Seiler et al. 1992a).

4.4.2.2 Covalently Immobilized or Entrapped Sensing Components

Active optrode components can either be covalently immobilized (i.e. covalently bound) to the support
structure/membrane or they can simply be mechanically/physically entrapped within the polymer. The
former case prevents leakage and thus increases sensor lifetime, but may require complex chemical
synthesis and even slight changes to the structure of the active molecules may significantly shift the
optical response (e.g. measuring range, selectivity, etc.) to degrees which may not be accurately
predictable. The choice of covalently immobilized or entrapped sensing components is closely linked to
the choice of a hydrophilic or hydrophobic sensing layer. In particular, if a hydrophilic membrane is
selected, covalent immobilization is more or less a prerequisite or active components will be quickly
flushed upon immersion of the sensor within aqueous solutions. When hydrophobic membranes are
utilized, physical entrapment is feasible, but sensor lifetime must be analyzed and lipophilic membrane
components selected. The benefit of physical entrapment is optrode film production is simplified, the
response can be estimated theoretically with good precision and likely the most significant benefit is the
capacity to easily tailor the response to a specific system (Shortreed et al. 1996b).

4.4.2.3 Co-Extraction or Ion-Exchange Based Systems

Co-extraction systems are defined as those where a cation is simultaneously extracted into the
membrane along with an anion from the sample solution. The species of interest (analyte) can be either
the cation or the anion but a second species (reference ion) is involved in the sensing scheme because of
the requirement for the maintenance of electroneutrality within the film (i.e. no build up of charge can
occur in the film). Alternatively, rather than having an oppositely charged species moving in the same
manner as the analyte ion, a reference ion of the same charge can be simultaneously exchanged out of
the membrane into the sample solution while the analyte ion is extracted into the membrane. This
second mechanism is termed ion-exchange system and is also dictated by membrane electroneutrality.
The distinction between co-extraction and ion-exchange optrodes is important as it dictates the
movement of ions and thus specific membrane components. Though the principles of co-extraction and
ion-exchange membranes are analogous, ion-exchange optrodes have the benefit that they maintain a
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nearly constant ionic strength within the membrane. Co-extraction based membranes exhibit the
disadvantage of varied ionic strength for changing sample solution analyte concentration (Bakker et al.
1992).

4.4.2.4 Neutral or Charged Ionophores/Chromoionophores

Published literature usually makes the distinction between neutral and charged ionophores and
chromoionophores. The choice of ionophore and chromoionophore charge is not necessarily critical but
similar to the distinction between co-extraction and ion-exchange systems, the choice of charged versus
neutral ionophores and chromoionophores affects the formed complexes, the exchange of ions of interest
and the selection of other membrane components (e.g. requirement and choice of charge of the ionic
sites).
An overview of the various types of optrodes based on the consideration of co-extraction vs. ionexchange systems and neutral or charged ionophores/chromoionophores is reviewed and presented
graphically in several references (Seiler 1993; Bakker et al. 1997).

4.4.3 Classification of the Developed Ion-Selective Potassium and Calcium
Optrodes

Based on the aforementioned characteristics, the ion-selective optrodes developed and utilized in this
research can be described as optrodes of the following type:
• Bulk
• Reversible
• Absorption-based
• Hydrophobic sensing layer
• Entrapped sensing components
• Ion-exchange system
• Neutral ionophore and chromoionophore system
It should be noted that the mathematical description of bulk optrodes discussed in the section to follow,
includes references to several bulk optrode membrane components. A basic overview of bulk optrode
membrane components is provided here but detailed descriptions are provided in a later chapter and
should be referred to when more elaboration is required.
• Ionophore: a molecule that selectively binds to the analyte ion of interest and can aid in its
transport into the bulk membrane.
• Chromoionophore: a molecule that selectively binds to a particular ion and undergoes a change
in one or more of its optical properties based upon this binding.
• Ionic sites: charged molecules added to the membrane and associated with membrane
electroneutrality, their concentration influences the amount of exchangeable ions of opposite
charge permitted within the film.
• Plasticized polymer: a homogenous solvent layer which is typically immiscible with water and
serves as the structure for the bulk membrane and its respective components.

4.4.3.1 Absorbance

Absorption is the optical transduction scheme implemented in the design of the optrodes described in this
work. Absorption is the physical process of light absorption, while the term absorbance refers to a
mathematical defined quantity. Absorbance (A) is defined as the negative logarithm of transmittance (T),
which itself is the ratio of light energy passed through a sample (I) over the amount of light incident on the
same (I0):
7

𝐼
𝐴 = − log(𝑇) = − log � �
𝐼0

[7]

Absorbance is a more frequently used quantity than transmittance due to fact that it is linearly
proportional to the thickness and concentration of the absorbing species within a sample being measured,
while transmittance varies exponentially with these terms. This linear relationship is detailed in Beer’s
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Law (Equation 8) which relates absorbance of a sample to the extinction coefficient (molar absorptivity) of
the absorbing species, the thickness (path length) of the sample and the concentration of the absorbing
species.
8

𝐴 = 𝜀𝑏𝑐

[8]

Where:
2
ε = Extinction coefficient of the absorbing species (m /mol)
b = Path length (m)
c = Concentration of the absorbing species (M)
In the case of bulk optrode membranes chromoionophores should ideally be the only absorbing species.
In the nominal case, the absorbance will be calculated at a particular wavelength, as the extinction
coefficient for a particular chromoionophore varies with wavelength.

4.4.3.2 Bulk Optrode Response

The optrode response function, derived here, can be used as a tool to model optrode behaviour, to
improve understanding of the overall optrode system, to understand implications of changes in membrane
components or concentrations and to help in validating and explaining experimental results.
The following additional assumptions are also important in the development of the mathematical model:
• Impurities: it is assumed that no impurities exist in the membrane phase. Should impurities exist
in the film (which they can in low concentrations in certain polymer materials), response times
and sensitivity changes can occur.
• Aggregation: it is assumed that no aggregation of active components occurs within the film.
• Stoichiometry: it is assumed that the stoichiometry of the complexes formed between ions and
the ionophore or chromoionophores do not change in the measuring range considered.
As a useful tool in relating the mathematical optrode response functions to the measured optical
parameter in question the parameter α is introduced. For simplicity, the derivation will relate α to
absorbance, but an analogous procedure could be utilized for fluorescence. It has been shown that when
fitting the fundamental equations for optrode response which include α, to experimental data, a good
correlation is found for optrodes based on absorption or fluorescence and for numerous types of optical
set-ups (e.g. conventional spectrophotometers/spectrofluorometers, multimode light guides or other
arrangements) (Seiler 1993).
We define:
9

𝛼=

[𝐶𝑢𝑛𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑 ]
𝐶𝑡𝑜𝑡

[9]

Where:
Cuncomplexed = Concentration of uncomplexed chromoionophore within the membrane
Ctot = Total concentration of all chromoionophore (complexed and uncomplexed) within the membrane
Relating α to actual optical measurements:
10

𝛼=

𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝐴𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑
𝐴𝑢𝑛𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑 − 𝐴𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑

Where:
Ameasured = Measured absorbance
Acomplexed = Absorbance of complexed chromoionophore
Auncomplexed = Absorbance of uncomplexed chromoionophore
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[10]

These absorbance parameters are graphically illustrated in Figure 5 (elaboration follows in the sections to
follow).

Figure 5: Illustrative example of the three absorbance parameters utilized to determine α. As is typical,
the maximum absorbance peak wavelength (red vertical line) from the absorption spectrum of the fully
complexed (dashed gray) chromoionophore is used for the determination of all absorbance values. The
fully uncomplexed (dashed black) chromoionophore absorption spectrum and measured absorption
spectrum (blue) are indicated with their associated absorbance values at the defined wavelength.
Equation 10 agrees with the definition of α, in that, when α is zero (i.e. no uncomplexed chromoionophore
is present), the measured absorbance (Ameasured) equals the complexed absorbance (Acomplexed) as this is
the only absorbing species.
Utilizing Figure 6 as a diagram of the representative system for a bulk optrode potassium sensor which
shows a membrane with one side exposed to the sample solution. It should be recalled that the principle
of electroneutrality dictates that the response of the membrane is dependent on the establishment of a
phase transfer equilibrium between two distinct ions, into and out of the film. For reasons to be
elaborated on later, the derivation will consider the second dependent ion, termed ‘reference’ ion to be
that of the hydrogen ion (Bakker et al. 1993). The required membrane components including a neutral
chromoionophore (C), neutral ionophore (I) and an anionic site (R ) are also shown in Figure 6. The
+
+
ionophore-potassium and chromoionophore-hydrogen ion complexes are represented as IK and CH
respectively. The system below represents an ion-exchange optrode membrane as two ions of the same
charge are being exchanged, one moving into the film and another moving out. If instead an anion was
considered as the analyte, then the membrane would be a co-extraction system, whereby the anion along
with the positively charged hydrogen ion would be extracted together into or out of the membrane.
Derivation of response mechanisms for both systems as well as additional ways to differentiate between
bulk optrode types can be found in the literature (Bakker et al. 1992; Seiler et al. 1992b; Seiler 1993).
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Figure 6: Bulk optrode film displaying dual dependent equilibria. Potassium example shown (C =
+
+
chromoionophore, I = ionophore, R = anionic site, IK = ionophore-potassium complex, CH =
chromoionophore-hydrogen ion complex).
As there are typically two forms of the given membrane elements (i.e. uncomplexed and complexed), the
following expression will be utilized in the derivation of the optrode response function, where X is any of
the various membrane components.
11

𝑋𝑡𝑜𝑡 = 𝑋𝑢𝑛𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑 + 𝑋𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑

[11]

[𝐶𝐻 + ] + [𝐼𝐾 + ] = 𝑅𝑡𝑜𝑡

[12]

The conservation of electroneutrality in the membrane phase drives several steps of the optrode
response derivation. Firstly, if a film utilizing a pure neutral ionophore and neutral chromoionophore
combination is considered, the film starts out with no positive or negative charges contained within. As in
this instance, a dual equilibrium between two cations is considered, no cations would ever be able to
transfer into the film as this would imply an accumulation of positive charge (not permitted by
electroneutrality). Thus membranes for this type of bulk optrode (i.e. neutral ionophores) contain added
anionic sites. Optimally, these lipophilic negative sites remain within the film and form a sterically
shielded negative charge which does not form specific ion pairs (Bakker et al. 1995). Membrane
electroneutrality for the considered case can be written with Equation 12.
12

Rtot = Total concentration of the anionic site in the membrane [mmol/g]
The extraction of the analyte and reference ions can generally be described as a three step process; 1)
Diffusion of the analyte/reference ion through the sample-film boundary layer, 2) Phase transfer and
complexation/decomplexation, 3) Diffusion of the complexed molecule within the membrane (Seiler
1993). Based on Figure 6, the overall equilibrium equation between the sample solution and membrane
phase is thus:
13

+
+
+
+
𝐶𝑚𝑒𝑚 + 𝐼𝐾𝑚𝑒𝑚
+ 𝐻𝑎𝑞
⇌ 𝐼𝑚𝑒𝑚 + 𝐶𝐻𝑚𝑒𝑚
+ 𝐾𝑎𝑞

[13]

Where mem denotes membrane phase and aq denotes aqueous phase or the sample solution.
This dual equilibrium can be considered in two distinct steps:
14

𝑘𝐻

+
+
𝐻𝑎𝑞
⇔ 𝐻𝑚𝑒𝑚
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[14]

𝑘𝐾

15

+
+
𝐾𝑎𝑞
⇔ 𝐾𝑚𝑒𝑚

[15]

With kH and kK representing partition ratios for the respective ions. A partition ratio or distribution ratio is
the ratio of concentrations of a particular compound in the two phases of a mixture of two immiscible
solvents at equilibrium. In essence, it is a measure of the differential solubility of the compound in
question. The ratio is typically determined experimentally at constant temperature by measuring the
concentrations of the particular compound within the two layers/solvents and it will have a definite value
once equilibrium is reached which is independent of the actual amount of the dissolved substance.
Specifically the partition ratio is defined as:
𝑘=

16

𝑐1
𝑐2

[16]

Where c1 and c2 represent the concentration of the compound following the attainment of equilibrium in
the two phases in question.
Equations can also be written for the complex formation equilibria of the ionophore and chromoionophore
and their respective ions in the film.
𝛽𝐶𝐻+

[17]

𝛽𝐼𝐾+

[18]

17

+
+
𝐶𝑚𝑒𝑚 + 𝐻𝑚𝑒𝑚
��� 𝐶𝐻𝑚𝑒𝑚

18

+
+
𝐼𝑚𝑒𝑚 + 𝐾𝑚𝑒𝑚
��� 𝐼𝐾𝑚𝑒𝑚

With β representing the formation constant for a given complex within the membrane phase. For the
potassium optrode used as the representative case in this derivation, stoichiometry is assumed to be 1:1
for both the ionophore:ion and chromoionophore:ion equilibria.
Assuming that the activity coefficients within the membrane phase (not necessarily in the sample solution)
are equal to one or constant for each of the charged species the overall equilibrium constant Kexch for the
system described in Equation 13 can be written as:
19
Using the fact that (from Equation 17):
20
Or
21

𝐾𝑒𝑥𝑐ℎ =

𝑎𝐾+ [𝐼]𝑚𝑒𝑚 [𝐶𝐻 + ]𝑚𝑒𝑚
𝑎𝐻 + [𝐶]𝑚𝑒𝑚 [𝐼𝐾 + ]𝑚𝑒𝑚

𝛽𝐶𝐻 + =

[𝐶𝐻 + ]𝑚𝑒𝑚
[𝐶]𝑚𝑒𝑚 [𝐻 + ]𝑚𝑒𝑚

𝛽𝐶𝐻 + [𝐻 + ]𝑚𝑒𝑚 =

[𝐶𝐻 + ]𝑚𝑒𝑚
[𝐶]𝑚𝑒𝑚

[19]

[20]

[21]

The expression for Kexch can be rewritten using formation constants and partition ratios as:
22

𝐾𝑒𝑥𝑐ℎ =

𝛽𝐶𝐻 + 𝑘𝐻
𝛽𝐼𝐾+ 𝑘𝑘

28

[22]

Utilizing α and α’ to represent the concentration ratio of the uncomplexed chromoionophore [C] to the total
chromoionophore Ctot and the uncomplexed ionophore [I] to the total ionophore Itot respectively, the
following expressions can be written:
23
24
25
26

[𝐶] = 𝛼𝐶𝑡𝑜𝑡

[23]

[𝐶𝐻 + ] = (1 − 𝛼)𝐶𝑡𝑜𝑡

[25]

[𝐼] = 𝛼 ′ 𝐼𝑡𝑜𝑡

[24]

[𝐼𝐾 + ] = (1 − 𝛼 ′ )𝐼𝑡𝑜𝑡

[26]
+

+

With the goal of writing an expression which relates the activity of K , H and the measurable parameter
α, Equation 19 is rearranged and several variables substituted using Equations 23 and 25 to give:
27
+

[𝐼]𝑚𝑒𝑚 (1 − 𝛼)𝐶𝑡𝑜𝑡
𝑎𝐻 +
𝐾𝑒𝑥𝑐ℎ �
�=
𝑎𝐾+
𝛼𝐶𝑡𝑜𝑡 [𝐼𝐾 + ]𝑚𝑒𝑚

[27]

If [IK ] is substituted for using the electroneutrality condition (Equation 12) and Equation 25, the following
expression is obtained:
28

𝐾𝑒𝑥𝑐ℎ �

[𝐼]𝑚𝑒𝑚 (1 − 𝛼)
𝑎𝐻 +
�=
𝑎𝐾 +
𝛼(𝑅𝑡𝑜𝑡 − (1 − 𝛼)𝐶𝑡𝑜𝑡 )

[28]

The unknown [I]mem can be replaced by using Equation 24 and applying the electroneutrality condition.
Equation 29 results and can be termed the optrode response function:
29

𝑎𝐾 +
𝛼(𝑅𝑡𝑜𝑡 − (1 − 𝛼)𝐶𝑡𝑜𝑡 )
= 𝐾𝑒𝑥𝑐ℎ
(1 − 𝛼)[𝐼𝑡𝑜𝑡 − (𝑅𝑡𝑜𝑡 − (1 − 𝛼)𝐶𝑡𝑜𝑡 )]
𝑎𝐻 +

[29]

The derived optrode response function in Equation 29, as described, is specific to the assumptions used
in its derivation e.g. monovalent cations, 1:1 complexes, no-aggregation etc. As shown, α is correlated
directly with the final optical signal, which in this case is absorbance but relations for fluorescence can
also be derived.
+

+

The optrode response function is typically plotted with log(aK /aH ) on the abscissa and (1-α) on the
ordinate and its general form is shown in Figure 7.
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Figure 7: Plot of the general optrode response function.
All ideal ion-selective optrodes will follow a response curve such as the one presented in Figure 7. It can
+
+
be seen that for low values of log(aK /aH ), (1-α) values approach 1 (i.e. α values approach 0) and at high
+
+
log(aK /aH ) values, (1-α) values approach 0. This leads to a critical conclusion about the physical
functioning of bulk optrodes, that is, bulk optrode response has dual ion dependence. In other words, the
absorbance of a bulk optrode membrane, represented by α in the response function, will depend not only
on the activity of the analyte but also on the activity of the hydrogen ion. The activity of these ions in the
sample solution drives the activity of these ions in the film itself. Thus, if we wish to determine the activity
of the analyte (e.g. potassium) we must first know the hydrogen ion activity. There are two obvious
options for ensuring known hydrogen ion activity, either by buffering or by measuring in real-time.
Fortunately, in nutrient solutions pH is a parameter which is already measured (nominally using a glass
bulb pH sensor) and thus this sensor information can be used as an input into the optrode sensing
scheme to calculate the activity of the analyte. In theory this carrier induced ion-exchange could take
advantage of a different ion than hydrogen as its reference, but all of the reviewed bulk optrode
membranes utilized the hydrogen ion to serve this purpose because hydrogen ionophores are well
characterized, most likely the most selective ionophores obtainable and pH is a much more frequently
measured quantity than the activity of some other ion of interest (Bakker et al. 1992).
+

+

Returning to Figure 7, it is now more easily understood why low values of log(aK /aH ) values produce (1+
+
α) values nearing 1. Low values of log(aK /aH ) imply either low analyte activities or high hydrogen ion
activities in the sample solution and thus in the film, leaving the bulk of the chromoionophore molecules
+
+
+
bound to H (complexed). When aK is increased (or aH is decreased) more potassium ions enter the
membrane forcing hydrogen ions into the sample solution and causing more chromoionophore molecules
to become uncomplexed which entails (1-α) approaches 0. The curve cannot achieve (1-α) values less
than 0 as this would imply (from Equation 23) that the amount of uncomplexed chromoionophore is
greater than the total amount of chromoionophore, a physically impossible scenario. As the optrode
response curve approaches (1-α) values equal to 1 or 0 asymptotically, the slope of the curve in these
+
+
outermost areas approaches 0. This implies that within this region large changes in log(aK /aH ) result in
only small optical changes within the film. In the middle of the optrode response curve where the slope is
highest, the resolution in determining changes in analyte concentrations is most precise. Thus, the
objective of a tailored optrode is to attempt to position the middle of the optrode response curve at the
centre of the measuring range of interest, implying that any analyte concentration change will produce the
greatest change in membrane optical properties. Thus for ion-selective nutrient monitoring we attempt to
30

place the (1-α) = 0.5 point (i.e. half uncomplexed and half complexed chromoionophore) case at the
nominal fertilizer ion activity within the nutrient solution of interest, in this case the half strength Hoagland
nutrient solution.
Utilization of the bulk optrode response model can prove to be a very useful tool for the appropriate
selection of membrane components and their absolute and relative concentrations. Consider the
example in Figure 8 where the expected range of analyte activities are bounded by the two black vertical
lines and the theoretically predicted response is given by curve 1 (blue). The optrode response can be
shifted to the right, to align the (1-α) = 0.5 point with the centre of the measuring range of interest (red
vertical dashed line) by modifying any one of the following parameters (as shown by Equation 29): Kexch,
Ctot, Itot, Rtot or pH. Furthermore, as the equilibrium constant (Kexch) is actually dependent on several
terms βCH+, βIK+ and the partition ratio kH/kK (Equation 22) these terms can also be utilized to shift the
optrode response curve. This allows several conclusions to be drawn:
• Changing the chromoionophore or the ionophore can be used to shift the optrode response
curve.
• Changing the sample solution pH can be used to shift the optrode response curve.
• Changing the total concentration of the chromoionophore, ionophore or ionic sites within the
membrane can be used to shift the optrode response curve.
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Figure 8: Example demonstrating a shift of the optrode response function to centre the optrode dynamic
range on the nominal analyte concentration of interest. The initial optrode response curve 1 (blue) is
shifted to the right, forming curve 2 (green) which is centred within the extent of analyte activities which
require measurement represented by the vertical lines (black). The dynamic range shift attempts to align
the response curve (1- α) = 0.5 point on the nominal expected analyte concentration of interest
represented by the vertical dashed line (red).
Equation 29 can be utilized to predict how each of the abovementioned variables shift the optrode
response curve. Due to the linear nature of the Kexch (and thus in either of βCH+, βIK+ based on the Kexch
+
equation) and aH terms, any changes to the values of these variables produces a purely horizontal shift
in the optrode response curve. Alternatively as per Equation 29 it is seen that changes to any one of the
membrane components will produce both a shift in the position of the response curve but also a change
in shape (slope). To demonstrate, an example has been provided in Figure 9. This plot illustrates a
decrease in total chromoionophore concentration within the membrane (in this particular example a
decrease in three times the total concentration).
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Figure 9: Example demonstrating a change in the optrode response function based on a change in the
total chromoionophore concentration within the membrane (decrease). The initial optrode response curve
1 (blue) is shifted to the right and increases in slope, forming curve 2 (green).
Figure 9 demonstrates that changing a membrane component concentration results in both a shift in the
response and a change of shape, both of which can be used to optimize the optrode depending on the
particular type of solution to be measured. For sample solutions with very small expected changes in the
analyte ion of interest the increase in slope of the response curve (i.e. greater optical changes per unit
change in analyte activity) is desired. For sensors required for larger orders of magnitude analyte
concentration changes, a sensor with a reduced slope response curve is preferred.
It should be noted that the aforementioned bulk optrode model has demonstrated good precision when
comparing to experimental measurements in the literature and as will be shown, it has also proven to be
an indispensible tool in the development of the ion-selective optrodes for nutrient solution monitoring
described here (Seiler et al. 1989; Bakker et al. 1992; Bakker et al. 1997).

4.4.3.3 Generalization of Optrode Response Model

The derivation and example cases considered above utilize an assumption that the analyte of interest is a
monovalent cation, that the hydrogen ion is used as the reference ion and that both of these ions form 1:1
complexes with their respective ionophores. Should the optrode response curve be generalized to ions of
greater charge and to cases where the ionophore-ion complex stoichiometry is not necessarily 1:1, the
derivation can be generalized by first rewriting the overall equilibrium between the optrode membrane and
sample solution (for additional details refer to Seiler (1993)). The generalized optrode response function
is given in Equation 30.
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[30]

p = Ionophore-analyte ion complex stoichiometry
n = Chromoionophore-reference ion complex stoichiometry
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Where:
βCnref = Chromoionophore-reference ion formation constant
βIpanalyte = Ionophore-analyte ion formation constant
kref = Partition ratio of the reference ion
kanalyte = Partition ratio of the analyte ion

Simplifying the above general expression by assuming that the bulk optrode utilizes the hydrogen ion as
the reference ion and that it forms 1:1 complexes with the chosen chromoionophore (also typical) the
following expression is obtained:
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Equation 32 can be considered the most generalized equation required for optrodes considered in this
work and is the equation that could be applied to essentially all of the bulk optrodes reviewed in the
literature associated with cation sensing (i.e. ion-exchange system membranes utilizing neutral
ionophores for cation sensing).
If applying the above model to a calcium optrode (Ca
obtained:
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Where:
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has a charge of 2 i.e. v = 2) Equation 33 is
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[34]

Evaluation of p is only possible once a specific calcium ionophore is chosen and thus its ionophore-ion
complex stoichiometry is known.
Equation 30 and Equation 31 demonstrate that ions of multiple charge and/or stoichiometry greater than
one result in an optrode response expression which includes several exponents. As would be expected,
these exponents influence how the optrode response curve shifts for changing ionophore or
chromoionophore formation constants, membrane component concentrations or pH. For example, in
discussing pH and its effect, if Equation 29 and 32 are compared, it can be seen that pH affects the
optrode response functions differently for ions of different charge. In particular, for the same given
degree of chromoionophore protonation, a pH change of one unit, results in a change in the optrode
response for potassium (Equation 29) of one logarithmic activity unit and for calcium (Equation 32) of two
logarithmic units. This same statement can be generalized to any monovalent and divalent cations
(Bakker et al. 1992).
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4.4.3.4 Membrane Component Concentrations

Based upon the developed optrode response expressions, a guideline for membrane component
concentrations can be summarized (Seiler 1993). Specifically, for the measured optical signal to be
dependent on analyte ion activity over the entire absorbance range (i.e. for the optrode to have the
capability to vary its optical response from totally uncomplexed chromoionophore to totally complexed
+
chromoionophore) the following conditions must be met (assumes H ion chromoionophore):
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Equation 35 aids in ion-selective optrode design by providing initial guidelines for appropriate membrane
component concentration selection.

4.4.4 Membrane Components

Bulk optrode membranes typically involve five components. Each membrane component can have a
direct influence on the final instrument parameters (measuring range, selectivity etc.) and thus their
selection and concentration within the film are important variables. In fact, this component specific
response is one of the primary advantages of bulk optrodes over other optrode types. For example, we
could consider the case of changing the ionophore to either shift the optrode response to a different ion
activity range of interest or to measure a completely different ion. If we left the other four components at
the same concentrations, the response would shift but since the same chromoionophore is being used
the overall optical property changes would be the same (i.e. peaks of absorption, peaks of fluorescence)
and thus the overall instrument optical system would be the same. A similar comment cannot be made
with regard to hydrophilic optrode membranes with covalently immobilized chromoionophores for the
analyte. In this case if a shift in the sensor response is required, it is likely that a change to the
chromoionophore structure is required which would likely modify the optical response of this particular
molecule. Furthermore, in bulk optrodes the various membrane components are typically used without
modification and thus are all well characterized, allowing a more precise mathematical estimation of their
response.
The five components of bulk optrode membranes include:
• Ionophore
• Chromoionophore
• Ionic sites
• Polymer
• Plasticizer
Depending on the optrode design in question several of the components can be combined or are not
required. Individual bulk optrode components are discussed in detail in the sections to follow.

4.4.4.1 Ionophore

An ionophore is a molecule that complexes an ion and assists in its transport into a membrane. The
specific term “ionophore” was first suggested by Pressman and stemmed from work in the area of
antibiotic-mediated transport, in particular from the effects of valinomycin on mitochondria (Moore et al.
1964; Pressman et al. 1967). A tremendous number of both natural and synthetic ionophores now exist.
Different ionophores encompass a wide diversity of structural types but nominally include a threedimensional structure with an interior portion of appropriate geometry to ‘fit’ a particular ion and an
exterior structure which is more lipophilic in nature (Wierenga 1981). For ion-selective optrodes, the
selective nature of an ionophore is of critical importance. Specifically the ionophore should selectively
bind and transport a particular ion of interest into the bulk membrane and not bind, at least to any great
degree, with other ions, no matter how similar in size or charge they may be. As discussed, bulk
optrodes utilize a membrane phase which permits the transfer of the analyte ion into it, for the optical
signal of the optrode to be affected. This transport can typically only be accomplished through the
incorporation of ionophores within the membrane. From simulations of ionophore function at a watermembrane interface, the uncomplexed ionophore molecules concentrate at this interface where the
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particular complexation occurs and upon which the complexed molecule favours the interior of the
hydrophobic membrane to where it can be transported by diffusion or electrophoresis (Forester et al.
1997).
4.4.4.1.1 Complex Formation Constant
The complex formation constant of an ionophore represents the strength for which it and the ion in
question form a complex and its value has an implication on several instrument parameters, in particular
the measuring range and selectivity. Consider the following equilibrium equation:
36
The formation constant β is defined as:
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Where [A], [B] are the concentrations of the species involved in the complexation reaction and [AB] is the
concentration of the formed complex (assumes the quotient of activity coefficients is constant). The
larger the formation constant, the stronger the ionophore binds to the ion in question.
4.4.4.1.2 Ionophore-Ion Complex Stoichiometry
In not all instances does one ionophore bind and transport one ion. In fact, in many instances several
ionophore molecules are required concurrently to complex and transport an ion. This complex
stoichiometry is typically represented as a term (defined as p in the optrode response derivation) or a
ratio p:1. For example, if two ionophore molecules are required to complex and transport a given ion then
the ionophore-ion complex stoichiometry is 2:1 (p = 2).

4.4.4.2 Chromoionophore

The term chromoionophore is derived from ‘chromophore’ and ‘ionophore’. Chromophores or more
simply, dyes, have been investigated and utilized extensively since the discovery of mauveine, the first
synthetic organic dye which was synthesized in 1856 (Zollinger 2003). A chromophore is a molecule or a
part of a molecule where its interaction (absorption, fluorescence etc.) with light can typically be located.
The interaction with light occurs in this entity because the energy carried by light (e.g. a given photon)
matches the energy difference between molecular orbitals in this portion of the molecule. Thus, visible
light can be absorbed through the excitation of an electron from its ground state into an excited state. In
particular, chromophores or ‘coloured compounds’ typically contain extensive conjugation (i.e. commonly
a series of alternating single and double bonds) where electrons are delocalized and where the excitation
energy is in, relative terms, low, matching that of visible light. The most representative examples of
chromophores are aromatic systems containing large areas of delocalization. The ‘ionophore’ component
in chromoionophore refers to the fact that its molecular structure contains a portion that has the properties
of an ionophore.
Using the descriptors of ‘chromophore’ and ‘ionophore’ above, a chromoionophore is thus a molecule that
has the potential to complex and transport a specific ion and one which can interact with visible light
through changes in its electronic state. The interaction with a specific ion will typically result in a change
in the described absorption or fluorescence which can be measured. In particular, the interaction with the
ion in question can result in a conformational or electronic state change to the chromoionophore that
influences its interaction with light e.g. shifting its absorption/fluorescence, increasing or decreasing its
magnitude etc. This fact can be taken advantage of as a measurement tool providing information about
the environment around the chromoionophore. This can then be used to relate to a parameter of interest,
for example, the activity of a particular nutrient ion.
In principle, the choice of the complexing ion for the chromoionophore in bulk optrodes is free, but as
described, chromoionophores selective for the hydrogen ion are usually chosen. Hydrogen ion
chromoionophores are utilized in essentially all bulk optrodes because; the pH of the sample can be
easily measured or buffered, more exhaustive literature exists on hydrogen ion chromoionophores due to
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the history of their application as pH indicators and that hydrogen ion ionophores are likely the most
selective ionophores obtainable (Bakker et al. 1992).
Organic synthesis has allowed the manipulation of the chromoionophore macrocycle ring size, shape,
and composition, allowing tuning of a chromoionophore to a given sensing system.
Another
consideration in chromoionophore selection, depending on the specific application, is that they contain
appropriate moieties to permit organic synthesis e.g. should covalent immobilization to the polymer be
desired. Several specific variables of importance for chromoionophore selection are described in the
sections to follow.
4.4.4.2.1 Spectral Properties
When an electron moves from one atomic or molecular orbital to another, the energy gained or released
is related to the frequency or wavelength of a photon as per the Bohr-Einstein frequency relation:
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Where:
E = Energy difference
-34
h = Planck’s constant (6.626 x 10 J s)
8
c = Speed of light in a vacuum (3 x 10 m/s)
λ = Wavelength
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Absorption bands of organic molecules in the visible portion of the electromagnetic spectrum are due to n
 π* or π  π* excitation processes. In the case of bulk optrodes the complexation reaction drives a
change in the optical response of the chromoionophore. This occurs because the complexation of the
chromoionophore with another molecule/atom will cause a conformational change or a change in electron
delocalization. This shift in absorption allows a sensor to provide feedback as to how much uncomplexed
vs. complexed chromoionophore is present. It should be noted that various molecular models and
simulation software packages can be utilized based upon the structure of a given chromoionophore to
predict the shift in its absorption or emission bands (Baruah et al. 2005a; Baruah et al. 2005b).
A chromoionophore for use in optrode membranes should have a large molar absorption coefficient (ε) in
a useable portion of the spectrum (Benco et al. 2001). The higher the molar absorptivity the lower the
total concentration of chromoionophore required within the membrane for a given optical signal (Seiler
1993). As the concentration of other membrane components (ionophore and ionic sites) are typically on
the same relative order as the chromoionophore, high molar absorptivity reduces the required
concentrations of membrane components in general. As membrane components generally require
complex chemical synthesis and thus can be costly if purchased from a supplier, reducing required
membrane components reduces synthesis time or cost.
4.4.4.2.2 pKa
Although mathematically related, since bulk optrodes typically utilize hydrogen ion selective
chromoionophores, the logarithm of the acid dissociation constant is used in place of the complex
formation constant used for ionophores. The acid dissociation constant is simply the inverse of the
previously defined complex formation constant:
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Where:
Kd = dissociation constant

𝛽=

1
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In the special case of hydrogen ion chromoionophores the nominal dissociation constant (Kd) is replaced
by the mathematically equivalent term, Ka, the acid dissociation constant and typically is reported as the
logarithm pKa:
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The logarithmic version of the acid dissociation constant is typically utilized in practice over Ka, due to the
fact that Ka values typically span several orders of magnitude. Since pKa is the negative logarithm of Ka,
large pKa values imply chromoionophores that form strong complexes, while smaller pKa values imply
weaker complex formation.
Although pKa values are necessary for accurate mathematical simulation of a given optrode system and
can be utilized to better select appropriate chromoionophores for a given system, it should be noted that
their value is very environment specific. For example, chromoionophore pKa values may be reported for
aqueous solutions or other solutions but the most realistic pKa values for chromoionophores utilized in
bulk optrodes are those reported in as close to the design environment as possible i.e. in the same
polymer membranes as the final intended implementation. Even the modification of one membrane
component can change the pKa value by several orders of magnitude. For example, the pKa of a suite of
tested chromoionophores in a PVC film with a bis(2-ethylhexyl) sebacate (DOS) plasticizer were found to
be 2 to 3 orders of magnitude smaller than in PVC using 2-nitrophenyl octyl ether (NPOE) as a plasticizer
(Qin et al. 2002). That said, if no data exists for the pKa within a specific environment, pKa values
reported for other environments or even in solution can still be useful as they do provide a very good
measure of how the pKa values of different chromophores compare with one another. If the pKa of
several chromoionophores are tested in solution under the same environment conditions (e.g. methanol
buffers are frequently used since chromoionophores are typically not sufficiently soluble in water) then
their relative values obtained in solution can be used to predict their relative values within the final
polymer films (Bakker et al. 1993). The most accurate basicity estimates of chromoionophores in polymer
membranes can be obtained by tests within polymer membranes containing all of the nominal membrane
components, save the ionophore (Lerchi et al. 1992; Bakker et al. 1993; Seiler 1993). In all cases, the
estimated pKa values can serve as useful inputs to predict theoretical optrode response and thus best
approximate which membrane components and concentrations are most appropriate for the system in
question, usually with quite good accuracy, but that confirmation will only come with experimental tests
using the precise membrane recipe employed.
As chromoionophores with high pKa values are desirable for optrode membranes, and because hydrogen
ion chromoionophores typically have some of the largest pKa values, they have been investigated and
utilized extensively (Bakker et al. 1993; Qin et al. 2002). The pKa of nearly all hydrogen ion
chromophores in literature is large enough that they can typically be assumed to be ideally hydrogen
+
selective (does not complex any metal cations other than H ), forming a 1:1 stoichiometry in more or less
all cases that can reasonably be considered.
4.4.4.2.3 Photodecomposition / Photobleaching
Photodecomposition or photobleaching which is the light-induced breakdown of the chromoionophore is a
common variable influencing the lifetime of an optrode. Photochemical decomposition can depend
greatly on the medium that they dye is incorporated in as well as the distribution and intensity of light
incident on the chromoionophore (Seiler 1993). In addition, oxygen and humidity have been shown to
play a role in the rate of light-induced breakdown of chromoionophores (Bakker et al. 1993). Rates of
photodecomposition in polymer films are difficult to model as they also typically entail interplay with
incident light formed radicals and other reactive substances which can further promote the breakdown of
the chromoionophore. In particular, a number of often utilized ionic sites have been shown to facilitate
the photochemical decomposition of certain chromoionophores (Lindner et al. 2008). In addition, in
organized media such as polymers, dye aggregate formation is common and these aggregates can
actually serve to increase chromoionophore photostability (Seiler 1993). That said, when specifically
discussing bulk optrodes where lipophilic membrane components are highly desired, aggregation is
typically minimized as many membrane components are synthesized to contain long alkyl chains which
themselves act as a hindrance to aggregation (Seiler 1993). It is also known that even for the same
chromoionophore that varying rates of photodecomposition can occur for the complexed and
uncomplexed forms, with the protonated forms typically demonstrating increased stability (Bakker et al.
1993; Seiler 1993).
It is fortunate to note that the decomposition products formed during
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photodecomposition testing of a number of commonly used optrode chromoionophores, do not exhibit
any absorption in the visible range (Bakker et al. 1993).
4.4.4.2.4 Nile Blue
Nile Blue derivatives are frequently utilized chromoionophores in bulk optrode membranes (Wang et al.
1990; Bakker et al. 1993). Nile Blue is part of the benzophenoxazine-based dye family and the history of
its general synthesis has been described (Jose et al. 2006). Nile Blue derivatives undergo large changes
+
to their absorption spectra in the UV-Vis region upon complexation with H (Morf et al. 1990). In
particular, their optical properties change in environments of different pH and thus if measured, these
optical properties can be used to infer information about the environment. As lipophilic Nile Blue
derivatives exist with a wide range of pKa values, they have found implementation in both absorption and
fluorescence based sensors and are examined and exploited in the potassium and calcium optrodes
described here. The protonation-deprotonation equilibrium responsible for the observed changes in the
optical properties of Nile Blue is displayed in Figure 10. It is evident from Figure 10 that Nile Blue
+
undergoes a large bathochromic shift and increases its absorption upon binding with H . Protonated Nile
Blue appears blue and when deprotonated it appears purple (Petrova et al. 2007).

Figure 10: Nile Blue protonation and deprotonation equilibrium and its influence on its absorption
spectrum. Following protonation the absorption spectrum of Nile Blue increases in magnitude and
undergoes a bathochromic shift (note: representative absorption curves shown – not experimentally
collected).
The protonation of Nile Blue occurs on the secondary amine group (left hand side nitrogen in Figure 10)
and as evident from the two forms in Figure 10, Nile Blue has increased resonance in its protonated form
(Citterio et al. 1996). As is typical, the increased conjugation decreases the energy required for electron
promotion and thus shifts the absorption peak to a higher wavelength. Though Nile Blue has been
chosen as a representative example, a similar protonation-deprotonation equilibrium exists for the Nile
Blue derivatives chosen as the potassium and calcium optrode chromoionophores (i.e. with the
protonation occurring on the non-diethylamino group amine moiety) (Nahir et al. 1993).

4.4.4.3 Ionic Sites

Early in the use of ISEs, no ionic site additives were added to their associated PVC membranes and most
still exhibited the theoretically expected response. With further understanding of the explicit ion-exchange
mechanism occurring between these membranes and the sample solution, it has been realized that some
charged sites are required within the film for ion-exchange to occur, and that these early PVC films were
exhibiting a response due to the fortuitous presence of ionic impurities within the PVC (Bakker et al. 1997;
Lindner et al. 2008). There are certain scenarios when specifically considering bulk optrode membranes
when added ionic sites are not required. In particular as two ionophores are required for the ion38

exchange mechanism to occur and because the ionophores themselves may be charged, one ionophore
in some sense can act as a charged site. A comparison between the case of a cation sensing membrane
containing two neutral ionophores and another membrane containing one neutral and one charged
ionophore is presented in Figure 11. As evident the added anionic sites are required in the dual neutral
ionophore case whereas in the one neutral one charged case they are not explicitly required.

Figure 11: Example of ionic site requirements for bulk optrode membranes. Ionic sites are required when
both ionophores are neutral (left). Ionic sites are not required when one ionophore is charged (right) (in
this example the chromoionophore is charged). C = neutral chromoionophore, C = anionic
+
chromoionophore, I = neutral ionophore, R = anionic site, IK = ionophore-potassium complex, CH =
+
neutral chromoionophore-hydrogen ion complex, CH = cationic chromoionophore-hydrogen ion complex.
The literature discusses all possible bulk optrode membrane types and their respective requirements for
the addition of ionic site additives (Bakker et al. 1997). Although the cases that do not require ionic sites
are in some sense, simpler systems, they have the disadvantage that they are more difficult to define
theoretically (Bakker et al. 1992; Bakker et al. 1993).
This difficulty in defining them in a
thermodynamically exact manner stems from the fact that the ionic strength within the membrane
changes with any change in sample solution analyte activity or pH. In addition there is a likelihood of
severe interactions occurring between the anions and cations in the membrane (Bakker et al. 1992). In
the case of explicitly added ionic sites, a virtually constant ionic strength in the membrane is maintained
(Bakker et al. 1992). The number of charged sites within the film determines the amount of ions of
opposite charge exchangeable into the membrane which as discussed, can influence the measuring
range of the sensor (Bakker et al. 1997). Overall, ionic sites are necessary for the maintenance of
electroneutrality conditions within the optrode membrane (Bakker et al. 1992).
Various ionic additive types have been investigated or proposed for use within ion-selective membranes.
Borate salts, sulphonic acids, dipicrylamine and the covalent immobilization of anions or cations within the
polymer represent several of the options (Rosatzin et al. 1993). Of these, tetraphenylborate derivatives
have become the most frequently utilized and a critical ionic additive for ion-selective membranes due to
their highly sterically shielded negative charge that cannot easily form specific ion pairs (Bakker et al.
1995). The heavy use of tetraphenylborate derivatives as an anionic additive in cation sensing is further
evidenced in Table 8 and Table 20. The tetraphenylborate derivatives which have been implemented in
ion-selective films include; tetraphenylborate (TPB ), tetrakis(4-chlorophenyl)borate (TpClPB ),
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TFPB ). Note that these tetraphenylborate derivatives are
solid as salts and in the case of optrode films are generally acquired as sodium or potassium
tetraphenylborate derivative salts. The choice of particular counter-ion is not important as on first contact
+
with the sample solution it will be completely exchanged with the analyte or H ion and thus expelled from
the film by ion-exchange (Bakker et al. 1992; Bakker et al. 1993). It is also important to note that such
small quantities of anionic salts are typically incorporated into optrode membranes that the expelled
counter-ion would have a negligible effect on the sample solution analyte concentration even if
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considering a tetraphenylborate derivative with the same counter-ion as the analyte, unless measuring
extremely minute analyte activities, far below those required for nutrient solution monitoring.
For reasons of lipophilicity, stability and the potential to reduce photochemically initiated decomposition of
chromoionophores, the tetraphenylborate derivative TFPB is the most frequently utilized anionic site
within optrode membranes and is thus utilized within the developed potassium and calcium membranes
(Bakker et al. 1995; Lindner et al. 2008).

4.4.4.4 Polymers / Support

Different types of supports such as glass, sol-gel materials and polymers have been used in the
development of optrode membranes (Kuswandi 2000; Mohr 2006). The choice of support or specific
polymeric material should include, among others, the following qualities: good solubility for membrane
components (no crystallization, migration or reorientation of components), no significant ageing effects,
stability in different environment conditions (temperature, light, chemicals), transparency to light at the
analysing wavelengths and mechanical stability (Mohr 2006). Polymeric materials are a frequent choice
for optrodes because in addition to the considerations above they are can be easily fabricated and exhibit
good reproducibility (Seiler 1993). In terms of specific optrode instrument response characteristics, indepth investigations show that the polymer is not just an inert matrix but does have a slight influence on
certain properties that may not be initially obvious e.g. selectivity (Bakker et al. 1997).
One major distinction between polymer groups in optrode chemical sensing is the distinction between the
use of hydrophilic and hydrophobic sensing films. Hydrophilic membranes provide a matrix that acts
effectively as a continuation of the aqueous sample solution (Mohr 2006). In other words, the ions and
molecules within the sample solution can essentially diffuse freely within the membrane and thus can
without restriction interact with the active components within the membrane. This implies that unlike bulk
optrodes which utilize hydrophobic polymers, no dual ionophore system is necessary within hydrophilic
polymers and macromolecules with a component selective for the ion of interest along with a
chromogenic component can be utilized. However it must be understood that this potential advantage
comes with the typical requirement that this single chromoionophore be covalently immobilized in the
hydrophilic polymer as otherwise it will immediately leach out of the membrane. Hydrophilic polymers
include polyurethanes, polyacrylamides, cellulose and poly(vinyl alcohol) and are often implemented as
hydrogels in optrode sensors (Wolfbeis 2005).
Commonly used hydrophobic polymers for optical sensors include PVC and PMMA. As detailed,
hydrophobic polymers do not allow free movement of the water into the bulk membrane and are thus
used in conjunction with ionophores to facilitate transport of the ions of interest into the membrane.
Hydrophobic membranes have the benefit that indicator molecules and other membrane components can
in theory be dissolved directly in them and be physically entrapped within the membrane. This reduces
the requirement for covalent immobilization, depending on the lipophilicity of the various membrane
components and the sensor lifetime requirements.
Several other considerations can be factors in bulk optrode polymer selection, including; potential for
active component covalent immobilization, ability to remain adhered to the solid support (e.g. optical fibre)
of the instrument, water uptake and ability to accept large amounts of plasticizer. Covalent immobilization
of the ionophore, chromoionophore or other membrane components, as briefly discussed, may be a
consideration even in hydrophobic films, if optrode lifetime is not sufficient and limited by component
leakage. Covalent immobilization also prevents aggregation and crystallization of the covalently bound
molecule (Wolfbeis 2005). The flexibility for covalent immobilization of membrane components depends
both on the particular membrane components and the polymer in question. In regards to adherence of
films to solid supports, there is much variation amongst polymers and their ability to remain physically
attached, especially once exposed to sample solution. Finally, it is known that over time even
hydrophobic polymer membranes absorb and retain water from the sample solution. This water can
ultimately affect the transparency of the polymer and with certain polymers cause them to became
opaque (Bakker et al. 1997). The movement of water within polymer membranes can be followed
through measurement and the direct influence on transparency which has been shown to be related to
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water droplet formation within the membrane (Li et al. 1993). Water uptake should be a consideration in
polymer selection as it can vary widely with selected polymer and plasticizer (Mohr 2006).
PVC membranes are suggested as a matrix material for optical sensors primarily due to their optical
transparency, simple preparation, homogeneity and good mechanical properties (Ertekin et al. 2002). In
addition, PVC is a polymer capable of accepting large amounts of plasticizer, a basic requirement for
most optical sensors based upon ion-exchange (Simon et al. 1993; Simon et al. 1994). Finally PVC has
been the most frequently utilized polymer in ion-selective membranes and thus a large knowledge base
regarding its use exists.

4.4.4.5 Plasticizers

The most frequent reasons for the inclusion of plasticizers in polymers in industrial applications are to
decrease the glass transition temperature and to increase polymer flexibility (Wypych 2004). Depending
on the specific application in question, plasticizers can have other, very significant influences on the final
properties of a polymer. In the case of polymer membranes for optical sensing they can influence the
compatibility of the various membrane components having implications on general component solubility
and optical clarity (i.e. membrane homogeneity) (Wypych 2004). Plasticizers are typically molecules with
a small relative size compared to the polymers themselves, and create gaps between the polymer chains.
This allows for improved mobility of components within the polymer as well as reduced inter-chain
interactions. In the instance of hydrophobic bulk optrode membranes, it is plasticizers that actually make
up the bulk of the membrane. In particular, the greater part of bulk optrode membranes contain 2/3
plasticizer to 1/3 polymer by weight (Seiler et al. 1990; Mohr 2006). Such high levels of plasticizer have
been suggested to ensure high mobilities of ionophores and their complexes, permitting the achievement
of acceptable sensor response times (Simon et al. 1993). In ion-selective membranes, plasticizers are
sometimes referred to as membrane solvents as at such high concentrations they remain in a highly
viscous liquid state even after incorporation into a polymer (Chan et al. 1994). In fact the diffusion
coefficients can be several orders of magnitude higher in highly plasticized membranes e.g. 66%
compared with those containing approximately 30% plasticizer (Oesch et al. 1980). One particular study
addressing the best quantity of plasticizer suggested that when utilizing NPOE as plasticizer, a plasticizer
level of 68.5% gave the best results when trading response time with worsened physical properties (e.g.
homogeneity and drying time) (Capitán-Vallvey et al. 2003).
Literature suggests that the adequate selection of plasticizers for chemical sensors should include
consideration of the following requirements: lipophilicity, solubility in the polymeric membrane (no
crystallization), no exudation (one phase system) and optimized selectivity and measuring range (Eugster
et al. 1994). The large plasticizer concentrations within the membrane and their polarity cause the
plasticizer to have some influence on the overall sensor selectivity (Eugster et al. 1994; Bakker et al.
1997; Papkovsky et al. 1997; Zook et al. 2009). Qualitatively speaking, more polar solvents (e.g. NPOE)
have greater selectivity to divalent ions, while less polar solvents (e.g. DOS) can normally be shown to
prefer monovalent ions (Bakker et al. 1997). Plasticizer type also plays a role in the dynamic range of the
final optrode implementation (Bakker et al. 1997; Bakker 2011). Though influencing several instrument
parameters, the effect of the plasticizer remains a variable that can generally be only qualitatively
predicted.

4.5 Instrument Parameters

Research into the development of new ion-selective sensor systems require detailed investigation of their
selectivity, sensitivity and stability. The response time and lifetime are also important parameters that
need to be investigated in more detail and adapted to different requirements with respect to the
characterized optrode membranes in the near future.

4.5.1 Measuring Range

The extreme bounds of the response of an optrode are termed the upper and lower detection limits. The
lower detection limit is system dependent and can be driven by interference of other ions, actual depletion
of the analyte within the sample due to the ion-extraction process associated with bulk optrodes (only an
issue when dealing with very minute sample volumes) or the nominal case of the attainment of the very
41

end limit of the sigmoidal optrode response curve (Bakker et al. 1997). There has been less investigation
into upper detection limits of optrodes, but like the lower detection limit, there is an obvious end to the
sigmoidal response curve at high analyte activities.
There exists no formal agreement on the most appropriate method for reporting the measuring range of
an optrode and several different methods of reporting the dynamic range of an optrode have been
reported and utilized (Seiler et al. 1992b; Bakker et al. 1997; Capitán-Vallvey et al. 2002). As there is no
ideal method and the resulting scheme will eventually be based upon an agreed upon convention, it is
possible to select any one of the reporting methods but when reporting a measuring range provide details
on how it was determined. In addition, as bulk optrode response is also fundamentally dependent on
solution pH, the pH must also be explicitly recorded when reporting the dynamic range. Measuring range
computation relating to the nutrient solution ion-selective sensors developed here will follow the utilization
of the two points of half maximum optrode response curve slope (Bakker et al. 1997). Specifically, the
slope in the middle of the optrode response curve (the α = 0.5 point if interference is not an issue) is taken
as the maximum slope. The lower and upper values of the measuring ranges are then taken to the left
and right of this centre point at the locations where the optrode response curve slope is half of this
maximum value. The range between these two points is termed the measuring or dynamic range of the
sensor. Measuring ranges reported in this fashion will typically cover 2-4 orders of magnitude depending
on the particular optrode (membrane composition, ionophore-ion stoichiometries, ion charges etc.)
(Bakker et al. 1997).
4.5.1.1.1 Optrode Customization
As discussed and graphically shown in Figure 8, the capability to shift the measuring range by changing a
membrane component or its concentration or varying the pH is one of the primary advantages of bulk
optrode type sensors. However, the direct link between pH and optrode measuring range is another
reason why optrodes developed for clinical purposes e.g. blood analytes, cannot be directly applied to
nutrient solution monitoring. Optrodes for clinical purposes account for the greater part of the literature on
developed sensors but because blood pH is highly regulated by the body at approximately pH 7.45,
optrodes for blood analytes even if they happened to be optimized for the same activity of a particular ion,
could not be efficiently utilized for nutrient solution sensing due to the rather significant difference in pH
(Burtis et al. 1998). Specifically, the centre of the dynamic range of the clinical optrode would be offset
from the point dictated by the same suggested ion activity but modified pH of the nutrient solution. The
larger the difference in pH values the further this offset. Recalling that dynamic ranges typically cover 2-4
orders of magnitude, if there is a large enough difference in pH, the one sensor will no longer undergo
even the smallest optical change for a given analyte concentration change.
This suggests that customization is required for bulk optrodes for any new solution application, unless a
sensor already exists that has a reported measuring range and pH that are both appropriate to the new
application. In the case of the conducted optrode design for potassium and calcium sensing in nutrient
solution, the sensors have been tuned so as to attempt to centre the measuring range of the sensor, for a
pH 6, to the nominal half strength Hoagland nutrient solution concentrations for these ions in a similar
fashion to the optimization for different bulk optrodes in different solution types reported previously (Lerchi
et al. 1992; Lerchi et al. 1996; Shortreed et al. 1996a).
4.5.1.1.2 Operational pH Adjustment
Optrodes tailored to final sample solution properties are, as described the ideal and in some cases only,
solution to an ion-selective monitoring requirement. In certain circumstances the optrode response
dependence on pH can be exploited operationally to tune the dynamic range of a non optimized optrode
to the target sample activity. For example, in an operational scenario, if prior to analysis the sample
solution (or a small measurement sample extracted from the sample solution) can have its pH adjusted
then the optrode response curve can be suitably shifted and allow measurement of the analyte activity
range in question. One such basic example of a flow-injection analysis system including on-line mixing of
the samples with pH buffer has been described (Hauser et al. 1994). Again, this is not an ideal scenario,
as in addition to added system complexity (e.g. separate pH control, piping, pumps etc.), pH changes,
especially if substantial and in relatively complex solutions such as nutrient solution, can result in
unwanted precipitates that themselves can influence ion activities.
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4.5.2 Selectivity

Since the premise for the development of ion-selective optrodes is that they be ‘selective’, the ability of
the chromoionophore and the ionophore to selectivity interact with the ions in question are critical
attributes. Selectivity often determines whether a reliable measurement in the sample is, or is not
possible. In analogy to the evaluation of selectivity coefficients for ISEs, which has been explored and
defined in relatively considerable detail, the selectivity coefficients for optrodes can be determined
experimentally (IUPAC, 1995). The selectivity coefficient (Ki,j), or even more frequently expressed as a
logarithm of Ki,j provides information on how sensitive the sensor is to the primary ion (“i”) of interest in
comparison to a given interfering ion (“j”). Ideally logKi,j is negative, as this indicates that the optrode has
a preference for the target ion relative to the interfering ion. Should the log of the selectivity coefficient be
positive, it implies a preference for the interfering ion over the target ion. The more negative the log of
selectivity coefficient, the more selective the sensor is for the target ion. It is important to note that the
selectivity coefficient is an overall instrument parameter, but that for bulk optrodes it depends primarily on
the parameters of the chosen chromoionophore and ionophore. In particular the optrode selectivity
coefficient depends on the extraction constants of the chromoionophore and ionophore for the target and
interfering ions, the degree of protonation of the chromoionophore (α) and in the case of differently
charged ions, on the solution pH (Bakker et al. 1992). The choice of plasticizer can also influence
optrode selectivity but this influence has yet to be understood in sufficient detail to allow for a precise
mathematical representation and thus is presently only discussed from a qualitative perspective and not
included in the models to follow (Eugster et al. 1994; Bakker et al. 1997).
As there are various proposed methods for selectivity coefficient determination and because its value
depends on the method used in its determination (and as discussed is sample dependent), selectivity
data should always describe how the data was collected (Bakker et al. 1992; IUPAC 1995; Ceresa et al.
1999). Doing so, is the only way to permit the comparison with other published literature. The two most
frequently utilized methods for the experimental determination of selectivity coefficients are the separate
solution method (SSM) and the fixed interface method (FIM) (IUPAC 1995). These methods, and other
proposed methods such as the mixed solutions method all have their respective advantages and
drawbacks. More comprehensive literature exists regarding the selectivity of ion-selective potentiometric
sensors but it should be noted that this data cannot be used as a complete one for one replacement of
optrode selectivity data and that there exists significant variations between the selectivity determination
methods between these two sensor types (Bakker et al. 1992; Bakker et al. 2000).
4.5.2.1.1 Mathematical Representation
A selectivity formalism which can theoretically predict optrode selectivity behaviour even when
considering interfering ions of different valencies has been proposed and is a useful tool for estimating
optrode selectivities in the design phase (Bakker et al. 1992). A basic mathematical consideration is
provided here so as to frame the optrode selectivity coefficient but more thorough analyses can be found
in the literature (Bakker et al. 1992).
In the ideal case, the response of an ion-selective optrode is solely dependent on the ion of interest, but
in actuality the response of an ion-selective optrode is dependent on the primary ion and a number of
interfering ions. As both the primary and interfering ions are competing for the same ionophore, both of
their equilibrium reactions are of the form:
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𝑎𝑖 𝑣+ + 𝑝[𝐼] + 𝑣[𝐶𝐻 + ] ⇌ �𝑖𝐼𝑝𝑣+ � + 𝑣[𝐶] + 𝑣𝑎𝐻+
𝑦+

𝑎𝑗 𝑦+ + 𝑞[𝐼] + 𝑦[𝐶𝐻 + ] ⇌ �𝑗𝐼𝑞 � + 𝑦[𝐶] + 𝑦𝑎𝐻+

Where:
p = Ionophore-primary ion complex stoichiometry
q = Ionophore-interfering ion complex stoichiometry
v = Charge of primary ion
y = Charge of interfering ion
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[41]

[42]

Any influence due to the interfering ion (if not understood), will produce an under or over estimation in the
calculation of the primary ion activity. In general, for bulk optrodes containing a hydrogen ion
chromoionophore the activity predicted by the optrode can be written:
𝑜𝑝𝑡

𝑓(𝑎𝑖 𝑣+ ) = 𝑎𝑖 𝑣+ + 𝐾𝑖,𝑗 𝑎𝑗 𝑣+
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[43]

Where:
v+
v+
f(ai ) = Optrode predicted ai . Predicted activity value of the primary ion for a given degree of
protonation of the chromoionophore (note that this is an activity value, not a general function)
v+
ai = Primary ion activity in sample solution
y+
aj = Interfering ion activity in sample solution
opt
Ki,j = Selectivity coefficient
This very simplified but general equation has been shown to function well for representing selectivity of
systems involving ions of different charge and of different ionophore-ion complex stoichiometries (Bakker
v+
v+
et al. 1992). More specifically, f(ai ) represents the estimated ai activity predicted from the optical
response of the optrode. In actuality it is the general optrode response, Equation 30, evaluated at some
y+
v+
v+
degree of protonation. If no interfering ion is present then aj is zero and thus f(ai ) = ai i.e. that the
v+
v+
v+
predicted ai activity from the optrode is equal to the actual ai activity in the solution. The ai subscript
is kept on the left hand side of the equation because it must be remembered that the goal of this ionselective optrode is to predict the activity of the primary ion i.
The selectivity coefficient represents the degree to which the interfering ion influences the response of the
optrode. A zero value selectivity coefficient implies that the interfering ion has no influence on the
opt
optrode. As seen in Equation 43 when Ki,j is set to zero, the optrode predicted response equals that of
the actual primary ion activity.
As derived in Bakker et al. (1992) the general form of the selectivity coefficient for a cation sensing bulk
optrode with a neutral ionophore and neutral hydrogen ion chromoionophore is given as:
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𝑜𝑝𝑡

𝐾𝑖,𝑗

𝑞
𝑞
𝑗
𝑦 𝐾𝑒𝑥𝑐ℎ 𝛼𝑎𝐻 + 𝑣−𝑦 �𝐼𝑡𝑜𝑡 − 𝑦 [𝑅𝑡𝑜𝑡 − (1 − 𝛼)𝐶𝑡𝑜𝑡 ]�
=
�
�
𝑝
𝑖
𝑝
𝑣 𝐾𝑒𝑥𝑐ℎ
1−𝛼
�𝐼𝑡𝑜𝑡 − [𝑅𝑡𝑜𝑡 − (1 − 𝛼)𝐶𝑡𝑜𝑡 ]�
𝑣

[44]

Where:
i
K exch = Equilibrium constant for the ion-exchange reaction of the primary ion
j
K exch = Equilibrium constant for the ion-exchange reaction of the interfering ion

Equation 44 displays, that as described, the selectivity coefficient depends on solution pH, degree of
chromoionophore protonation, difference in charge between the analyte and interfering ion as well as the
difference in analyte ion-ionophore and interfering ion-ionophore complex stoichiometry. If in considering
the case of ions of the same charge (v=y) and same ionophore complex stoichiometry (p=q), Equation 44
simplifies to:
45

𝑜𝑝𝑡

𝐾𝑖,𝑗 =

𝑗

𝐾𝑒𝑥𝑐ℎ
𝑖
𝐾𝑒𝑥𝑐ℎ

≈

𝑘𝑗 𝑣+ 𝛽𝑗𝐼𝑝𝑣+
𝑘𝑖 𝑣+ 𝛽𝑖𝐼𝑝𝑣+

[45]

Equation 45 shows that the selectivity coefficient is dependent on the ionophore formation constants of
the primary and interfering ion as well as the distribution constants of the primary and interfering ions
between the aqueous and membrane phase. In this particular instance then, it is evident that when
assessing selectivity for ions of the same charge and same ionophore complex stoichiometry that the
selectivity coefficient is theoretically constant for a given system (no variation with pH, degree of
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chromoionophore protonation), unless a major modification is made to the membrane (e.g. ionophore or
plasticizer is changed).
4.5.2.1.2 Experimental Determination
For the experimental determination of the selectivity coefficient it can be written:
𝑜𝑝𝑡

𝐾𝑖,𝑗 =
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𝑓(𝑎𝑖 𝑣+ )

[46]

𝑓�𝑎𝑗 𝑦+ �

Where:
v+
y+
f(ai ) and f(aj ) are termed single ion response functions and represent the activity values of the
respective ion for a given degree of protonation of the chromoionophore, if no interfering ion is present. It
follows that:
𝑜𝑝𝑡

𝑙𝑜𝑔�𝐾𝑖,𝑗 � = 𝑙𝑜𝑔[𝑓(𝑎𝑖 𝑣+ )] − 𝑙𝑜𝑔�𝑓�𝑎𝑗 𝑦+ ��
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The selectivity coefficient is then accessible through the plot of single-ion response functions (1- α) versus
log aM where is M is any of the ions considered (e.g. i, j). If pH is maintained as constant, the selectivity
coefficient can be taken as the horizontal distance between the two curves for some degree of
protonation (typically α = 0.5) of the chromoionophore. As seen, this is the methodology utilized in the
SSM described in the coming sections.
4.5.2.1.3 Separate Solution Method
The SSM involves the test of the optrode within various solutions, each containing one particular ion. For
example, for a potassium optrode the sensor is tested in a solution of varied potassium containing no
other ions to collect the nominal baseline data. Then it is tested in a solution containing varied but known
activity of one interfering ion, followed by a separate test within a solution of varied but known activity of
another interfering ion. Testing continues until all of the potential interfering ions are tested. The
selectivity coefficient for a given interfering ion is then determined by comparing the primary and
interfering ion activities that produce the same optical response. This difference is typically taken at the
location of half chromoionophore complexation (i.e. α = 0.5). This is represented graphically in Figure 12.
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Figure 12: Selectivity coefficient determination by SSM. The selectivity coefficient is taken as the
horizontal distance between the response curves at the α = 0.5 point.
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Figure 12 assumes the common case that the interfering ion induces a lesser optical response, as
evident by the position of the interfering ion response curve to the right of the primary ion response curve.
The equivalent optical response occurs at the α = 0.5 point on each curve but at differing ion activities. A
horizontal line between these two α = 0.5 points represents the selectivity coefficient (see Equation 47).
Note that when considering ions of the same charge and ions forming complexes with the ionophore of
the same stoichiometry the shapes of the response curves for single ions will be approximately identical
just shifted in position. Changing parameters can result in curves that are no longer parallel and thus the
horizontal distance between curves can vary depending on the location (i.e. α value) it is taken for, and
thus for convention, the selectivity coefficient is taken at this described α = 0.5 point (Morf et al. 1990;
Wang et al. 1990; Bakker et al. 1992).
The SSM benefits from the fact that it is relatively rapid to conduct and that it uses simple and well
defined systems and thus any obtained response is known to occur from the specific ion being tested. It
has the disadvantage that it does not account for any errors that may be caused by multiple ion
interactions and thus it can be considered overly simplistic for real solutions which can contain a diverse
suite of ions. The SSM applied to optrode selectivity requires considerably more planning and effort than
it does when applied to potentiometric sensor selectivity (ISEs, ISFETs) as typically the collection of a
complete calibration curve is required for all of the ionic species of interest (Bakker et al. 1992).
4.5.2.1.4 Fixed Interference Method
The FIM involves conducting a selectivity test in a solution containing a ‘fixed’ amount of ‘interference’ i.e.
a fixed amount of an interfering ion. Within this solution, varied but known amounts of the primary ion are
added and the optical response is measured. Thus the primary difference between FIM and SSM is that
FIM is conducted in a solution of two different ions, while SSM is conducted in a solution containing only
the ion under test.
FIM can provide improved accuracy (i.e. determined selectivity coefficients translate well to a larger
variety of real-world applications) over the SSM as it accounts for interfering ion-analyte interactions
(though it does not account for multiple ion-ion interactions). It is moderately easy to conduct for a
reasonable set of potential interfering ions of interest. An excellent example of the application of FIM to
optrode development has been provided in literature (Wang et al. 1991).
4.5.2.1.5 Determination of the Required Selectivity Coefficients
The required selectivity coefficient for each potential interfering ion can be estimated for a particular
system by detailing the lowest activity of the target ion for which the sensor is required to measure, the
maximum permitted error in this measurement and finally, the maximum expected activity of the given
interfering ion within the sample solution. These three values can then be entered into the following
equation for the required selectivity coefficient (Bakker et al. 1997):
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𝑜𝑝𝑡
𝐾𝑖,𝑗 (𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑) =

𝑝𝑖,𝑗 𝑣⁄𝑦
�
�
𝑣⁄𝑦 100
�𝑎𝑗,𝑚𝑎𝑥 �
𝑎𝑖,𝑚𝑖𝑛

[48]

Where:
ai,min = Minimum activity value of the primary ion
aj,max= Maximum activity value of the interfering ion
pi,j = Maximum tolerable error in the determination of ai (in percent)

4.5.2.1.6 Selectivity Coefficient Variation
Due to the significance of the selectivity coefficient and the challenge and complexity of its application,
this section provides a summary of its dependence on several key system parameters. The general
expression of Equation 44 displays the various factors that may influence the selectivity coefficient. For
primary and interfering ions of the same charge, the selectivity coefficient is not dependent on pH. In
contrast, the selectivity coefficient of differently charged ions varies with pH (Bakker et al. 1992). This is
the primary reason why selectivity coefficients should always be reported for a specific pH (Bakker et al.
+
1997). Mathematically, the effect of ion charge is apparent in the exponent on the aH and α terms in
Equation 44, which also implies that a dependence exists between α and the selectivity coefficient for
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ions of different charge. The optrode selectivity toward monovalent ions relative to divalent ions can be
improved by decreasing the pH (Bakker et al. 1997). The reasoning for this relationship returns to the
fact that the optrode dynamic range towards monovalent ions and divalent ions changes by one and two
logarithmic units respectively for every change in pH unit. In all cases, as pH directly influences the
dynamic range/optrode response of the sensor, pH is a rarely exploited variable in the tuning of optrode
selectivity coefficients (Bakker et al. 1992). However, the experimental determination of selectivity
coefficients for ions of the same charge may in some instances benefit from the adjustment of sample
solution pH. In particular, if an optrode shows very limited interference to a specific ion, selectivity testing
may require an excessive amount of the interfering ion to produce even minimal response, resulting in the
potential of the precipitate formation or the requirement to use non-buffered solutions to achieve required
ion concentrations.
Changes to the selectivity coefficient also occur when the ratios of membrane components are adjusted.
For example the selectivity towards monovalent ions over divalent ions can be increased when the
ionophore (for the monovalent ion) concentration is increased with respect to the anionic site
concentration (Seiler et al. 1991).

4.5.3 Lifetime

All ion-selective sensors have a finite lifetime. Bulk optrode lifetime is primarily related to either
component leaching from the membrane or photobleaching of the chromoionophore. The design lifetime
requirement for an optrode depends on its operational use (e.g. type of sample solution, permanent or
temporary exposure to the sample solution, intensity of incident light, ease of sensor change-out and
required accuracy to name a few). As previously discussed, the photochemical decomposition of the
chromoionophore is difficult to model and depends on many final system variables, including the
membrane, chosen light source, environment etc. (Bakker et al. 1993; Seiler 1993). Consequently the
photochemical decomposition of a bulk optrode is most easily determined empirically, typically through
the use of monitoring the absorption at the isosbestic point.

4.5.3.1 Lipophilicity

As bulk optrodes are made up of five membrane components and as the concentration of each can
influence optrode response, the leaching of any one of these components directly influences the optical
response. Eventually, enough leakage of a particular component (or more than one component) occurs
that the response of the optrode sufficiently changes that it can no longer be reliably used to predict ion
activity, or does not meet operational response requirements (e.g. response time) within the sample
solution. Particular examples may include, leakage of the membrane ionophore, changing sensor
selectivity or the loss of membrane plasticizer which can decrease sensor response time. The time
required for the sensor to degrade to a particular defined state is termed lifetime. The state of a failed
sensor depends on the specific system of interest and what the user considers to be a failed
device/measurement.
From the perspective of component leaching, the lifetime of an optrode sensor can be estimated by using
diffusion laws and properties of the membrane (geometry, components) (Dinten et al. 1991). In general
the following relationship can be used to estimate sensor lifetime:
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𝑡𝑙𝑖𝑚 =

𝑃𝑤−𝑚 𝑑𝛿
𝑐0
log
𝐷𝑎𝑞
𝑐𝑙𝑖𝑚

Where:
tlim = Maximal lifetime (s)
Pw-m = Partition coefficient (lipophilicity) between aqueous solution and membrane
d = Membrane thickness
δ = Thickness of the Nernstian aqueous diffusion layer (0.003 cm)
-6
2
Daq = Diffusion coefficient of the component in the aqueous phase (3.1 x 10 cm /s)
c0 = Initial membrane concentration of the component
clim = Critical limiting membrane concentration of the component
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Confusion often arises regarding the terminology and definition of P, which can be referred to as the
partition coefficient, distribution coefficient or lipophilicity. All three terms are valid, but what must
accompany P is what two phases are used in its definition. In particular, P represents the partitioning of
the component in question (e.g. membrane component) between two adjacent phases. By convention
the partition coefficient is represented as a logarithm, log(P). Typically P contains a subscript which
defines the two phases in question and/or the experimental method used in its determination. Several
common forms of the partition coefficient include Poct, PHansch, and PTLC. The partition coefficient is
nominally determined by adding a small amount of the component in question to two immiscible phases
consisting of an aqueous phase and an organic phase. Once the compound has equilibrated between
the two solvents, the lipophilicity can be determined by dividing the amount of compound present in the
organic phase by the amount present in the aqueous phase. For example, Poct is the partition coefficient
determined through experiment between water and n-octanol and is frequently used in industry as the
properties of n-octanol resemble that of lipid bilayer membranes (Cerep 2011). PHansch are computed
values based upon structural lipophilicity increments and estimated Poct partition coefficient values (Leo et
al. 1971). PTLC values are experimentally determined partition coefficients and are typically measured
between water and ethanol utilizing thin-layer chromatography.
The reversed-phase thin-layer
chromatography method for determining estimates of PTLC is recommended for use for compounds which
have reasonably high lipophilicity values (log(P) > 8) as they are suggested to provide improved reliability
in comparison to extrapolating water and n-octanol systems for such compounds (Dinten et al. 1991).
This is noteworthy for ion-selective optrodes as membrane components must have high lipophilicities to
provide for sensors with sufficient lifetime and thus PTLC values provides a useful reference for bulk
optrode design. In any case, it should be noted that all treatments of partition coefficients can typically be
utilized for the relative comparison of membrane components and their respective lipophilicities and that
any of the various discussed forms can be converted to an estimate of the partition coefficient between
water and membrane through a linear relationship (Oesch et al. 1980; Dinten et al. 1991). As bulk
optrodes utilize membranes in aqueous solution these lipophilicity values offer the best tool to utilize in
the estimate of overall sensor lifetime. This aqueous solution to membrane partition coefficient will be
referred to as Pw-m and as stated, represented with logarithm i.e. log(Pw-m). A linear conversion between
log(Pw-m) and log(Poct) is provided in Equation 50 below:
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log 𝑃𝑤−𝑚 = 0.4 + 0.8 log 𝑃𝑜𝑐𝑡

[50]

It should be noted that Poct can be interchanged with PTLC (Dinten et al. 1991; Bakker et al. 1997). The
estimated Pw-m values can then be utilized within the lifetime Equation 49. For optrodes, c0/clim is typically
replaced by the acceptable change in absorbance of either 1% or 10% (when discussing
chromoionophore loss), and as the concentration ratio is directly related to the absorbance ratio (A0/Alim)
the ratio c0/clim is set as 1.01 and 1.10 respectively (this concentration ratio can be utilized for leakage of
any membrane component). Simplifying assumptions can be utilized from literature, but in particular
Equation 49 is either utilized to estimate lifetime when membrane component lipophilicities are known or
is used to assess the minimal membrane component lipophilicities required to produce optrode sensors
with lifetimes of 30 days at 24 hour continuous exposure of the membrane to the sample solution (Dinten
et al. 1991). The suggested tlim of 30 days at 24 hours continuous exposure has simply been chosen as a
reference but any lifetime could be utilized depending on more explicit requirements (Dinten et al. 1991).
Using Equation 49 and the customary 30 days at 24 hour continuous exposure and an assumed
concentration decrease of 1% for the given membrane component, optrode membrane components
require lipophilicity values of log(Pw-m) = 9.3 (Bakker et al. 1997).
It is immediately evident from Equation 49 that the thickness of the membrane is a central parameter in
the lifetime of an optrode and that thinner films will be susceptible to reduced lifetimes due to higher
leaching rates. As optrode membranes are typically 40-100 times thinner than nominal ISE membranes
(thicknesses approximately 4 µm versus 200 µm) they experience 40-100 times the leaching rate due to
the direct relationship between lifetime and membrane thickness (Bakker et al. 1993). It is thus even
more critical that optrode membrane components be highly lipophilic. In addition, bulk optrodes typically
have one or two additional membrane components than ISEs posing additional leakage concerns,
apparent when comparing relative lifetimes. Though the higher the lipophilicity the longer the theoretical
lifetime, there comes a point where component lipophilicity can reach a level where it is so high (log(Pw-m)
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~20) that the free diffusion in the membrane of this particular species is excessively hindered and sensor
response times becomes excessively lagged (Dinten et al. 1991). For comparative purposes, using the
same customary 30 days at 24 hours continuous exposure and 1% concentration decrease assumptions,
the lipophilicity requirement for ISE membrane components is log(Pw-m) = 7.3 (Bakker et al. 1997).
The longer lifetimes of ISE membranes over bulk optrode membranes has also been corroborated
experimentally. For example, the lifetime of PVC based ISEs for the nutrient solution have been shown to
be on order of several months (Bailey et al. 1988). It should be noted that in the same study, calcium
ISEs demonstrated lifetimes of less than one month, which is likely due to different membrane
components and thus varied lipophilicity. No explicit testing of bulk optrodes within nutrient solution have
been conducted in the literature but experimental testing of plasticized PVC based optrodes in different
solutions have suggested lifetimes on the order of several days (Polster et al. 1995; Tóth et al. 1997).
4.5.3.1.1 Solvent and Membrane Component Effects on Lipophilicity
As discussed, the lipophilicity value needs to be defined with respect to the two phases in question.
Operationally this implies that the lifetime of an optrode may be heavily dependent on sample solutions
due to different resulting leakage rates. This has been one of the challenges facing the application of
optrodes (or ISEs, ISFETs) within the biomedical field for direct ion-selective measurements of blood i.e.
undiluted blood is somewhat organic and thus even those components which are very soluble in the
organic membrane phase (highly lipophilic) will leach out into blood (Seiler et al. 1991). This complicates
sample handling and in many instances drives the necessity for a dilution step prior to measurement. In
the case of nutrient solution monitoring, the nutrient solution is a very dilute aqueous solution and thus
represents a very close to ideal scenario of a pure hydrophilic environment. That said, most of the
successfully applied carriers and plasticizers have sufficient lipophilicity for the often quoted 30 days,
continuous operation standard when applied to application in aqueous solutions. As undiluted serum
samples typically require lipophilicities 2.4 times higher than aqueous samples, many of the common
membrane components do not have sufficient lipophilicity for 30 days of operation (Dinten et al. 1991).
Changes to the sample solution pH also influences the lipophilicity of certain membrane components, in
particular the chromoionophore (Bakker et al. 1993). Chromoionophores or other basic components
undergo a shift in their partition coefficient, in the direction which favours the aqueous phase (decrease in
lipophilicity) as their pH values are decreased (Bakker et al. 1993). In general, more basic
chromoionophores (higher pKa) are less lipophilic because of their stronger complex formation constants,
+
generating more chromoionophore-H complexes. When dealing with neutral chromoionophores this in
turn implies upon complexation more charged chromoionophore species, which are more hydrophilic than
their neutral counterparts. It can be said that for any given chromoionophore that its lipophilicity will
increase with an increase in solution pH, up to a certain pH after which a plateau in the lipophilicity is
reached. A model for this dependence has been described and applied in cases requiring improved
model accuracy for membrane component leakage (Bakker et al. 1993).
The leakage of tetraphenylborates can also be influenced by solution pH, sample activity and the
presence of the ionophore (or chromoionophore) (Bakker et al. 1995). It has been demonstrated that in
certain systems the formation of the highly stable analyte-ionophore (or hydrogen ion-chromoionophore)
complexes induce higher tetraphenylborate lipophilicities and without this type of relationship it is thought
that tetraphenylborates would never satisfy the lipophilicity requirements to serve as useful membrane
ionic sites in modern ion-selective sensors (Bakker et al. 1995). For example, the lipophilicity of NaTFPB
without the influence of other membrane components is estimated as only log(PTLC) = 1.3 (Dinten et al.
1991). The complex nature of the lipophilicity of anionic sites implies that they must be determined for the
specific ion-selective membrane and scenario in question. The lipophilicity of tetraphenylborates can be
estimated using the following equation (Bakker et al. 1995):
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Where:
KRK = Co-extraction coefficient (analyte ion – anionic salt) (Bakker et al. 1995)
BIK+ = Ionophore-analyte ion complex formation constant
v = Charge of analyte ion
p = Ionophore-analyte ion complex stoichiometry
cK+ = Sample solution analyte ion concentration
Itot = Total ionophore concentration in the membrane
Rtot = Total anionic site concentration in the membrane
Ctot = Total chromoionophore concentration in the membrane
α = Ratio of uncomplexed to total chromoionophore (typically set as 0.5)
Equation 51 is utilized to estimate lipophilicity values for the tetraphenylborate derivatives within the
specifically developed potassium and calcium films and values are presented in Table 4 along with other
values calculated or found experimentally. This table includes lipophilicity values of a number of
membrane components that could be utilized in potassium and calcium bulk optrode membranes (more
specifics on those components used in the membranes developed in this work, are provided in
subsequent sections).
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Table 4: Potassium and calcium bulk optrode membrane components and their specific lipophilicities.
Component

log(PTLC)
10.1

DOS

log(PHansch)

log(Pw-m)

10.2

11 +/- 1
5.9

o-NPOE

5.6

5.8 +/- 0.4

Nile Blue
ETH 5294 (pH 6)
ETH 5294 (max)
ETH 5350 (pH 6)
ETH 5350 (max)
Valinomycin
BME-44
ETH 129
ETH 1001

Reference / Note

8.5

[1]. Previous result in [1]: 10.95 log(PTLC).
**Log(Pw-m) calculated.

9.2

[2]. **Log(Pw-m) calculated.

5.1

[1]. **Log(Pw-m) calculated.

5.0

8.6
10.0

13.6
9.6

7.2

8.6

[2]. **Log(Pw-m) calculated.
[3]
[3] Estimated for pH 6 from Figure 5.
[3]
[3] Estimated for pH 6 from Figure 5.
[3]
[1]. Previous result in [1]: 7.8 log(PTLC).
[1]
[1]. Previous result in [1]: 7.5 log(PTLC).

7.5

10.7

[1]. Previous result in [1]: 6.9 log(PTLC).

7
7

5.2

4.6

13.1

10.6

14.9

13.6

-

+

TpClPB (K film)

13.2

*Valinomycin, final K film recipe.

TpClPB (K film)

-

+

11.8

*BME-44, final K film recipe.

-

14.4

*ETH 1001, final Ca

2+

TpClPB (Ca

film)

+

+

2+

film recipe.

-

+

12.0

*Valinomycin, final K film recipe.

-

+

10.6

*BME-44, final K film recipe.

13.2

*ETH 1001, final Ca

TPB (K film)
TPB (K film)
-

2+

TPB (Ca

film)

+

+

2+

film recipe.

-

+

15.8

*Valinomycin, final K film recipe.

-

+

14.4

*BME-44, final K film recipe.

TFPB (K film)
TFPB (K film)
-

2+

+

+

2+

TFPB (Ca film)
17.0 *ETH 1001, final Ca film recipe.
[1] (Dinten et al. 1991), [2] (Eugster et al. 1994), [3] (Bakker et al. 1993).
*Calculated using equations from Bakker et al. (1997) (Equation 85) or Bakker et al. (1995) (Equation 9)
with 0.01 M sample solution analyte concentration, half chromoionophore complexation and other listed
assumptions.
**Estimated using equation from Oesch et al. (1980) (Equation 24) with assumptions of 70:30 plasticizer
to PVC ratio, DOS plasticized membrane approximately equivalent to o-NPOE (Oesch et al. 1980) and
log(PTLC) applicable for use in the octanol/water lipophilicity case.
+
Final K film recipe: Ctot = 0.02089, Itot = 0.02627, Rtot = 0.02253 mmol/g.
2+
Final Ca film recipe: Ctot = 0.0164, Itot = 0.3608, Rtot = 0.0215 mmol/g.
For further insight into comprehending why the lipophilicity of anionic sites is dependent on the ionophore
and other system parameters, it is important to recall that bulk membranes require electroneutrality to be
maintained and thus for a negative anionic site to leach out of the membrane there must be a concurrent
+
ion-exchange. In this case, an analyte cation (or a reference H ion) must leave the film and thus there is
an explicit link between anionic site leakage on analyte activity and the presence of an ionophore (Bakker
et al. 1995).
One method utilized to increase the lipophilicity of optrode membrane components is to modify them with
long alkyl chains (Mohr 2006). Many of the most implemented optrode chromoionophores are lipophilic
Nile Blue derivatives (Wang et al. 1990; Bakker et al. 1993; Johnson et al. 2003). Similar details on the
modification of plasticizers with long alkyl chains has also been proposed (Eugster et al. 1994). In
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actuality the lifetime of many of the liquid membrane based ion-selective sensors are limited based upon
the loss of plasticizers (Dinten et al. 1991; Bakker et al. 1997; Faridbod et al. 2008).

4.5.4 Response Time

The relatively thin nature of bulk optrode films implies that they respond quite rapidly to changing sample
solution conditions. Different definitions have been applied to reporting optrode response times. Certain
authors have utilized the time to reach (1-1/e) of the steady state signal (Kawabata et al. 1990b), while
others have suggested the utilization of the time to reach 90% (Shortreed et al. 1997) and others 95% of
the steady state signal (Morf et al. 1989b; Seiler 1993; Bakker et al. 1997). The chosen method is not
critical as long as information as to how the response time was calculated in addition to the range of
signal change used accompanies the result. No matter what the reporting scheme, the majority of all bulk
optrodes typically respond to sample changes in a few seconds to a few minutes (Kawabata et al. 1990b;
Morf et al. 1990; Wang et al. 1990; Seiler 1993; Shortreed et al. 1996a). The response time for nominal
bulk optrodes is primary controlled by diffusion of the analyte and other relevant ions (if applicable) from
the sample solution into the membrane. In the case that considers one side of an optrode membrane
exposed to the sample solution and the requirement for a uniform concentration to be reached over the
entire film (bulk optrode equilibrium) then the following expression for the 95% response time can be
developed (Morf et al. 1989b):
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𝑡95% = 1.13

𝑑2
𝐷𝑚

[52]

Where:
t95% = 95% response time (s)
d = Membrane thickness (cm)
2
Dm = Mean diffusion constant of mobile species within the membrane (cm /s)
-8

2

Using a mean membrane diffusion constant of ~10 cm /s (Morf et al. 1989b) and a typical optrode film
thickness of 4 μm a 95% response time of approximately 20 seconds is predicted. Response on the
order of seconds or tens of seconds is likely more than sufficient for nutrient solution monitoring where
information on the order of hours would likely be the minimum response time requirement. It should also
be noted that extremely dilute samples will typically require longer response times than those predicted
by Equation 52.

4.5.5 Repeatability

In instances termed repeatability, in others termed reversibility or reproducibility, all terms imply the ability
of a sensor to respond to analyte concentration changes in a repeatable manner over time. As bulk
optrodes are typically based upon lipophilic complexing agents that are capable of reversibly binding ions,
there should inherently be no consumables expended as part of the measurement process and thus
result in a sensor that permits repeatable measurements. Though the ion-selective membranes
themselves contribute heavily to the ability of the sensor to make repeatable measurements, repeatability
is an overall instrument parameter as the other components of the optrode system (e.g. light source,
spectrometer, etc.) must provide a stable enough measurement environment for the same
environment/solution to produce the equivalent response when conducted at a later time. The ability of
an optrode to repeatability respond is a crucial attribute for their applicability to robust, on-line
measurement systems.

4.5.6 Influence of Temperature

Like the majority of instruments or sensors (pH, EC, etc.), optrode response has been shown to be
dependent on temperature (Eckert-Tilotta et al. 1991; Martín et al. 2006; Tabacco 2010). Root zone
temperature and thus nutrient solution temperature can have considerable effect on plant growth (BarYosef 2008; Sánchez 2009). Though considerably crop dependent, the general range of approximately
18 °C to 28 °C has been proposed as one which does not impair nutrient uptake and root growth for most
crops (Bar-Yosef 2008). As the final optrode implementation will be an integrated sensor system within a
greenhouse or plant production system, temperature variation within the overall environment as well as
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within the nutrient reservoirs is to be expected. Two extreme examples include a non-thermally controlled
greenhouse that experiences substantial variation between night and day compared with a space-based
plant growth system that exhibits very tight control over temperature. If a moderate example, of a
relatively nominal commercial greenhouse is taken, the worst-case temperatures could be expected to be
approximately 10 – 30 °C (Graham 2011). If the developed optrodes are tested in these approximate
bounds this can confirm their utility and any potential corrections (if required) that could be utilized to
correct collected optrode response data.

Chapter 5. Optical Hardware Description

A potential top-level design for the integration of an ion-selective optrode within a plant growth system is
displayed in Figure 13. This implementation shows the optrode probe utilized directly within the bulk
nutrient solution reservoir. Alternatively, the optrode could be installed within a separate nutrient control
loop in which nutrient solution is piped and the optrode is exposed to the solution only when a
measurement is desired. When functioning in absorption mode, the overall instrument optrode sensing
system operates in the following way. Light is generated in the light source and follows an optical fibre
through a neutral density filter (if light intensity cannot be separately controlled) and onwards toward the
bifurcated optrode probe head which includes a housing for the ion-selective membrane specific for the
nutrient ion of interest. The light that is transmitted by the optrode is carried through an additional optical
fibre where it enters a spectrometer and is read. As the optical signal from the described hardware
provides a response that varies with the activity of the nutrient of ion of interest it can be utilized to make
decisions of how to proceed with nutrient solution adjustment. In the example shown, a data acquisition
(DAQ) and control system reads data from the spectrometer and applies this data to the embedded
model and logic to adjust the nutrient solution. With a suite of optrodes for several nutrient ions, the DAQ
and control system could control the addition of individual nutrient salts to the bulk solution so as to
maintain nutrient ions within their required sufficiency ranges.
As use in space-based biological life support systems remains the design driver, light-weight, low power
and minimal complexity components were selected when possible. For example, as will be discussed, a
miniature spectrometer was selected for the conducted studies even though more bench top models were
already available and would have demonstrated increased measurement precision. A LED (light emitting
diode) light was chosen over a xenon light source as LEDs typically require less power and are more
suitable for space applications.

5.1 Instrument Layout

The developed single-ion, ion-selective optrode system displayed in Figure 13 and used in this work is
made up of several individual components including; light source, filter, the optrode itself which is made
up of a bifurcated optical fibre, the ion-selective film and support/holder, spectrometer and a DAQ and
control system. These components are separately described in the sections to follow.
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Figure 13: A potential implementation of an ion-selective plant nutrient optrode system. Black lines
indicate the passage of light, blue lines indicate the passage of fluid (nutrient solution) and red lines
indicate passage of data or control information.
When not otherwise indicated 600 μm diameter optical fibres (UV-Vis premium-grade fibre) from Ocean
Optics (Dunedin, FL, USA) were used for light transmission.

5.1.1 Light Source

Intensity

A LED was utilized as the instrument light source. Specifically the instrument used the LS-450 LED light
source from Ocean Optics (Dunedin, FL, USA) and its standard blue LED was changed-out for a
separately sold white light LED (LED-WHITE). The broad spectrum nature of white LEDs permitted their
use with a larger range of chromoionophores and thus versatility in characterization of a wide variety of
potential optrode membranes. Future designs may consider a more monochromatic LED light source for
each particular ion-selective optrode once all specific membrane chromoionophores are determined. The
instrument measured LED-WHITE spectrum is provided Figure 14.
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Figure 14: Instrument measured LED-WHITE light source intensity spectrum (counts).
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During use, the LED light source was operated in continuous mode (not pulsed). Its stability was also
tested experimentally in direct comparison with xenon light source (PX-2, Ocean Optics) and it was found
that the LED light source had slightly improved stability compared to this xenon light source. This result
was confirmed through correspondence with Ocean Optics technical support. In addition, as the spectral
processing strategy developed here utilized absorbance ratios, it is important to note that the xenon light
source exhibited a noticeable drift between intensities at the low-wavelength peak and the highwavelength peak (tested for the potassium case) in comparison to the LED source which did not exhibit
such a drift. For output stability reasons it is suggested that the LED light source be warmed up for a
minimum of five minutes prior to use.

5.1.2 Filters

Light from the light source is then passed through a fibre optic filter holder (INLINE-FH) from Ocean
Optics containing a custom sized 2.5 optical depth neutral density filter from Omega Optical, Inc
(Brattleboro, VT, USA). These custom metallic-coated optical glass filters were sized to fit within the 8
mm diameter and up to 5 mm thickness INLINE-FH filter holder filter requirement. A suite of neutral
density filters meeting these requirements were acquired and proved useful throughout preliminary film
characterization. The benefit of these fibre optic in-line filter holders is that they are completely sealed to
external light and allow for the direct attachment of input and output optical fibres.

5.1.3 Optrode Probe

From the exit of the filter assembly light continues through the illumination leg of a TP300-UV-VIS
bifurcated optical fibre probe from Ocean Optics. Light exits from the end of this fibre and enters the
probe sensor head into which a sensor cap has been installed. The geometry related to the passage of
light from the probe followed by its interaction with the ion-selective membrane is shown in Figure 15.
The ion-selective film was spin coated directly onto a mirrored surface on the sensor cap. Light exiting
the optical fibre (dashed vertical line) will pass through the film, reflect from the mirror, pass once again
(“double pass”) through the film from which the remaining light enters the return leg of the bifurcated fibre
optic probe. As shown in Figure 15, nutrient solution may interact with the ion-selective membrane by
entering small fluid access ports on the sides of the probe head. As is evident, this solution is also in the
optical path of the sensor and thus can also absorb light. Though this can pose an issue with the use of
this sensing mode in certain fluids, especially with opaque solutions, this provides no issue with nutrient
solution monitoring as even in the cases of monitoring in nutrient solution at extreme pH levels where
small amounts of precipitate can form there is self-correction built into monitoring software (described
later). Another minor disadvantage of the utilized optical geometry is that in addition to the desired
transmitted light being picked up by the return fibre, it also collects backscattered light from the
membrane and sample solution. Fortunately, with proper initial calibration this small amount of additional
light is easily calibrated out. The TP300-UV-VIS probe contains two 300 μm core diameter fibres housed
within a 3.175 mm diameter PEEK sleeve. Initially the described sensor caps were acquired as part of
the ordered TP300-UV-VIS probes or ordered individually (RT-PH, Ocean Optics). Later, due to a
decision by the manufacturer to discontinue this particular part number, a drive to reduce overall
instrument cost and most importantly, a desire to produce a large number of these integrated membranesensor head units, it was decided to fabricate a large batch of sensor caps in-house (Figure 69).
Approximately 30 sensor caps were custom manufactured using black Teflon (PFTE). Small mirrors
(DF037-50000-000, Ocean Optics) with 5 mm diameter and of 1.2 mm thickness, including a protective
quartz surface on one side were press fit into these caps with the quartz layer facing the sample solution
and the unprotected face towards the sensor cap.
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Figure 15: Double pass through sensing mode geometry. Probe head showing installed sensor cap with
spin coated optrode membrane. Path of light shown with dashed vertical line running from optical fibre
through the membrane to mirror and back through the same path.
As described, these probe heads contain several small access holes so as to permit the entry of fluid so
that it can interact with the film. They cannot be used in a well lit environment without stray light entering
the sensor head and thus being read by the spectrometer and potentially interfering with the results. To
simplify operational use requirements it is desirable to be able to utilize these ion-selective sensors in
both lit and unlit environments. Because one potential implementation of the sensor is within the bulk
nutrient solution reservoir or another environment that may not be completely sheltered from stray light, a
custom made light shield was developed as an adapter to the optrode sensor head (Figure 15). The light
shield was constructed in such a way to still permit ample fluid access to the sensor head but block out all
light and it was utilized without issue in the experimentation conducted within a well lit lab environment.
Its design also includes small circulation pathways for air to escape which may be trapped under the light
shield. Computer aided drafting (CAD) drawings of the light shield were provided to the CSA Machine
Shop and were produced on a rapid prototyper (Dimension 3D Printer) and of black ABS thermoplastic
construction. Engineering drawings for the developed light shield are included in Figure 66 through
Figure 68. Overall, the utilized absorption mode sensing design, even with its minor drawbacks, has
been implemented because it is thought to provide the easiest route to mass production and ease of use
(i.e. change-out) by greenhouse growers.

5.1.4 Spectrometer

As present in Figure 13, light from the optrode probe then enters a spectrometer for measurement and
initial processing. A USB4000-FL mini-spectrometer from Ocean Optics was utilized in all measurements
presented in this work. The USB4000-FL spectrometer was chosen due to the intent to utilize the same
instrument for both absorption and fluorescence measurements, as this USB4000-FL is tailored to
fluorescence with its large entry aperture (200 μm wide slit) and installed detector collection lens. The
USB4000-FL specification sheet should be referenced for comprehensive spectrometer specifications.
Those specifications more relevant to the ion-selective optrode development work and characterization
are provided in Table 5.
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Table 5: Basic USB4000-FL specifications.
Specification

Value

Physical
Dimensions

89.1 x 63.3 x 34.4 mm

Mass

190 g

Detector
Detector

Toshiba TCD1304AP linear CCD array

Optical Bench
Design

f/4, Asymmetrical cross Czerny-Turner

Focal length

42 mm input; 68 mm output

Entrance aperture

200 μm wide slit

Grating

Grating #3, grove density of 600 lines set to
360-1000 nm, blazed at 500 nm

Fibre optic connector

SMA 905 to 0.22 numerical aperture fibre

Spectroscopic
Wavelength range

360-1100 nm

Optical resolution

~10.0 FWHM

SNR ratio

300:1 (at full signal)

A/D resolution

16 bit

Dark noise

50 RMS counts

Stray light

<0.05% at 600 nm; <0.10% at 435 nm

Corrected linearity

>99.8%

Electronics
Power consumption

250 mA @ 5 VDC

It should be noted that over the course of optrode characterization and development the USB4000-FL
spectrometer and the LED light source were left on continuously for a period of close to one year and
over that duration of time no degradation or noticeable variation in either device was observed.

5.1.5 DAQ and Control System

Data acquisition and control of the spectrometer is conducted through custom control software generated
in LabVIEW 2009 from National Instruments (Austin, TX, USA). Presently the interface software runs on
a laptop but it could be easily embedded on more robust DAQ and control hardware in the final
implementation. In the early instrument interface software development several LabVIEW virtual
instruments (VIs) were written to perform a select number of basic instrument operations by calling Java
based libraries as part of the OmniDriver spectroscopy development platform by Ocean Optics. While
this was on-going National Instruments released certified and supported instrument drivers for certain
Ocean Optics spectrometers. The USB4000 happened to be one of the tested spectrometers and it was
decided that these National Instruments generated drivers would instead be used for the baseline
spectrometer system. Spectrometer initialization, basic configuration and reads of the CCD could now be
conducted by calling pre-developed VIs. Code was written to utilize these commands for the specific
case of an ion-selective monitoring system, including appropriate timing and the basic data manipulation
and preliminary analysis. Two main optrode software packages were developed:
• Main Operations Package
• Calibration File Generator

57

Figure 16: Screen capture of the developed optrode software packages. Main Operations Package (left)
and Calibration File Generator (right).

5.1.5.1 Main Operations Package

The Main Operations Package is the primary interface for the monitoring and operations of the developed
optrode system for use within plant growth nutrient solutions. Overall it takes spectrometer readings,
processes the data and determines an estimate for activity of the ion of interest. Though presently
configured for use within the developed potassium and calcium sensors, it is easily customizable for
optrodes for other nutrient ions. The main program includes the following menus and functionality:
• Instrument configuration
o Configuration of various system parameters such as; integration time, scans to average,
boxcar averaging, lamp strobe rate (necessary only when utilizing a xenon lamp), lamp
warm-up duration, normalization wavelength, ratiometric wavelengths, calibration files.
• Dark spectrum
o Collect a new or load a previously collected dark spectrum.
• Reference spectrum
o Collect a new or load a previously collected reference spectrum.
• Ion sensing
o Provides the ability to select between single measurement and continuous operations
mode. Allows the user to enter solution pH, period between each spectral collection and
save to file information and displays estimated output analyte ion activity and other
system status and monitoring information.
• Help
o Provides additional information on the use of this software package.
• About
o Provides an overview of the Main Operations Package and a description of the various
versions and updates since initial program release.

5.1.5.2 Calibration File Generator

This program is utilized in conjunction with the calibration curve experiments to generate calibration data
files which relate optrode optical measurements to the analyte ion activity of interest for import into the
Main Operations Package. This implies it provides control over such things as the nominal instrument
parameters (as described in the main program above), calibration step duration and spectral collection
frequency. The Calibration File Generator includes numerous other input and output parameters which
permit flexibility in the conduct of experiments to collect baseline system data. In particular, besides
graphic data output to screen and to the final calibration summary data file, it also permits the saving of
each and every collected spectrum at the user entered frequency to permit more comprehensive data
analysis (e.g. using the developed Matlab data analysis code described later). The Calibration File
Generator was the program utilized in the conduct of all the characterization and calibration
experimentation described in the results sections of the potassium and calcium sensors.
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5.1.5.3 Spectral Processing

The nominal spectral processing sequence utilized in this work to convert spectrometer measured readings to estimates of nutrient ion activities is
displayed in Figure 17. The sections to follow detail the various processing steps and the involved variables, including those which can be controlled by
the optrode software packages, all of which can influence the final accuracy of the output analyte ion activity.

Figure 17: Summary of spectral processing from measurement to output of analyte ion activity used in the developed potassium and calcium sensors.
5.1.5.3.1 Spectrometer
The spectrometer produces the unprocessed ion, dark and reference spectra. The spectrometer outputs a new spectrum at a rate equal to the software
specified integration time. The integration time is the duration of time for which the spectrometer detector monitors incident light before detector read out
and output to the LabVIEW developed software packages. The measured spectrum is the nominal spectral acquisition collected with the ion-selective
optrode film installed on the end of the bifurcated probe and in the solution of interest. The dark spectrum is a nominal spectral acquisition taken in the
absence of light i.e. with the light source turned off or the light source blocked by a physical object. The reference spectrum is taken with the ionselective film replaced with a reference, in this case, a sensor head without a fabricated film, installed on the end of the bifurcated probe in the solution of
interest. The reference was chosen as a blank sensor cap (mirror only), rather than one containing a film without chromoionophore for reasons related to
consistency between measurements and simplicity in system and operational implementation. This choice aligns well with past work which utilized
reference cells/plates without membranes (Morf et al. 1990; Seiler 1993).
5.1.5.3.2 Spectral Averaging – Scans to Average and Boxcar
The user defined variables including scans to average and boxcar are utilized for direct averaging of the spectrometer output spectra. The same scans
to average and boxcar averaging settings are used on the collection of all three of the ion, dark and reference spectra. The scans to average setting sets
the number of discrete spectra collected by the spectrometer for every averaged output spectrum. The boxcar value defines the size of the boxcar
averaging process, in which each pixel intensity value is averaged with a defined number of data points to the left and to the right. For example, if the
boxcar is set to 10, each pixel value will be reassigned a value equal to the average of the 10 pixels to its left and the 10 pixel to its right. Both scans to
average and boxcar averaging can improve the signal to noise ratio, but care needs to be taken to balance computation time and loss of spectral data as
these increase with the increase in magnitude of these two parameters.
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5.1.5.3.3 Minus Dark
The collection and subsequent subtraction of the dark spectrum from the ion and reference spectra aids
in the removal of detector dark current, i.e. even with no incident photons reaching the detector, pixels will
still report a number of counts. Collection of the dark spectrum also aids in ensuring that there is no
appreciable stray light entering the optrode system. The subtraction of the dark spectrum involves a
simple subtraction of the dark spectrum intensity value at each particular wavelength from the intensity at
each wavelength of the collected ion or reference spectra. It should be noted that through testing it was
realized that the USB4000 takes a period of a few hours to completely stabilize to a stable level of dark
current i.e. a dark spectrum collected initially on power up will differ from one taken an hour later. This
result suggests that the spectrometer should be warmed up for a minimum period of at least one hour
prior to use (a warm-up period of several hours is preferable when very accurate measurements are
required). It should be noted that this does not limit the potential operational protocol of taking optrode
measurements on a frequency of for example 1-3 times a day. As in this case, though the spectrometer
will need to be switched on a minimum of an hour before the measurement of interest, this does not
change the fact that the optrode can still be immersed in solution only several minutes before the
measurement (i.e. it does not need to be immersed in solution when the spectrometer is turned on).
5.1.5.3.4 Normalization Procedure
Certain variations such as light source intensity changes, variation between optical fibres, mirrors and
other optical transmission components, water uptake, biofilm accumulation if not excessive, are not
typically wavelength specific. Specifically, these variations influence the unprocessed intensity measured
by the spectrometer equally across all wavelengths i.e. by the same percentage. For example, if the
lamp intensity decreased by a certain percent between the collection of the reference spectrum and the
collection of a measured ion spectrum, this would cause the calculated absorbance to appear to increase
across all wavelengths, and thus a corresponding change in the estimate of analyte ion activity, even if no
changes occurred to the film itself. A normalization technique can be utilized to remove the influences of
these types of wavelength independent variations. The technique involves setting the reference intensity
and measured ion intensity equal at a wavelength for which it is known that the chromoionophore has no
absorption. This is rational practice, because in the ideal case, these two values would be equivalent and
any offset in one of them can be assumed to be due to variation in a parameter (e.g. light source) for
which its resulting influence should be removed with processing. Similar techniques using a wavelength
of no chromoionophore absorption for normalization of have been proposed previously (Motellier et al.
1993). In this work the normalization procedure is conducted in the following manner:
•
•

•
•

Subtract the dark spectrum from both the ion and reference spectra to obtain the two dark
corrected spectra.
At a defined wavelength of zero absorption for the given film chromoionophore (this work utilizes
715.09 nm for both chosen chromoionophores i.e. ETH 5294 and ETH 5350) calculate the
normalization factor by dividing the intensity of the dark corrected ion spectrum by the intensity of
the reference spectrum at this wavelength.
Multiply the reference dark corrected spectrum by the calculated normalization factor to obtain the
normalized reference spectrum.
Use the dark corrected ion spectrum and the calculated normalized reference spectrum to
calculate the normalized absorbance spectrum through Equation 53 (noting that the dark
spectrum has already been subtracted).

It should be noted that in the above normalization procedure that the reference spectrum was chosen as
the spectrum to normalize. The measured ion spectrum could have alternatively been chosen for this
normalization procedure but the overall results would be equivalent.
This normalization technique has been utilized in the processing of all data collected in this work, and has
proven to improve data consistency and shown to be suitable for all cases analyzed. It should be noted
that small errors could arise depending on the choice of normalization wavelength for very highly
fluorescent chromoionophores. As fluorescence emission may cause additional light intensity over a
select band of wavelengths, the assumption of equal variation in intensity across all wavelengths,
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discussed earlier, is no longer valid. Fortunately, fluorescence is of typically low relative intensity and its
influence would be calibrated out based on the performance of calibration experiments and thus will
typically cause close to negligible influence in the selected instrument implementation. In any case, a
normalization procedure is a necessity for accurate analyte activity estimates to account for the suite of
possible variations to light intensity, especially when using low-cost, non bench-top like hardware.
5.1.5.3.5 Absorbance Calculation
The equation for absorbance, Equation 7 can be rewritten in the form utilized in the spectral processing
operation to calculate the absorbance developed for the optrode system described in this work.
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𝑀𝜆 − 𝐷𝜆
𝐴𝜆 = − log �
�
𝑅𝜆 − 𝐷𝜆

[53]

Where:
Mλ = Intensity of ion spectrum at wavelength λ
Dλ = Intensity of dark spectrum at wavelength λ
Rλ = Intensity of reference spectrum at wavelength λ

As noted, Equation 53 is solved at each individual spectrometer output wavelength. In addition, as the
dark spectrum has been subtracted from the ion and reference spectra in a previous processing step to
allow for normalization, the already computed dark current ion intensity and normalized reference
spectrum are used directly in Equation 53.
5.1.5.3.6 Ratiometric Measurements
After having implemented the described normalization procedure and calculated the normalized
absorbance spectrum, Figure 17 displays that the next processing step includes a ratiometric calculation.
The use of a ratiometric measure to estimate analyte ion activity rather than an absolute absorbance
measure provides a method to remove other variances that can negatively influence the estimated
activity. In particular, wavelength dependent variations such as those due to film fabrication thickness
consistency and membrane chromoionophore concentration changes (e.g. resulting from fabrication,
leakage, decomposition) can be accounted for with this method. Consider an example of 10% variation in
film thickness between two fabricated films. As absorbance is directly proportional to path length as per
Beer’s Law (Equation 8) if an absolute absorbance at one wavelength is used to estimate analyte activity,
the film that is 10% thicker will have a higher absorbance at this particular wavelength. This higher
absorbance will translate into a difference between estimates of analyte ion activity between the two films,
even for the same shape of absorption spectrum and thus analyte ion activity.
As film thickness or chromoionophore concentration would not be corrected for in the normalization steps
as they are wavelength dependent parameters (and they do not change intensities/transmission in a
linear fashion as they do with absorbance) they need to be corrected using a different technique. The
tool implemented here to combat these chromoionophore absorption specific influences is through the
use of ratiometric measurements. Specifically the use of absorbance values at two different wavelengths.
Such dual-wavelength techniques have been proposed and discussed in other work (Seitz 1984;
Offenbacher et al. 1986; Tabacco et al. 1994). This is of interest, because as recalled, the optical
changes that bulk optrodes measure are related to a protonation/deprotonation equilibrium of a
chromoionophore. The measurement intensity spectra that is input into Equation 53 is physically
speaking then, a representation of this equilibrium, with each of the two species with its own respective
absorption peak. If the absorption spectra of Figure 18 are considered, the absorbance ratio is calculated
at the two wavelengths defined by the fully protonated and fully deprotonated chromoionophore. Though
either value could be assigned as numerator or denominator, this work uses the convention that the lowwavelength peak (fully uncomplexed chromoionophore) is the numerator and the high-wavelength peak
(fully complexed chromoionophore) is the denominator within the calculated absorbance ratio.

61

Figure 18: Explanation of the dual-wavelength ratiometric absorbance technique applied to optrode
spectral processing. The fully complexed (dashed gray) and fully uncomplexed (dashed black)
chromoionophore optrode film spectra shown for reference (but not used in final instrument
implementation) define the wavelengths used in the ratiometric absorbance calculation. Measured
spectra (blue) with indicated ratiometric wavelengths (red arrows).
Once again considering the 10% film thickness example, a 10% increase in film thickness will change the
absorbance values at both the indicated peaks in Figure 18 in a linear manner. But as the change is
linear the value of the ratio of these two values remains the same no matter how large the film thickness
change (i.e. the 10% factor cancels out as it appears in both the numerator and denominator). In some
sense the use of ratiometric absorbance measurements is an auto-calibration tool in that, it removes the
need to conduct any calibration procedures when a new film is installed within a system or after long
periods of operation, as the only thing of importance, no matter the absolute absorbance of the particular
film installed, is the relative absorbance values at the two wavelengths in question.
The bulk of the other optrode spectral processing techniques in the literature instead utilize the previously
described computation of α (i.e. uncomplexed to total chromoionophore ratio), which is also a ratiometric
absorbance technique (i.e. does not use an explicit absolute absorbance value) that helps correct for the
described effects (Figure 5). It should be noted that the parameter α (or more specifically (1-α)) is
calculated and utilized in several analyses conducted as part of this work. In all instances, the
wavelength of the maximum absorbance peak of the complexed chromoionophore is utilized (e.g. 660.09
nm for ETH 5294 and 639.91 nm for ETH 5350) in its determination by Equation 10. The main
disadvantage of the use of the α technique rather than a ratio using absorbance at two different
wavelengths is that it requires the collection of both the fully complexed and uncomplexed spectra. This
implies that every film utilized for measurement needs first be calibrated in both a very acidic and a very
basic solution, increasing operational complexity and procedures. Thus in addition to the ability to
account for certain wavelength dependent variation, the dual-wavelength absorbance ratio processing
technique provides a method of auto-calibration, significantly simplifying optrode operational procedures.
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5.1.5.3.7 Analyte Ion Activity Calculation
This conversion calculation is primarily based upon past optrode calibration curve experiments, whereby
the relationship between ion activity and absorbance ratio of the given film is determined. Various
calibration curve experiments should be conducted under the same conditions as the greater the sample
size the greater confidence in the developed relationship. Additionally, the potassium and calcium
optrodes both have their separate calibration files which serve as input to this processing step and any
future developed ion will subsequently have their own respective calibration data files. A user entered or
measured pH value can also be used as input into this processing step which automatically adjusts the
output analyte ion activity for the current pH based upon its direct and predictable influence on ion film
optical properties i.e. film absorbance ratios.
5.1.5.3.8 Summary of Spectral Processing Settings
The nominal settings utilized for the experimentation conducted as part of this work are shown in Table 6.
All parameter values were fixed for all conducted experiments except that of the integration time which
was varied slightly so as to ensure most suitable spectrometer intensity counts per spectrum collection.
Table 6: Nominal parameter values utilized in spectral processing related to optrode experimental work.
Parameter

Value

Integration time

1000 ms

Scans to average

30

Boxcar

10

Normalization wavelength

715.03 nm

Ratiometric wavelengths
Potassium
Low-wavelength peak

541.58 nm

High-wavelength peak

660.09 nm

Calcium
Low-wavelength peak

500.09 nm

High-wavelength peak

639.91 nm

5.1.5.3.9 Potential Future Processing Steps
An additional box could be added to the processing steps listed in Figure 17 which takes the estimated
output ion activity and a sensor measured electroconductivity value (EC probe) for which an estimate of
ionic strength is made based upon an approximate linear relationship (Crnogorac 1973) permitting an
estimate for analyte concentration. This supplementary step is not further explored in this work, but
depending on the required precision and the assumptions made, reasonable analyte concentration
estimates can be made if the ionic strength is assumed in rough terms to be equal to that of the nominal
half strength Hoagland nutrient solution.

5.1.6 Matlab Data Analysis Code

Though not necessary for nominal optrode monitoring a data analysis program was developed in Matlab
7.1 from Mathworks (Natick, MA, USA). This program allows for more detailed data analysis and postprocessing of any of the data files collected by the main optrodes programs written in LabVIEW. Any
data files of interest are simply copied to a given directory and then the Matlab .m file run. The Matlab
code is able to handle very large sets of data files and generates numerous outputs including plots of
normalized absorbance spectra and absorbance ratios and also computes other analysis quantities such
as (1-α) values and absorbance ratio averages over user designated time periods.
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5.1.7 Membrane Component and Concentration Optrode Response Calculator

To expedite the theoretical analysis of optrode response, a tool was generated in Microsoft Excel
(Microsoft Corporation, Redmond, WA, USA). The tool is based upon the general optrode response
equation (Equation 30) and its interface is shown in Figure 19.

Figure 19: Screenshot of the Membrane Component and Concentration Optrode Response Calculator.
The tool allows the user to rapidly compare membrane cocktail recipes of different components and in
varying concentrations. Other solution variables can also be entered and their influence addressed. As
different values can be found in the literature for the various system parameters included in the model, a
collection of these values has been included within the Excel worksheet for the potassium and calcium
systems and can be utilized if the user is interested in addressing future changes to the membranes
proposed in this work.

Chapter 6. Materials and Methods
6.1 Apparatus

The experimental apparatus utilized in the greater part of the experimentation in this work involved the
set-up shown in Figure 20. This apparatus utilized the optrode system described previously to measure
changes (e.g. ion activities, pH, temperature) within the solution contained in a 4 L amber glass bottle.
An amber glass bottle was initially chosen so as to reduce stray light into the optrode probe during
experiment. Following the fabrication and installation of the optrode light shield, no stray light was
apparent and it is likely that a clear glass bottle could have instead been employed. The glass bottle was
installed upon a magnetic stir plate (Fisher Scientific or Corning Incorporated) and was lightly stirred,
unless otherwise noted, at approximately 240 RPM (equivalent to stir setting 4 of 10 on the Fisher
Scientific stir plate) with an octagonal magnetic stir bar 38 mm long, 9.5 mm thick (14-513-52, Fisher
Scientific). This experimental arrangement was decided upon as it best represents the large bulk nutrient
solution volumes in which sensors, in a worst-case design scenario, could be implemented within, in large
commercial greenhouse production systems. The large, slowly stirred, 4 L sample solution volume
remained small enough so as to easily permit repeatable make-up of nutrient solution samples for test
and to adjust the solution analyte concentration without excess supplies of nutrient salts, while allowing
simplification related to issues of constant flushing of boundary layer components near the film-solution
interface.

64

Figure 20: Experimental apparatus utilized in the bulk of conducted optrode experimentation.

6.1.1 Solution pH and Temperature

Solution pH and temperature were determined with an accumet Research polymer body, gel-filled,
double-junction, pH/ATC combination electrode and an accumet Research AR50, dual channel,
pH/ion/conductivity meter obtained from Fisher Scientific (Waltham, MA, USA). For experiments where a
second pH electrode was required, an Orion ROSS Ultra Refillable pH/ATC triode refillable electrode was
used in tandem with an Orion DUAL STAR meter both obtained from Fisher Scientific. All experiments,
unless otherwise described were conducted at the lab room temperature which resulted in measured
solution temperatures at experiment commencement between 20.0 and 22.2 °C and variance over the
experiment by a maximum of ±0.5 °C (though typically ±0.1 °C for calibration curve experiments).

6.2 Reagents

All aqueous solutions were prepared using a Millipore RiOs 5 reverse osmosis water purification system
for pretreatment followed by the Millipore Simplicity 185 for Type 1 (18.2 MΩ·cm) ultrapure output water
from Millipore (Billerica, MA, USA). Adjustment of sample solution pH was exclusively conducted utilizing
sodium hydroxide solution (NaOH) (50% in H2O) obtained from Sigma-Aldrich (St. Louis, MO, USA) or
hydrochloric acid (HCl) (ACS Reagent) purchased from Fisher Scientific.

6.2.1 Membrane Preparation

For potassium membrane preparation poly(vinyl chloride) (PVC, high molecular weight), bis(2-ethylhexyl)
sebacate (DOS), chromoionophore ETH 5294, potassium ionophore BME-44, potassium tetrakis[3,5bis(trifluoromethyl)phenyl]borate (KTFPB), potassium tetrakis(4-chlorophenyl)borate (KTpClPB) and
tetrahydrofuran (THF, high purity) were obtained in Selectophore® quality from Sigma-Aldrich.
Calcium membrane production involved the use of the same described ETH 5294, PVC, DOS and THF
reagents but included the chromoionophore ETH 5350, calcium ionophore ETH 1001 and 2-nitrophenyl
octyl ether (NPOE) obtained in Selectophore® quality from Sigma-Aldrich and sodium tetrakis[3,5bis(trifluoromethyl)phenyl]borate (NaTFPB) (of unlisted grade, but through communication with SigmaAldrich it was confirmed that the product contained less than 5% water and ethers and a reference NMR
for the product was obtained) also from Sigma-Aldrich.
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6.2.2 Half Strength Hoagland Nutrient Solution

Nutrient salts including boric acid (H3BO3) (for molecular biology), manganese(II) chloride tetrahydrate
(MnCl2·4H2O) (ReagentPlus), zinc sulfate heptahydrate (ZnSO4·7H2O) (ReagentPlus), molybdic acid
(H2MoO4) (ACS), ammonium dihydrogen phosphate (NH4H2PO4) (ReagentPlus), magnesium sulfate
heptahydrate (MgSO4·7H2O) (ReagentPlus), were obtained from Sigma-Aldrich. Potassium nitrate
(KNO3) (Reagent), calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) (Technical) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA) and copper(II) sulphate pentahydrate (CuSO4·5H2O),
ethylenediaminetetraacetic acid iron(III) sodium salt trihydrate (13.2% Fe chelate) (Fe-EDTA) were
obtained from Plant Products Co. Ltd. (Brampton, ON, Canada). Acquired nutrient salts were utilized to
make up the various macronutrient stock solutions and micronutrient stock solutions as described in
Table 2. Bulk nutrient solutions were made up from the premade stock solutions shortly prior to the
conduct of each experiment. The nominal half strength Hoagland nutrient solution following preparation
has an ionic strength of approximately 0.0162 M.

6.2.3 Other Salts Relevant to Response Curve and Selectivity Experiments

Nitrate and chloride salts, utilized for film characterization and selectivity experiments including potassium
nitrate (KNO3) (ACS Reagent), calcium nitrate (Ca(NO3)2·4H2O) (≥99.0%), potassium chloride (KCl) (for
molecular biology), calcium chloride (CaCl2) (anhydrous), magnesium chloride (MgCl2) (anhydrous),
sodium chloride (NaCl) (ACS Reagent) were obtained from Sigma-Aldrich. Ammonium chloride (NH4Cl)
(ACS Reagent) was obtained from VWR (Radnor, PA, USA).

6.2.4 Buffers and pH Standards

For general optrode characterization and comparison to results in nutrient solution, phosphate buffers
utilizing sodium phosphate dibasic (Na2HPO4) (BioXtra) and sodium phosphate monobasic (NaH2PO4)
(BioXtra) were acquired from Sigma-Aldrich. Buffer solutions of pH 4, pH 7 and pH 10 (BDH Reference
Standard Buffer) were acquired from VWR for pH calibration. Experiments conducted at the commonly
employed baseline of pH 6, utilized a premixed pH 6 buffer solution (6.00 ± 0.01) obtained from Fisher
Scientific for supplementary verification of suitable pH calibration immediately prior to experiment
initiation.
For experimental work utilizing pH buffers, the buffer solution ionic strength was matched to the ionic
strength of the half strength Hoagland nutrient solution for the equivalent test. The nominal half strength
Hoagland has an ionic strength of 0.0162 M. Taking the example of experimentation to generate
potassium optrode calibration curves, both the half strength Hoagland nutrient solution and pH buffer
+
were commenced at [K ] = 0 mM implying a calculated ionic strength of 0.0132 M for the nutrient solution.
+
The initial pH buffer at [K ] = 0 mM potassium was thus also generated to have an ionic strength of
0.0132 M and equates to a sodium phosphate buffer strength of approximately 0.0118 M so that as
potassium salts were added to adjust potassium concentration over the calibration curve experiment, an
ionic strength of 0.0162 M was obtained when a 3 mM potassium concentration was reached.

6.3 Ion-Selective Film Fabrication

The simplified production of non-covalently immobilized bulk optrode membranes is one of their primary
advantages.

6.3.1 Membrane Cocktail Recipes

A specific mixture of the five bulk optrode components, ionophore, chromoionophore, ionic sites, polymer
and plasticizer was determined based upon the described Membrane Component and Concentration
Optrode Response Calculator. The small mg amounts of each component were then either massed out
or in certain cases individually dissolved in a small amount of THF and then volumetrically measured out.
Weighing of samples was conducted on an AT400 balance (0.1 mg readability) acquired from MettlerToledo (Columbus, OH, USA). As optrode response depends on the specific concentration of each
component, it was critical that these components be accurately measured out. Though ideally
measurement accuracy could be improved by using large amounts of membrane component so as to
avoid measuring out very minute amounts of each component due to the high cost of the bulk of the
membrane components, which are in many instances sold in 10 mg quantities, it is difficult to consider
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utilizing more significant membrane component masses. All measured out membrane components were
added together in an amber vial and then dissolved in a specific amount of solvent and the vial sealed to
avoid solvent evaporation. THF was the utilized solvent and is the solvent most frequently applied for
dissolving the lipophilic components used in bulk optrode membranes. The membrane components and
solvent mixture, which will be referred to as the membrane cocktail was then left to mix in darkness (i.e.
wrapped in aluminum foil) for several hours on a stir plate. Four hours was typically ample time for the
cocktail to be free of any visual non-dissolved components and what was utilized for the films fabricated
as part of this work. If any non-dissolved components were obvious (likely PVC) then additional stir time
was prescribed. Following stirring, the amber vial was transferred to an ultrasonic bath (Branson Model
2510 ultrasonic bath, Branson Ultrasonic Corporation, Danbury, CT, USA) and sonicated for a period of
20 minutes. The membrane cocktail was then ready for the remaining steps in film fabrication or put into
storage in darkness until a later date. Those samples sent to storage, when removed for use were put
onto a stir plate for an additional period of 10 minutes prior to undergoing final fabrication.

6.3.2 Fabrication

There are two primary means used in literature for the fabrication of PVC bulk optrode membranes. Both
involve the use of a solvent to dissolve the aforementioned five membrane components. In the first
fabrication method a small quantity of the membrane component cocktail is deposited on a flat horizontal
surface and is left to dry in place and the generated film used as is or smaller shaped films produced by
punching-out or cutting-out the films to the desired shape. The much more popular film fabrication
technique and the method utilized throughout this work involved the use of a spin-on device which spins
up the material/substrate onto which the film cocktail is deposited. This technique has the advantage that
it permits control over film thickness and typically produces films of a more homogenous thickness. In
contrast, it has the primary disadvantage that a large amount of film cocktail is spun off and wasted during
film production. This loss can pose an issue if the particular membrane components are of high cost or
require a detailed procedure for synthesis.

6.3.3 Spin Coating

Spin coating is a mature and frequently used process in semiconductor manufacturing. The process itself
can typically be described in four stages; deposition, spin up, spin off and evaporation (Bornside et al.
1987). Certain stages occur in tandem, while the evaporation stage occurs over the duration of the spin
coating process. The deposition phase involves the deposit of the liquid film cocktail on the substrate and
can be conducted with the substrate either stationary or already spinning. All films were produced using
a Model 6808 Non-Programmable Spin Coating System from Specialty Coating Systems (SCS)
(Indianapolis, IN, USA) utilizing a type H stainless steel 3/8” diameter vacuum check with O-ring.

6.3.3.1 Procedure

Following the make-up of the membrane cocktail recipe the solution was ready for spin coating. The
surface to be spin coated (e.g. sensor cap mirror) was wiped cleaned with a fibre-free tissue dampened
with a small amount of THF. As optrode films were fabricated in batches, a number of sensor caps were
cleaned at once. Shortly before spin coating the surface was wiped clean a final time with a dry fibre-free
tissue and visually inspected to ensure that no obvious deposits (e.g. dust, fibres) were apparent. The
part was then readied in the spin coater and the small amount of membrane solution deposited utilizing a
μL syringe, followed immediately by spin coating, according to the settings provided in Table 7.
Table 7: Spin coater settings utilized for potassium and calcium film fabrication.
Setting

Value

Rotation Rate

2000 RPM

Ramp-Up Time to Final Rotation Rate

1s

Resident Time at Final Rotation Rate

5s

Volume of Deposited Solution
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10 uL

The above settings were utilized for the fabrication of all final potassium and calcium films. Following
fabrication the films were left to dry in darkness. Following a minimum drying period of 12 hours the films
were ready for experimental use.

6.3.3.2 Spin Coating Results

Several issues exist with spin coating that make the achievement of perfectly consistent films a challenge.
The spin coating of thin rectangular substrates is likely the most exigent and must overcome edge bead,
geometrical, Bernoulli and chuck mark effects (Birnie et al. 1992; Luurtsema 1997). All of these effects
have been experimentally observed as part of this work when spin coating custom sized cover slips which
were used in the initial film characterization (not reported). Fortunately, in coating the thick circular
sensor screw caps, most of these issues had only limited, if any effect on the final film. The one issue
that did pose influence on film quality was edge bead effects. An edge bead is a thick band of film that
forms around the outer edge of the substrate being spun. Due to the small size of the mirrors used as
substrate, the edge bead in some instances took up a reasonable portion of the active area and thus had
some influence on the measured results.
Notwithstanding the above statements, films fabricated with the recipes presented in the potassium and
calcium results sections and using the above mentioned procedures have proven to perform quite well
from a mechanical perspective. In particular, their ability to adhere to the sensor cap mirrors has proven
to be excellent, with no films becoming detached while in solution during any of the conducted
experiments. Specific results on the consistency of the generated potassium and calcium films from an
optical perspective are provided in the respective sensor results sections.
Some consistency issues have arisen with calcium films in that following drying they no longer appear to
be a completely solid colour and have small regions which are coloured differently from the rest of the
membrane. Even upon immersion in solution these small regions do not seem to react in the same
manner as the remainder of the film. The underlying reason for this issue has yet to be elucidated but
fortunately a quick visual filtering of the films following fabrication allows for the inconsistent films to be
discarded. Approximately 20 - 25% of the fabricated calcium films appear to have this discolouration.
Specifics on this issue are presented in the calcium optrode results section.
Although not presented in detail, a short comparison of films fabricated by using the described spin
coating method of depositing the membrane cocktail solution prior to sensor head spin-up versus
depositing the solution following sensor cap spin-up was conducted. It was initially thought that
depositing the film following spin-up would result in improved consistency (e.g. thickness) between films,
but results show that both methods produce films with approximately the same variation. As depositing
before spin-up is a simpler technique (especially because the acquired spin coater does not have an auto
dispense option) this was the chosen method. In addition, depositing before spin-up was shown to waste
less membrane cocktail for every spin coated sensor cap.
Early on in the experimental work, membrane cocktail solutions were made up, used to fabricate a
number of films and then put into storage for use at a later date. It was soon realized that even when
stored in darkness, storing membrane cocktail solution was not practical as obvious changes were
occurring within the membrane solution over time. In particular, the viscosity of the solution increased
with time and films produced with membrane cocktails of several months in age exhibited an increase in
absorbance at low-wavelengths (~400 nm).
It is known that THF forms peroxides (mostly
hydroperoxides) with exposure to oxygen (BASF 1998). Peroxides themselves could result in the
observed changes to the solution, but it should also be noted that over time, impurities in any of the
membrane components have greater likelihood to change the make-up/stability of the membrane cocktail
solution the longer it is stored. For this reason, it is suggested that all formulated membrane cocktail be
utilized in batch film fabrication and not stored for later use as films of improved consistency will be
obtained.
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6.4 Experimental Procedure
6.4.1 Common to All Experiments

The experimental apparatus was readied as per the nominally described apparatus or modified as per the
instructions provided in the specific experiments described below. Experiments were not commenced
until the spectrometer had been on for at least several hours (normally left on continuously over several
months). Just prior to the initiation of any experiment, the utilized pH meter(s) was standardized and the
test solution(s) adjusted to the desired pH. Unless described, the nominal optrode instrument parameters
in Table 6 were set in the instrument control software. This was followed by the installation of a blank
sensor cap (i.e. one that contains a mirror but with no spin coated film) onto the end of the optrode probe.
The probe was then immersed in solution and the program initiated. On initiation, the program first
collects a dark spectrum and thus a thin black plastic object was placed in the obvious slot within the LED
light source to block all light source output from entering the output fibre optic. This black object was left
in position until prompting from the instrument control software at the completion of the collection of the
dark spectrum. After a built-in hold, the reference spectrum collection was commenced and following
completion the operations program stops and allows the user to confirm the acceptability of the dark and
reference spectra. At this time the optrode probe was removed from solution and the sensor cap
changed from the blank (reference) sensor head to an ion-selective sensor cap. The instrument control
program was then resumed by entering program queried information and the optrode probe re-immersed
in solution and the experiment conducted as per the procedure detailed for each specific experiment
provided in the sections to follow.

6.4.2 Calibration Curve and Measuring Range Experiments

These experiments utilized the nominal described apparatus and optrode instrument system and were
conducted in either nutrient solution or pH buffer (sodium phosphate) at pH 6.00 (or at pH 5.60 or pH 6.40
for the varied nutrient solution pH experiments). For the nutrient solution conducted calibration runs, the
initial solution was composed of all nominal nutrient ions (as listed in half strength Hoagland Table 2)
except for potassium or calcium, depending on the optrode under test. For example, for potassium
calibration curves, the initial potassium concentration was 0 mM at experiment start. The optrode film
was immersed in this solution and enough time allowed to elapse until full equilibration (i.e. normally 10 –
20 minutes proved to be much more than ample time for the attainment of a stable absorbance ratio).
Following assured equilibration, changes to the analyte ion concentration were commenced. So as to
best reproduce the conditions within the chosen nutrient solution, potassium or calcium nitrate salts were
added in sequential steps every 5 to 10 minutes until the achievement of the nominal potassium or
calcium concentration within the half strength Hoagland nutrient solution (3 mM, 2 mM respectively).
Potassium or calcium chloride salts were added in the ensuing calibration steps. Through the nitrate and
chloride salt additions, the calibration curve experiments were swept through a standard suite of analyte
concentrations of 0.1, 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 10, 15, 20 mM for potassium or 0.1, 0.25,
0.5, 1, 1.5, 2, 2.5, 3, 4, 5 mM for calcium. This was followed by measurement of the uncomplexed
chromoionophore spectrum which involved changing the pH to a value typically between pH 9 – 10.5. In
the case of the calcium calibration runs, this step was instead conducted in deionised water at this high
pH so as to eliminate the effect of the substantial precipitate that would form in nutrient solution at such
high pH values. Following the completion of this 5 to 10 minute calibration step, a complexed
chromoionophore spectrum (approximately matching the 0 mM analyte spectrum) was collected by
adjusting the pH to a value typically below pH 3. Absorption spectra were collected on a one minute
frequency during this experiment.
Although the optrodes discussed in this work were being developed for operation within hydroponic
nutrient solution, the additional characterization in pH buffer was important because it; allows for more
direct comparison of results with the greater part of those in literature and it provides complementary data
on the selectivity of the tested optrodes, in that if the experimental calibration curve data in pH and
nutrient solution are not aligned, the misalignment can likely be assessed to be due to the interference of
another ion or ions
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6.4.3 Film Consistency Experiments

These experiments utilized the nominal described apparatus and optrode instrument system and were
conducted in half strength Hoagland nutrient solution at pH 6.00. Two different analyte concentrations
were utilized in the film consistency experiments. The first was the half strength Hoagland nutrient
solution containing all ions in normal quantities save the analyte ion which was left at 0 mM. The second
was the nominal half strength Hoagland nutrient solution. The spin coated films were first tested one by
one within zero analyte ion solution with each film independently immersed in solution for a 10 minute
period and then removed and left to dry in air. Following the test of each film in the first solution, the test
was repeated in the nominal half strength Hoagland nutrient solution. During both tests, absorption
spectra were collected on a one minute frequency.

6.4.4 Selectivity Experiments

Both SSM and FIM type selectivity tests were implemented in the assessment of the selectivity of the
potassium and calcium optrodes. All tests utilized the nominal described apparatus and optrode
instrument system and were conducted in pH buffer of varied pH depending on the particular interfering
ion being examined.

6.4.4.1 Ions of the Same Charge

SSM tests were commenced with the nominal optrode films immersed in pH buffer containing neither the
primary ion nor interfering ion. Following assurance of equilibration, chloride salts containing the
interfering ion were added in increasing amounts on a 10 minute frequency. Absorption spectra were
collected and saved on a one minute frequency. In some cases a pH buffer at a higher pH was employed
to obtain a more reasonable sweep through of chromoionophore protonation levels over the course of the
experiment. An estimate of a reasonable pH could be made based upon selectivity coefficient literature
on the chosen film ionophore and/or result of an initial trial in a pH buffer at the nominal value of pH 6.00.
Following the chloride salt addition steps, the fully deprotonated and fully protonated chromoionophore
absorption spectra were collected by adjusting the buffer pH to be very basic and then very acidic through
the addition of NaOH or HCl.

6.4.4.2 Ions of Different Charge

In the case where interfering ions differed in charge from the analyte ion (e.g. when testing a potassium
film to magnesium interference) pH changes could not be utilized to instigate more significant optical
changes (due to pH itself influencing the selectivity coefficient) and thus highly concentrated (1 M)
chloride solutions at pH 6.00 were utilized. These same solutions were also used in cases where
precipitation of the interfering ion out of the nominal sodium phosphate pH buffer occurred before any
observable change in membrane optical properties developed. Though this method utilized non-buffered
solutions and the concentrated nature of the solutions introduces minor uncertainty when the DebyeHückel formulation is applied, it represents an acceptable method for selectivity coefficient estimation
(Qin et al. 2003).
As in the described procedure for ions of the same charge the optrode film was first immersed within the
nominal pH 6.00 buffer containing neither primary nor interfering ion. Following assurance of
equilibration, the optrode was extracted from solution and immersed into one of the 1 M chloride solutions
maintained at pH 6.00 for a period of 10 minutes. Absorption spectra were collected and saved on a one
minute frequency. Following the period of 10 minutes the optrode was extracted and then re-immersed
within the initial pH buffer for 10 minutes. This process was repeated until all of the various interfering ion
chloride solutions were tested following which the fully uncomplexed and fully complexed
chromoionophore absorption spectra were collected by immersing the optrode within deionised water
adjusted with NaOH or HCl to have a very high or very low pH.
For SSM conducted experiments, the selectivity coefficient was estimated from an optrode response plot
+ p
comparing (1-α) versus either log(aM/(aH ) ) or log(aM) directly (M is the analyte or interfering ion and p
is the ionophore-analyte ion complex stoichiometry) at the common basis of α = 0.5 by fitting a best-fit
response curve to the collected data points (with the assumption of some ionophore-interfering ion
complex stoichiometry).
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FIM tests were commenced by exposing the nominal optrode films to pH buffer containing a fixed
concentration of the interfering ion being tested. The tests then followed the procedure of the nominal
calibration curve generation tests. From the resulting data the selectivity factors were evaluated by a
theoretical fit of the experimental absorbance values in the presence of both added primary and
interfering ions.

6.4.5 Lifetime Experiments

The long duration lifetime experiments were conducted using the nominal experiment apparatus with
some tests conducted in pH buffer while others were conducted in nutrient solution. Experiments in
nutrient used the nominal half strength Hoagland nutrient solution, while tests in pH buffer included only
an added salt of the respective analyte ion at its nominal concentration within half strength Hoagland
+
2+
nutrient solution (i.e. potassium film in [K ] = 3 mM, calcium film in [Ca ] = 2 mM). All tests were
conducted with a pH 6.00 set point and though pH was monitored and adjusted when necessary,
adjustment was not possible overnight. As would be expected, there was not substantial drift overnight
(max observed was 0.06 pH units). Lifetime tests were typically conducted for an approximate duration of
100 hours and were set up to run with a one hour spectral collection frequency. After this approximate
100 hour duration, the film in test was exposed to a new solution with a varied analyte concentration to
test the functionality of the film. Though solution properties were monitored throughout the lifetime
experiments, additional verification that no changes were occurring in the test solutions themselves was
confirmed following a given optrode film test, by taking a second optrode film and immersing it in the
same solution and confirming that its absorption spectrum matched that of the initial film spectrum at time
zero (confirming changes were occurring within the tested films).

6.4.6 Response Time Experiments

The response time of the optrode sensors to react to analyte activity changes was conducted using the
nominal experimental apparatus displayed in Figure 20 but with a second stir-plate and a second 4 L
amber bottle containing a solution of different analyte concentration. The analyte activities were chosen
in such a way to force relatively large optical property changes within the film and thus included one low
2+
and one high analyte concentration (e.g. for the calcium case solution one was [Ca ] = 0.1 mM and
2+
solution two was [Ca ] = 5 mM). The solutions were maintained at room temperature and at pH 6.00
throughout the duration of experimentation. Following equilibration of the film in one of these two
solutions the optrode probe was moved into the second solution and lightly shaken for a period of
approximately five seconds. As response time can be influenced by several variables related to the
experimental set-up, it is important to confirm that experiments included the probe light shield and were
conducted in solutions stirred at the nominal rate described previously. The optrode was then left in this
second solution for a period of 10 minutes following which it was extracted and re-immersed into the initial
solution for a period of 10 minutes. The response time was then taken as an average of each of the
respective solutions transitions obtained from a plot of the optrode absorbance ratio with respect to time.
It should be noted that for the potassium sensor a separate response time experiment was not required
as other experimental data already existed (a secondary phase of one of the lifetime tests) which
provided a sufficiently large absorbance ratio change (concentration variation) to be representative of the
targeted response time parameter. Absorption spectra collected on a one minute frequency proved
sufficient for the response time assessment of these particular sensors.

6.4.7 Repeatability Experiments

The test of the optrode sensors to repeatedly measure between two analyte ion activities was conducted
within two different solutions of half strength Hoagland nutrient solution. For the potassium tests, one
+
+
solution was made up with [K ] = 1 mM and the other with [K ] = 4 mM, while all other solution variables
were maintained the same (pH 6.00, room temperature). For the calcium optrode tests, one solution was
2+
2+
made up with [Ca ] = 1 mM and the other with [Ca ] = 4 mM. Although eventually proven to be a nonissue, initial concern with absorbance ratio drift with cycles of immersion, extraction and re-immersion
drove some repeatability tests to follow the ‘large volume test’ method described in the sections to follow.
These ‘large volume tests’ ensured continuous immersion of the optrode film in solution as it underwent
test. As this initially observed drift was later determined to be due to faulty instrumentation used in the
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conduct of a particular optrode experiment, a more conventional two solution immersion-extraction-reimmersion test was conducted in later repeatability tests. This two solution test, in which the optrode
membrane is out of solution for a short period between the two solutions of varied analyte concentration,
is also described in the sections to follow. One solution repeatability tests are also discussed as they
provide an assessment of a potential operational protocol which may extend sensor lifetime by removing
the optrode from solution between measurements. In all experiment scenarios, optrode repeatability is
assessed by analyzing the mean and standard deviation of the computed absorbance ratios. In all tests
the absorption spectra collection frequency was set at one minute.

6.4.7.1 Two Solution Tests

These tests utilized the nominal experimental apparatus, but included an additional stir-plate and 4 L
amber bottle sitting side by side with that shown in Figure 20. One amber bottle was filled with the low
analyte ion concentration, while the other was filled with the high analyte concentration. Following
monitored equilibration of the film in one of these two solutions, the optrode probe was moved from this
solution and immersed into the other solution for the set frequency of 10 minutes. The optrode probe was
then extracted and immersed into the initial solution for the same set period. This cycle would be
repeated until the desired number of solution changes was complete.

6.4.7.2 Large Volume Tests

The large volume repeatability tests utilized the nominal optrode instrument but instead of the optrode
probe being immersed into a typical 4 L solution filled amber bottle, it was instead dipped into a 500 mL
amber bottle. Two large volume reservoirs filled with approximately 20 L of the two varied analyte
concentration nutrient solutions were used to flush this 500 mL amber bottle containing the optrode under
test. This experiment was conducted in such a way that the optrode would always remain immersed in
solution, even during changes between the two solutions. The general experimental set-up in Figure 21
shows the large 10 gal reservoirs (Nalgene 10 gal tank, cylinder with cover and spigot HDPE part
number: 51-102-0010 obtained from Fisher Scientific placed on top of a lab shelving unit to allow for
gravity feed (through 5/8” ID, 1/8” wall tubing) to appropriately flush the small 500 mL amber bottle below.

Figure 21: Experimental set-up of the large-volume repeatability experiments. View of the overall set-up
showing large reservoirs installed on top shelf of lab shelving unit and the respective tubing running
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vertical which was used to flush solution from the amber bottle shown at the bottom (left). Zoomed in
view of amber bottle, installed optrode and waste water catchment reservoir below (right).
During the repeatability experiment the optrode was repeatedly exposed to the described solutions of
varied analyte concentration on a 10 minute frequency. After the completion of the 10 minute duration,
the solution was flushed by taking the tubing from the large reservoir containing the other analyte
concentration and putting it within the amber bottle and then opening the spigot on the large reservoir to
allow flow. Following approximately 30 seconds of flushing in which approximately 4 L of solution flowed
from the reservoir, the spigot was closed and the tubing removed from the 500 mL bottle. As evident in
Figure 21, an initially empty reservoir was placed below the amber bottle to collect the overflow from the
flushing of the solution between measurements. This process was repeated several times to collect
several responses to solution change-out. It should also be noted that just before the flushing of the
amber bottle between solution change-outs that approximately half of the bottle solution was pipetted out
so as to reduce the amount of volume that had to be flushed to better ensure that the new solution
following flushing was exactly at the desired concentration.

6.4.7.3 One Solution Repeatability

The one solution repeatability tests were conducted using the nominal experimental apparatus. In these
tests, the optrode was immersed in a 4 L bottle of half strength Hoagland solution until equilibration was
obtained. The optrode probe was then extracted from solution and left to dry in air for a period of five
minutes before being re-immersed in the same nominal half strength Hoagland solution. Cycles of
repeated extraction and re-immersion were continued until a reasonable number were accumulated.

6.4.8 Influence of Temperature Experiments

The effect of temperature tests were conducted using the nominal experimental apparatus but activated
the stir/hot-plate for heating phases and used an ice-bath for which 4 L amber bottle could be submerged
in for cooling phases. In general terms the immersed optrodes would be exposed to temperature
variation between approximately 7.5 °C and 30 °C. Ion intensity spectra were collected and used to
calculate absorption spectra on a one minute period. Different temperature profiles were used so as to
reduce the likelihood that the measured absorption changes were instead due to drift. Each test used the
nominal half strength Hoagland solution and the pH was maintained at pH 6.00 throughout.

Chapter 7. Potassium Optrode

This section presents the developed potassium bulk optrode for sensing in hydroponic nutrient solution.
For historical and comparative purposes, relevant history related to the general development of optrodes
for potassium is given. This is followed by a select list of sensor requirements driven specifically by the
consideration of potassium sensing in nutrient solution. Theoretical analysis and the application of the
developed optrode response model for the potassium sensor case is presented including a brief review of
experimental results that allowed for the arrival at the final potassium membrane recipe. Finally, the
results of the characterization and experimental test of the final potassium optrode, including relevant
instrument parameters is presented.

7.1 History of Development

Initial attempts at replacing the then standard of potassium determination by flame emission spectroscopy
were based on the spectrophotometric determination of potassium based on selective complex formation
with crown ethers followed by solvent extraction of the ion-pair formed with a highly coloured or
fluorescent anion between two immiscible solutions (Sumiyoshi et al. 1977; Sanz-Medel et al. 1981).
Near term advancements included the use of chromogenic macromolecules incorporating the same or
similar crown ethers selective to potassium with continued extraction between aqueous and organic
solutions (Takagi et al. 1977; Nakamura et al. 1980). Charlton et al. (1982) replaced the organic solvent
with a solid phase demonstrating a potassium sensing technique requiring reduced solution preparation
and one more applicable to reversible and continuous measurement. Another research group initiated
potassium ion sensing utilizing potential sensitive dyes integrated into Langmuir–Blodgett films which
modify their fluorescence properties based upon the potential generated at the lipid/water interface
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(Wolfbeis et al. 1987; Schaffar et al. 1988). Alder et al. (1987) reported the first potassium fibre optic
probe like sensor which was based upon substrate (Amberlite XAD-2) immobilized crown ethers. Soon
after, critical work introduced and laid the foundation for bulk optrodes (Morf et al. 1989a; Morf et al.
1989b; Simon et al. 1990; Suzuki et al. 1990). This permitted development of bulk optrode based
sensors for potassium (Roe et al. 1990; Suzuki et al. 1990; Wang et al. 1990). The same ‘Takagi’
reagents introduced previously in Takagi et al. (1977) and Nakamura et al. (1980) were incorporated into
fibre optic probes utilizing hydrophilic membranes (García et al. 1992; Alava-Moreno et al. 1993). These
same hydrophilic probes were further elaborated by the same research group (Díaz-García et al. 1994).
Advancements in several other of the aforementioned sensing schemes for potassium were made over
the years to follow e.g. potential sensitive dyes incorporated into PVC membranes (Murkovic et al. 1996),
reduced pH sensitive hydrophilic membrane potassium sensor (Krause et al. 1999) and PVC membrane
immobilized macromolecules with improved spectral properties (e.g. long wavelength absorption and
emission, high absorptivity and quantum yield) (Ertekin et al. 2002). Many other papers from the same
research groups and others detailing potassium selective sensing using bulk optrode type sensor
derivatives were published in the 1990s (He et al. 1993; Hisamoto et al. 1995; Polster et al. 1995; Chan et
al. 1996; Shortreed et al. 1997; Tóth et al. 1997; Koronczi et al. 1998). Only a few relevant potassium
selective optical sensors followed in the next decade (Capitán-Vallvey et al. 2003; de Orbe-Payá et al.
2007).

7.1.1 Potential Potassium Ionophores

Many of the common ionophores for potassium were developed and tested for ISEs (Bakker et al. 1997).
The discovery of the action of antibiotics (e.g. nonactin, monoactin) as neutral complexing agents and as
carriers for cations and their subsequent use in ISEs occurred in the mid-1960s (Buhlmann et al. 1998).
This was followed by the discovery of the now, most commonly utilized potassium ionophore, the
antibiotic valinomycin and its ability to induce ion-selective effects in metabolic studies in rat liver
mitochondria (Oggenfuss et al. 1986). This led to the first fabrication of a potassium selective electrode
based on valinomycin in 1968, achieving remarkable selectivity (Oggenfuss et al. 1986; Buhlmann et al.
1998). By the late 1990s it was approximated that in the USA alone approximately 200 million clinical
assays for potassium were being made annually with ISEs based on valinomycin (Bakker et al. 1997).
Following antibiotic based potassium ionophores several crown ether based ionophores were utilized for
potassium sensing, initially in potassium ISEs but most had poor selectivities (Buhlmann et al. 1998).
A wide slate of potassium ionophores now exist that can be considered for implementation into potassium
bulk optrode membranes. Bulk optrodes have utilized nonactin (Polster et al. 1995), valinomycin
(Kawabata et al. 1990b; Roe et al. 1990; Suzuki et al. 1990; Wang et al. 1990; He et al. 1993), dibenzo18crown6 (DB18C6) (Suzuki et al. 1990) and BME-44 (Wang et al. 1990; Brasuel et al. 2001; Buck et al.
2004) to name a few. A summary of published potassium bulk optrodes and their respective ionophores
along with the other employed membrane components is provided in Table 9.
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Table 8: Literature summary of potassium selective bulk optrode membranes.
Reference
(Kawabata et al. 1990b)

Ionophore
Valinomycin

Chromoionophore
+
dodecyl-AO

Anionic Salt
NaTFPB

Polymer
PVC

Plasticizer
DOS

(Wang et al. 1990)

Valinomycin

ETH 5294

KTpClPB

PVC

DOS

(Wang et al. 1990)

BME-44

ETH 5294

KTpClPB

PVC

DOS

(Roe et al. 1990)

Valinomycin

Absorbance: MEDPIN
Fluorescence:DilC18(5)

None

PVC

NPOE
TOP

(Hauser et al. 1994)

Valinomycin

ETH 5294

KTpClPB

PVC-OH
copolymer

DOS

(Polster et al. 1995)

Valinomycin
Nonactin
1,1-dimethylsila-20-crown-7

ETH 5294
DZ-49

KTpClPB

PVC

DOS

(Hisamoto et al. 1995)

Valinomycin

LAD-4

None

PVC

DOS
NPOE
FNDPE

(Murkovic et al. 1996)

Valinomycin

D1125

KTpClPB

PVC

TOP

(Chan et al. 1996)

calix[6]arene hexaester

ETH 5294

KTpClPB

PVC

DOS

(Shortreed et al. 1997)

BME-44

ETH 2439
ETH 5294
ETH 5350

KTFPB

PVC

DOS

(Tóth et al. 1997)

BME-44

ETH 5350

NaTFPB

PVC

DOS

(Koronczi et al. 1998)

Valinomycin

Measurement: ETH 7057
Reference: Nile Red

KTpClPB

PVC-OH
copolymer

DOS
NPOE

(Capitán-Vallvey et al. 2003)

DB18C6

ETH 5294

KTpClPB
NaTFPB

PVC

DOS
NPOE
TBP
DOP
TEHP

(de Orbe-Payá et al. 2007)

DB18C6

ETH 5294

KTpClPB

PVC

NPOE

(Harjes et al. 2010)

BME-44

ETH 5350

KTFPB

PVC

DOS
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7.2 Nutrient Solution Potassium Sensing Requirements

The hydroponic nutrient solution itself drives the analyte ion measuring range and selectivity requirements
for the developed ion-selective sensors. Basic requirements are reviewed here for potassium.

7.2.1 Ranges in Nutrient Solution

As seen from Table 3, the nominal potassium concentration in half strength Hoagland nutrient solution is
3 mM. This concentration then becomes the centre of the desired measuring range of the developed
potassium optrode. Though the 3 mM value was utilized as the nominal concentration in the developed
potassium sensor, as bulk optrodes typically have 2-4 orders of magnitude in their measuring range
(Bakker et al. 1997), the developed sensor will also be well suited for use in other hydroponic nutrient
solutions as most of the nutrient solution recipes fall within a potassium concentration range of
approximately 2.5 to 5 mM (Jones 2005).

7.2.2 Selectivity Requirements

Utilizing Equation 48 the required selectivity values that must be met by a potassium sensor were
calculated for monitoring in half strength Hoagland nutrient solution. Table 9 presents these required
selectivity values considering a maximum tolerable error (pi,j) in permitted potassium activity sensing of
1%. This table presents the half strength Hoagland nutrient solution selectivity requirement results for the
following three analysis cases:
+
• Case1: All nutrient ions at their nominal half strength Hoagland concentration ([K ] = 3 mM).
+
• Case 2: Minimum expected potassium concentration of [K ] = 0.5 mM with other nutrient ions at
their nominal concentration.
+
• Case 3: Minimum expected potassium concentration of [K ] = 0.5 mM with all other nutrient ions
at two times their nominal concentration.
Table 9: Summary of potassium optrode selectivity requirements for monitoring in half strength Hoagland
nutrient solution. Required selectivity coefficients calculated using Equation 48 with the maximum
tolerable measurement error set as 1%.

Nutrient Ion
+

K

Con’c
(mM)

Ratio
(K /Nutrient)
+

Case 1:
log(Kopt)
Nominal

Case 2:
log(Kopt)
0.5 mM

Case 3:
log(Kopt)
Worst-Case

3.0

1

N/A

N/A

N/A

2+

2.0

1.50

-2.17

-2.95

-3.10

2+

1.0

3.00

-2.02

-2.80

-2.95

0.00915

327.87

0.52

-0.26

-0.56

0.00457

656.60

-0.85

-1.63

-1.78

0.000382

7849.29

-0.31

-1.09

-1.24

0.0448

67.01

-0.17

-0.95

-1.25

7.0

0.43

-2.37

-3.15

-3.45

1.0

2.99

-2.02

-2.80

-2.95

0.5

6.00

-1.22

-2.00

-2.30

Ca

Mg
-

Cl

2+

Mn

2+

Zn

+

Na

NO3
2SO4
+
NH4
2HPO4 ,

H2PO4

*
0.5
6.00
-2.09
-2.87
-2.97
*Ratio of the ionic forms depends on the pH of the nutrient solution. Worst-case of the two forms is
considered.
As evident Table 9 the ions with the largest magnitude selectivity coefficients are the other macronutrient
ions. This is due to the fact that Equation 48 is driven solely by concentration (activity) ratios and charge.
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That said, typically less concern needs to be given to interference from ions of different charge as an
ionophore that is selective for a particular ion will generally bind less strongly with an ion of the opposite
charge. For potassium, this will immediately limit the interference worries to other cations and as stated,
those that have the potential to be at high relative concentrations. In this case, this implies the
importance of conducting selectivity tests for calcium, magnesium and ammonium. Of lesser concern
within the direct half strength Hoagland nutrient solution formulation is sodium. This is another significant
difference between optrodes for blood and optrodes nutrient solution. Sodium typically poses a problem
for clinical potassium optrodes due to its like charge and relative size, but also due to its high relative
concentrations (136 - 145 mM sodium to 3.5 – 5.5 mM potassium) (Burtis et al. 1998). In actuality,
though not added to a great degree to nutrient solution recipes (as not an essential nutrient ion) sodium
can in certain instances appear at reasonable concentration levels depending on the source water used
+
for nutrient formulation (Reed 1996; Weller 2005). Levels on the order of 50 ppm (~2.2 mM) [Na ] can
negatively influence plant growth for certain crops and the general upper limit for sodium concentration
within adequately exploitable irrigation source water has been defined as 3 mM (Whipker et al. 2003;
Weller 2005).
Due to the fact that sodium can appear at relatively high concentrations depending on location and to
permit comparison amongst other potassium sensors, a test for sodium selectivity was also conducted.
Other monovalent cations that are typically a concern for potassium sensors such as lithium are
fortunately not a concern for hydroponic nutrient solution monitoring as they do not typically exist within
these solutions.

7.3 Initial Trials and Theoretical Response Calculations

As evident in the literature review of potassium optrodes in Table 8, the greater part of the bulk potassium
optrodes have utilized films of PVC-DOS construction. For this reason, PVC and DOS were chosen for
initial membrane recipes. Similar logic was used in the selection of valinomycin and ETH 5294 as the
initial membrane ionophore and chromoionophore. The extensively characterized lipophilic Nile Blue
derivative ETH 5294 was first synthesized by Morf et al. (1990). The initially trialed membrane
composition is provided in Table 10 and was derived from a recipe reported previously (Wang et al.
1990).
Table 10: Potassium trial membrane recipe 1 incorporating the ionophore valinomycin.
Component

Structure

Mass (mg)*

Con'c (mmol/g)**

Ratio***

Valinomycin

C54H90N6O18

5.7

0.0155

1.26

ETH 5294

C38H53N3O2

2.4

0.0123

1

KTpClPB

(ClC6H4)4BK

2.2

0.0132

1.07

PVC

(CH2CHCl)n

107.7

DOS
C26H50O4
215.3
*Dissolved in 2 mL THF.
**Concentration of each component (mmol) given with respect to the total mass (g) of all
membrane components (does not include THF).
***Ratio of concentrations given with respect to amount of chromoionophore.
Following initial film fabrication upon glass cover slides sized to fit into nominal 10 mm cuvettes, basic
characterization of these films were conducted in a conventional spectrometer. Theoretical and
experimental results of the valinomycin, ETH 5294 films are provided in Figure 22. In reference to the
desired centre of the dynamic range (for which the α = 0.5 point for the optrode response curve should
occur) for a half strength Hoagland solution (vertical dashed red line) it is immediately evident that both
the valinomycin theoretical and experimental results do not produce optimum results and that the
response curve must be shifted to the right.
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Figure 22: Optrode response plots for valinomycin and BME-44 films incorporated into PVC-DOS
membranes containing ETH 5294. KTpClPB anionc sites used in valinomycin membrane, KTFPB used in
BME-44 membrane. The desired centre of the dynamic range is shown with a dashed red vertical line.
The theoretically predicted response curve for valinomycin (blue line) as well as preliminary experimental
data (diamonds) are presented including the theoretically predicted optrode response shift when the
ionophore is changed to BME-44 (green line) predicting closer agreement to the desired dynamic range.
One potential option for providing a rightward response curve shift is through the use of an ionophore with
a smaller formation constant. For this reason the potassium ionophore BME-44 was incorporated into the
model and its experimental response curve is also provided in Figure 22 and confirms the theoretical
rightward shift. BME-44 was first synthesized in the late 1980s and its synthesis and characterization
described (Tóth et al. 1989; Lindner et al. 1990). BME-44 is a highly lipophilic bis(crown ether) derivative,
with greater lipophilicity than valinomycin (Table 4). In addition to the optrode films and references listed
in Table 8, BME-44 has been incorporated into several other sensing schemes (Brasuel et al. 2001; Buck
et al. 2004). An additional change to the membrane composition was also incorporated when moving to
the BME-44 based films. In particular, KTFPB was chosen as the anionic site (over KTpClPB) as it has
been shown that KTFPB has higher relative chemical stability and lipophilicity than the other
tetraphenylborate derivatives (Bakker et al. 1995).
Several BME-44 membranes of different component concentrations were fabricated en-route to the
achievement of films with optimum absorbance levels. The target film absorbance was defined for the
absorbance spectra obtained for a potassium concentration of 3 mM (centre of the sensor measuring
range). Recalling the ratiometric processing used with the developed optrode films (Figure 18) an
absorbance target of approximately 0.3 to 0.45 at the ratiometric absorbance peaks (as in the case of
ETH 5294 the low-wavelength peak and high-wavelength peaks (Table 6) are of approximately the same
magnitude at the centre of the dynamic range) was defined so that reasonable light transmission could be
obtained over the greatest variance of potassium concentrations from this centre point. As all films were
fabricated with identical chromoionophore to other membrane component ratios they exhibited the same
theoretical response curves (Figure 22). This was confirmed experimentally and as expected only the
overall absorption levels varied between films. The targeted absorption was eventually obtained using a
membrane composition which is described in the sections to follow.
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All theoretical analyses including the outputs displayed in Figure 22 were conducted using the developed
Membrane Component and Concentration Optrode Response Calculator with the values listed in Table
11.
Table 11: Values utilized in the development of the potassium optrode theoretical model.
Variable

Value

Reference

Valinomycin
log(β) (DOS)
p

9.3

(Bakker et al. 1994)

1

(Bakker et al. 1994)

7.9

(Bakker et al. 1994)

1

(Bakker et al. 1994)

12

(Bakker et al. 1993)

BME-44
log(β) (DOS)
p
ETH 5294
pKa (DOS)
n

1

(Seiler 1993)

Ratio of Partition Coefficients
+

kK /kH

+

1.58 (Bakker et al. 1993)
p = ionophore-analyte ion complex stoichiometry.
n = chromoionophore-reference ion complex stoichiometry.

It should be noted that these values formed the basis for the theoretical predictions used in this work but
other relevant references exist for values listed in Table 11, in particular for the complex formation
constants (Qin et al. 2000).

7.4 Resultant System

The resultant potassium bulk optrode membrane incorporates the five components listed in Table 12.
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Table 12: Resultant potassium ion-selective optrode membrane components.
Component

Chemical Name

Molecular Structure

BME-44

2-Dodecyl-2-methyl-1,3-propanediyl bis[N-[5′nitro(benzo-15-crown-5)-4′-yl]carbamate]

ETH 5294

N,N-diethyl-5-(octadecanoylimino)-5Hbenzo[a]phenoxazin-9-amine

KTFPB

potassium tetrakis[3,5bis(trifluoromethyl)phenyl]borate

PVC

poly(vinyl chloride)

DOS

bis(2-ethylhexyl) sebacate

The final potassium optrode membrane component concentrations are provided in Table 13. The listed
components were dissolved in 2 mL THF. Though not of considerable difference, note that a total of
exactly 2 mL THF was used, rather than membrane components being diluted to a 2 mL volume (which
includes the volume contributions of both THF and membrane components).

80

Table 13: Final potassium ion-selective optrode membrane recipe.
Component
wt%*
Mass (mg)**
Con'c (mmol/g)***
Ratio****
BME-44
2.54
8.47
0.02627
1.26
ETH 5294
1.22
4.07
0.02089
1
KTFPB
2.03
6.78
0.02253
1.08
PVC
31.40
104.67
DOS
62.80
209.35
*Weight percentage with respect to the total mass of all membrane components (does
not include THF).
**Dissolved in 2 mL THF.
***Concentration of each component (mmol) given with respect to the total mass (g) of all
membrane components (does not include THF).
****Ratio of concentrations given with respect to amount of chromoionophore.
The listed membrane recipe was utilized to produce the final potassium films as per the spin coating
settings in Table 7 and following the earlier discussed ion-selective film fabrication procedures.

7.5 Results

The following sections report on the characterization and detailed experimental results of the developed
potassium optrode with sections organized by instrument parameter.

7.5.1 Measuring Range

The absorption spectra results from the calibration runs of the finalized potassium optrode in pH buffer
and nominal half strength Hoagland nutrient solution are provided in Figure 24 and Figure 25
respectively. These figures demonstrate that the potassium film exhibits the desired dependence on
potassium, by changing its absorption with varied potassium concentration. The absorption spectra of
both the fully complexed and fully uncomplexed chromoionophore cases can be taken from either of the
two figures but they are more clearly represented with actual data in Figure 23. In particular, the fully
+
complexed chromoionophore case is represented by the [K ] = 00.00 mM entry in Figure 24 and Figure
+
25. It should be noted that to ensure that [K ] = 00.00 mM resulted in fully complexed chromoionophore,
films would often be tested in the same solutions but at significantly high acidity (e.g. pH ~2-3) by
+
adjusting the solution with a strong acid and two absorption spectra compared. In all cases, the [K ] =
00.00 mM case would closely or precisely match that of that taken in low pH, confirming the presence of
fully complexed chromoionophore. As predicted, the absorption spectrum for the fully complexed
chromoionophore has a small low-wavelength absorption peak (~540 nm) and a large high-wavelength
absorption peak (~660 nm).
Alternatively, the absorption spectra of the fully uncomplexed
+
chromoionophore case was given the name [K ] = 21.00 (note that unlike the other legend entries, this
“21.00” does not represent a potassium concentration, but instead is a placeholder name, for this
uncomplexed case). As predicted, contrary to the fully complexed case, the absorption spectrum for the
fully uncomplexed case has a large low-wavelength absorption peak and a small high-wavelength
absorption peak.
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Figure 23: Summary of the potassium sensor ion-exchange mechanism in relation to film colour and the
actual measured absorption spectra for the fully complexed chromoionophore (left) that produced a blue
coloured film and for the fully uncomplexed chromoionophore (right) that produced a purple coloured film.
As presented in Figure 23, the observed colour of the film changed from blue in solutions containing little
or no potassium, to purple in solutions of high potassium. The two colours, or absorption spectra,
represented the two extremes in optical response of the dynamic range of the sensor. All the
measureable potassium activities fall between these two extremes and are represented by the other
spectra presented in Figure 24 and Figure 25. The potassium concentrations tested (at the nominal half
strength Hoagland ionic strength) include a range from 0.1 mM to 20 mM.
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Figure 24: Absorption spectra normalized at 715.09 nm of the potassium ion-selective optrode in pH 6.00
buffer (sodium phosphate) with ionic strength equal to the nominal half strength Hoagland nutrient
solution. Potassium concentration varied by addition of KNO3 up to 3 mM followed by KCl up to 20 mM.
Legend gives potassium concentration in mM. The displayed ‘21.00’ case represents the absorption
spectrum in the same solution but with the pH adjusted to be very basic to ensure complete
decomplexation of the chromoionophore.
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Figure 25: Absorption spectra normalized at 715.09 nm of the potassium ion-selective optrode in half
strength Hoagland nutrient solution at pH 6.00. Potassium concentration varied by addition of KNO3 up to
3 mM followed by KCl up to 20 mM as per the legend. The displayed ‘21.00’ case represents the
absorption spectrum in the same solution but with the pH adjusted to be very basic to ensure complete
decomplexation of the chromoionophore.
Figure 24 and Figure 25 display a very well defined isosbestic point at approximately 570 nm. The only
spectrum which does not align well with this point is case ’21.00’ and this is because this spectrum was
collected at a high pH (pH 9 to 10.5) to achieve the full deprotonation of the chromoionophore. At high pH
there was precipitation of different species out of the nutrient solution and as the physical implementation
of this optrode has light passing through a small quantity of the sample solution, this precipitation
influenced the measured absorbance. When visually inspecting (by eye) the nutrient solution at this high
pH, the solution was considerably cloudy. Fortunately the instrument measured absorbance result for this
case was appreciably better than would be expected and as seen from Figure 25 only influenced the
measured absorbance in a rather minor way (i.e. the absorbance at the isosbestic point is only slightly
higher for case ’21.00’ than the other cases). In any case, as the chosen spectral processing scheme
does not explicitly utilize the fully protonated and fully deprotonated curves as chosen by most other
optrode designs and instead uses ratiometric readings comparing the low-wavelength and highwavelength absorption peaks (see discussion on ratiometric measurements) even this minor absorbance
change due to precipitation of nutrient ions is accounted for.
In further analyzing the absorption spectra in Figure 24 and Figure 25 it can be seen that as desired, the
nominal 3 mM potassium concentration of the half strength Hoagland nutrient solution falls near the half
way point between fully protonated and fully deprotonated chromoionophore and thus sits near the centre
of the measuring range of the optrode. When plotting the potassium optrode response curve in both pH
+
+
buffer and nutrient solution on the conventional log(aK /aH ) vs. (1-α) graph, Figure 26 is obtained. The α
parameter is calculated utilizing the collected absorbance values at the wavelength of maximum
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absorbance of the complexed chromoionophore (660.09 nm for the final potassium optrode) as illustrated
in Figure 5 and utilizing Equation 10.
1
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Figure 26: Absorbances at 660.09 nm presented through the (1-α) parameter for the potassium optrode
+
+
as a function of log(aK /aH ). Initially predicted response (green line) compared to experimentally
collected data for both the film in pH 6.00 buffer (sodium phosphate) and pH 6.00 nutrient solution (data
points).
As seen from Figure 26 there is general agreement between the theoretically predicted and
experimentally observed results for the potassium sensor. In particular the experimental points follow the
theoretically predicted sigmoidal shape for changing potassium (or hydrogen ion) activity and the slopes
have good concurrence. There is minor offsetting of the two response curves, but as can be seen, both
+
+
+
have their approximate centres near the desired log(aK /aH ) point representing the [K ] = 3 mM at pH 6
case. In fact, the experimental results produce even a slightly better result from this regard, with the
experimental response curve aligning well with the α = 0.5 and desired measuring range centre line
cross-over point. The difference between the initially predicted response curve and experimental results
is likely due to the assumed values of the ionophore formation constant, the pKa of the chromoionophore,
or the ratio of the partition coefficients of potassium and hydrogen ions as there is reasonable variation in
the literature for these published values. It should also be recalled that the model assumes that no
impurities exist in the membrane, that there is no aggregation of the active components and that the
stoichiometries of the complexes formed within the membrane are constant. All three of these
assumptions are only correct for the ideal case and thus they could play a role in the observed difference.
Furthermore, a lesser effect could be due to the accuracy in measuring out the individual membrane
components, as precision down to 0.1 mg mass measurements, was in certain instances a challenge with
the employed balance. No matter what the underlying effect, the compiled experimental data can be
utilized to update and improve the theoretical optrode model, should future potassium sensors be
explored (e.g. by adjusting the resultant Kexch value to shift the response curve).
+

+

The sensor measuring range was determined based upon the half α = 0.5 slope method and log(aK /aH )
values of 2.13 and 5.07 are the approximate half slope points and this equates to a potassium activity
measuring range of 0.134 mM to 116.5 mM when utilized in a solution at pH 6.00. This confirms that
though the sensor was centred on a potassium concentration of approximately 3 mM, dictated by the half
strength Hoagland nutrient solution, that it will also apply well to other hydroponic nutrient solutions which
typically range from potassium concentrations of approximately 2.5 to 5 mM (Jones 2005).
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The alignment of the compiled calibration curves in pH buffer and nutrient solution also allowed initial
inference that the potassium optrode had very little sensitivity to interfering ions within the nutrient
solution, at least to their concentrations within the nominal half strength Hoagland nutrient solution. If a
particular interfering ion did have appreciable influence these spectra would not be aligned across the full
suite of tested (1-α) values.
As the final optrode implementation utilizes ratiometric absorbance values from different two wavelengths
rather than the computation of (1-α) values, Figure 27 plots the variation in the ratio of the absorbance of
541.58 nm over 660.09 nm for varied potassium concentrations. The specific wavelengths were selected
to match the low-wavelength and high-wavelength absorption peaks, but are explicit to two decimal points
as they match particular spectrometer output wavelengths. It should be noted that the data points in
Figure 27 are spaced in time by one minute intervals and were collected without stopping the data logging
between each calibration step, so the plot also provides some insight into the response time of the sensor
for each change in potassium concentration.
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Figure 27: Absorbance ratiometric plot for comparing two films in two different solutions. Ratiometric
values for absorbance at 541.58 nm over 660.09 nm is given for film in pH 6.00 buffer (sodium
phosphate) (red points) and pH 6.00 half strength Hoagland nutrient solution (blue points) for varied
potassium concentration by addition of KNO3 up to 3 mM followed by KCl up to 10 mM. Each count
represents one minute and shows real-time change following potassium change every five minutes.
A small divergence between absorbance ratios obtained with the potassium optrode in pH buffer and
nutrient solution is obvious, in this case at higher potassium activities, but there is strong agreement up to
approximately 3 mM. Further, these are results from only two sensor calibration curve trials and that
ideally, the larger the sample size the greater expected agreement. Several other data sets were used to
verify that appreciable agreement exists between the experimental results of varied potassium tests in pH
buffer and nutrient solution. Because of the demonstrated agreement, four complete data sets (two from
pH buffer and two from nutrient solution) were utilized in the generation of a baseline model that the
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optrode system employs to estimate potassium activities from measured absorbance ratios. The mean
+
+
absorbance ratio values of these four experimental data sets were plotted against the known log(aK /aH )
values in Figure 28.
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Figure 28: Mean absorbance ratio (541.58/660.09 nm) values measured from four potassium optrode
+
+
experimental calibration runs plotted against the potassium and hydrogen ion ratio (log(aK /aH )). The
th
output best-fit polynomial (4 order) can be utilized with potassium optrode measurements to estimate
potassium activity. Error bars indicate one standard deviation variation in absorbance ratio
measurements.
Error bars corresponding to one standard deviation shown in Figure 28 are smallest within the
+
+
+
log(aK /aH ) range of 2.65 to approximately 3.54 (0.5 to 4.0 mM [K ] for the nominal half strength
Hoagland case) which is in the range where a significant number of measurements will be conducted and
+
thus an important range of interest for accuracy. In fact for the nominal 3.0 mM [K ] case the absorbance
+
+
+
ratio standard deviation is only 0.006. Beyond log(aK /aH ) values of 3.64 (5 mM [K ]) the variation
+
between measurements of absorbance ratios grew somewhat (e.g. 0.054 for the 10 mM [K ] case). It has
yet to be confirmed why measurement variation increases. It may be a result of the fact that as these
tests are conducted with the film immersed in a large volume of stirred solution for extended periods (i.e.
+
+
by the time the calibration run reaches a log(aK /aH ) value of 3.64 the film has been solution for on the
order of one hour) and thus minor changes on the film level may already be occurring.
th

The best-fit 4 order polynomial which forms the basis of the ratiometric absorbance to potassium activity
conversion was obtained from the data in Figure 28 and is shown in Equation 54:
54

log �

𝑎𝐾 +
� = −0.6111𝑥 4 + 3.8917𝑥 3 − 9.3008𝑥 2 + 10.615𝑥 − 1.2528
𝑎𝐻 +

[54]
+

+

Where x, the measured absorbance ratio (541.58/660.09 nm) can be utilized to estimate the log(aK /aH ).
As pH is assumed to be known, Equation 54 can be manipulated to convert directly to potassium activity
as presented in Equation 55.
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4
3
2
𝑎𝐾+ = (𝑎𝐻 + )10(−0.6111𝑥 + 3.8917𝑥 − 9.3008𝑥 + 10.615𝑥 − 1.2528)

55

+

[55]

+

Note that the curve fit was run between the log(aK /aH ) value of approximately 1.95 (representing the
0.1 mM potassium concentration case at the nominal half strength Hoagland ionic strength) up to the
+
+
log(aK /aH ) value of approximately 4.22 (representing the 20 mM potassium concentration case at the
nominal half strength Hoagland ionic strength) and that some reduced accuracy can be expected with the
model at these extreme points, but that these data points were included so as to improve the model in the
more nominal range of interest, for example in the approximate concentration range of 0.5 mM to 10 mM
(i.e. it is not expected that sensing up to 20 mM potassium concentration will be required for nutrient
solution monitoring).
When the model was used to output plots of potassium activity and potassium concentration versus
absorbance ratio for the nominal pH 6.00 case, Figure 29 was obtained. It should be recalled that this
plot can only be utilized as a look-up table for absorbance ratio measurements conducted at pH 6.00. In
addition, the concentration curve assumes an ionic strength equal to that of the nominal half strength
+
+
Hoagland solution at 3 mM [K ] and for varied [K ] the ionic strength changes proportional to the amount
of potassium fertilizer salt added (i.e. that no other components within the nutrient solution are changing
and contributing to a change in ionic strength). The magnitude of the influence of ionic strength on the
difference between potassium activity and concentration in nutrient solution can be demonstrated for the
example of a potassium concentration of 3 mM. At the nominal half strength Hoagland ionic strength the
potassium activity is 2.63 mM, while if the ionic strength doubles the potassium activity is 2.51 mM and at
five times the nominal ionic strength the potassium activity is 2.31 mM. As optrodes measure activity, the
estimate of concentration from the collected data can come with some error if a poor assumption of the
ionic strength is made. Fortunately it can be seen that rather large changes in ionic strength are required
to cause significant errors in the conversion.
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Figure 29: Plot of model predicted potassium activity (red) and potassium concentration (blue) based
upon measured absorbance ratios (541.58/660.09 nm) at pH 6.00. This graph cannot be applied to
solutions of different pH and the plotted concentration curve assumes an ionic strength equal to that of
+
the nominal half strength Hoagland nutrient solution at [K ] = 3 mM. The ionic strength is assumed to

88

vary around this point in value solely dependent on the potassium salt added to achieve the
concentrations in question.
Table 14: Comparison of actual potassium activities and concentrations compared with model derived
activities (n = 4).
Actual
+

+

[K ] (mM)

Model (n = 4)
+

+

+

log(aK /aH )

aK (mM)

aK (mM)

0.1

1.95

0.089

0.096

0.25

2.35

0.221

0.208

0.5

2.65

0.442

0.407

1

2.95

0.883

0.871

1.5

3.12

1.321

1.356

2

3.25

1.758

1.824

2.5

3.34

2.194

2.287

3

3.42

2.628

2.713

3.5

3.49

3.060

3.117

4

3.54

3.491

3.511

5

3.64

4.349

4.271

6

3.72

5.202

5.026

7

3.78

6.049

5.808

10

3.93

8.563

8.416

15

4.10

12.670

13.468

20

4.22

16.689

16.334

In summary, the above model was generated using a sample size of four films. Though good
measurement repeatability was observed between calibration runs, if this potassium film is to be further
considered for deployment into on-line plant growth systems, an increase in sample size should be
contemplated to further improve model accuracy. An initial investigation into overall consistency between
films was conducted between an additional set of eight films and these results are included in the section
to follow.

7.5.1.1 Film Consistency

To evaluate the consistency between the fabricated potassium films, eight films were tested in two
+
different pH 6.00 half strength Hoagland nutrient solutions, one at [K ] = 0 mM and the other at the
+
nominal [K ] = 3 mM. The absorbance spectra collected in both 0 mM and 3 mM are presented in Figure
30. It is evident that there is moderate variation in the actual absolute absorption of the films, even with
the same fabrication method and spin coater settings used in the production of each membrane.
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Figure 30: Potassium film fabrication consistency represented by absorption spectra normalized at 715.09
+
+
nm. Eight films tested in nutrient solution at pH 6.00 for [K ] = 0 mM (left) and [K ] = 3 mM (right) (KNO3
addition).
If examining film absorbance values at 660.09 nm (one of the two wavelengths used in the nominal
+
absorbance ratio calculation) in the [K ] = 0 mM solution the films had mean absorbance of 0.833 with a
+
standard deviation of 0.138, while for the [K ] = 3 mM case a mean value of 0.475 with a standard
+
deviation of 0.086 was obtained. As per the described film development methodology, since the [K ] = 3
mM is the nominal potassium concentration, it is the absorbance at this concentration that is of greatest
importance and which should fall reasonably close to a transmittance value of 50%. In this instance, we
see that the mean value is somewhat higher than this design point, but still appreciably within the range in
which changes in analyte concentration will produce absorption changes of reasonable magnitude.
It should be noted that the 660.09 nm absorbance considered in the mean and standard deviation
calculation above, is not uniquely dependent on the chromoionophore concentration in the film and the
spin coater fabrication consistency. To a lesser extent it is also dependent on the variation in the
response of different films to a specific potassium activity. Ideally, as discussed in the potassium model
development section, different films will produce the same ratio of chromoionophore
protonation/deprotonation when immersed in solutions of the same potassium activity, but in reality there
is variation between films. A comparison of the absorbance ratios (level of complexation) between films
for the same potassium activity is presented in Table 15.
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Table 15: Potassium film fabrication consistency. Absorbance ratios (541.58/660.09 nm) for eight films
+
tested in pH 6.00 nutrient solution at 0 mM and 3 mM [K ] (KNO3 addition). These absorbance ratios are
+
+
+
+
input into the potassium optrode model to estimate log(aK /aH ) and aK values for each [K ] = 3 mM
solution measurement.
Film

Absorbance Ratio
+

+

+

log(aK /aH ) from Model

+

+

+

aK from Model (mM)
+

[K ] = 0 mM

[K ] = 3 mM

[K ] = 3 mM

[K ] = 3 mM

1

0.321

1.050

3.402

2.523

2

0.379

1.069

3.422

2.644

3

0.336

1.076

3.430

2.693

4

0.399

1.089

3.444

2.777

5

0.434

1.114

3.469

2.947

6

0.385

1.086

3.440

2.756

7

0.374

1.084

3.439

2.745

8

0.401

1.097

3.452

2.832

Mean

0.378

1.083

3.438

2.739

Std Dev

0.036

0.018

0.019

0.118

It is evident that the results from Table 15 agree well with the four films utilized to develop the potassium
+
model. In particular, the mean absorbance value of 1.083 for the eight film [K ] = 3 mM case agrees very
well with the mean absorbance value from the four previous films of 1.079. This then translates into good
+
agreement between the eight film model determined aK values and those presented in Table 14.

7.5.1.2 Varied pH

One of the benefits of the design of the optrode system of this work, is that it automatically accounts for
pH changes by concurrently updating the estimate for analyte activity based upon the measured pH and
optical response of the optrode. Though theoretically this adjustment for pH should be relatively
straightforward, experiments were conducted to assess optrode response at pH 5.60 and pH 6.40 to
confirm applicability of theory to the potassium optrode system. It should be recalled that the further the
pH is changed from the pH that was utilized to tailor the sensor (pH 6.00), the further the offset of the
+
measuring range centre point is from the optimal case of being centred on the nominal [K ] = 3 mM
concentration. Furthermore, if pH is changed too far, the sensor may no longer be responsive to
potassium in the desired range of interest, but it should be recalled that though some pH variation is
permitted in plant growth systems, excessive variation is not likely, as that itself will negatively affect plant
growth. Thus the experimental assessment of sensor response to larger pH changes is of lesser
importance.
The absorption spectra of the potassium film in calibration runs conducted in pH 6.40 and pH 5.60 half
strength Hoagland nutrient solutions are provided in Figure 31 and Figure 32 respectively.
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Figure 31: Absorption spectra normalized at 715.09 nm of potassium ion-selective optrode in half strength
Hoagland nutrient solution at pH 5.60. Potassium concentration varied by addition of KNO3 up to 3 mM
followed by KCl up to 20 mM as per the legend. The displayed ‘21.00’ case represents the absorption
spectrum in the same solution but with the pH adjusted to be very basic to ensure complete
decomplexation of the chromoionophore.
Even with brief visual comparison of Figure 31 and Figure 32 with the nominal absorption spectra
collected in pH 6.00 nutrient solution (Figure 25) it clear that as would be expected, the
protonation/deprotonation of the chromoionophore is shifted for the same potassium concentrations.
Specifically, when comparing the high-wavelength absorption peaks (660.09 nm) in Figure 31 (pH 5.60)
to Figure 25 (pH 6.00) the peaks for the pH 5.60 case remain quite a bit larger even for the same
potassium activity. Oppositely, for the pH 6.40 case (Figure 32), the high-wavelength peaks are of lesser
intensity in comparison to the pH 6.00 case.
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Figure 32: Absorption spectra normalized at 715.09 nm of potassium ion-selective optrode in half strength
Hoagland nutrient solution at pH 6.40. Potassium concentration varied by addition of KNO3 up to 3 mM
followed by KCl up to 20 mM as per the legend. The displayed ‘21.00’ case represents the absorption
spectrum in the same solution but with the pH adjusted to be very basic to ensure complete
decomplexation of the chromoionophore
+

+

If the pH 5.60 and pH 6.40 absorption results are plotted on the conventional (1-α) versus log(aK /aH )
plot, it is apparent that as theory would predict, they fall upon the same optrode response curve as the
nominal pH 6.00 results as shown in Figure 33. Also in agreement with theory is that changes in pH
cause shifts of the data points along the specific optrode response curve. For visualization, experimental
data from three different concentrations have been selected from the full data sets and presented for
each of the three different pH values on the graph in Figure 33. For each of the examined potassium
+
+
concentrations, the pH 5.60 data point has the lowest log(aK /aH ) value for the same optical response
+
+
(i.e. is furthest to the left along the response curve). The pH 6.40 data point has the highest log(aK /aH )
value for the same optical response (i.e. is further to the right along the response curve) and the pH 6.00
data point falls between the two.
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Figure 33: Optrode response presented through the (1-α) parameter at 660.09 nm as a function of
+
+
log(aK /aH ). Experimental data for pH 5.60 (circles), pH 6.00 (triangles) and pH 6.40 (squares)
+
presented for [K ] = 0.1 mM, 2 mM and 20 mM in half strength Hoagland nutrient solution. Best-fit
optrode response curve through nominal pH 6.00 data (grey line) demonstrates that data from all three
pH values fall on or very close to this response function. The pH 5.60 values are shifted to the left and
the pH 6.40 values are shifed to the right along this curve with respect to the pH 6.00 values.
The agreement between theory and experimental results, confirms that the developed pH auto-correction
function can be utilized in the case of the potassium optrode to automatically adjust the output potassium
activity value based on changes in pH of the nutrient solution. In particular, the plant growth system
measured pH value is automatically entered into the generated model (Equation 55) and employed in
resolving the potassium activity.

7.5.2 Selectivity

Selectivity testing represented the most challenging experimental work related to the testing of the
developed optrodes. In particular, many optrode papers reporting on the implementation of optrodes do
not conduct their own selectivity tests and often instead quote past publications that in some instances
may not have conducted thorough selectivity analyses. For example, a publication that represents the
most similar potassium film to this work, conducted selectivity testing of a BME-44 optrode film solely for
+
+
+
Na , Rb and Cs (Wang et al. 1990). While Tóth et al. (1997) which also utilizes a BME-44 film but with
a different chromoionophore and anionic site, cites “detailed” selectivity studies already conducted in
Wang et al. (1990) and thus does not conduct any new testing. A more recent BME-44 film for
biomedical applications in extracellular potassium monitoring makes no mention of the potential of
interference from other ions (Harjes et al. 2010). Though some BME-44 based potassium ISE selectivity
information exists in the published literature (some provided in the section to follow) very little exists on
BME-44 based optrodes. Furthermore, as changes to the membrane components and composition can
drive changes to optrode selectivity, independent testing of selectivity of developed sensors is an
important contribution, both for the new data it provides for the specific membrane and for comparison
with other published data.
+

+

2+

2+

The developed potassium optrode membranes were tested for Na , NH4 , Ca and Mg interference. As
+
+
+
Na and NH4 have the same charge as K the conduct of selectivity testing of these ions was simplified
+
and could be more easily thoroughly analyzed. The results of the SSM experiments for the K film
+
+
selectivity to Na and NH4 are shown in Figure 34. These tests followed the selectivity methodology
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+

described in the ‘ions of the same charge’ section. The Na test was conducted in pH 8 buffer in steps
+
+
from the baseline buffer Na concentration up to 100 mM through the addition of NaCl while the NH4 test
+
was conducted in pH 8 buffer with varied NH4 concentrations varied in steps from 1 mM to 50 mM
through the addition of NH4Cl.
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Figure 34: Potassium optrode experimental selectivity results (SSM). Reponse to K experimental data
+
points (triangles) and curve fit (blue). Response to NH4 experimental data points (circles) and curve fit
+
+
(green). Response to Na experimental data points (squares) and curve fit (red). Where aM represents
the activity of the tested ion.
2+

2+

An assortment of attempts to assess the selectivity of the potassium sensor to Ca and Mg were
attempted in the nominal pH 6 buffers. In all cases, calcium or magnesium precipitates would form at
concentrations for which no observed change in film optical properties had yet occurred. In the case of
the calcium case in the pH 6 sodium phosphate buffers a visual precipitate formed in added calcium
concentrations between 5 mM and 10 mM. Due to the fact that the film is not influenced in a significant
way by calcium, 5 mM was not enough to produce a measureable change of the film optical properties.
To ensure comprehensiveness, a FIM test for calcium selectivity was also conducted by setting calcium
concentration at 4 mM and varying the potassium concentration through the normal suite of potassium
concentrations used in nominal calibration runs, again, no observable or significant changes in the film
absorbance were measured. The described precipitation drove the testing using non-buffered highly
concentrated interfering ion chloride solutions. Though there is obvious difficulty is both the adjustment
and maintenance of the solution pH, this method of selectivity testing has been reported in at least one
optrode publication (Qin et al. 2003).
In addition to challenges in pH adjustment, it should also be noted that these concentrated solutions
resulted in pH electrode measurement issues. In particular, following immersion of the pH electrode
within 1 M CaCl2, which represented the worst-case issue described here, the pH electrode would report
a pH reading of approximately 0.4 pH units too high when it was then immersed within a pH buffer of
known pH. This offset would diminish over time and within approximately half an hour the pH meter
would again report the correct pH value. This measurement issue was tested and shown to be
repeatable and affect the two pH electrodes and meter systems used in this work to essentially the same
degree. Operational workarounds were implemented to ensure a “fresh” electrode was used in the
measurement of pH at critical junctures in the experiment. Following notification, Fisher Scientific, the
supplier of the two different pH electrodes commenced an investigation to better understand this
particular measurement issue. Initial correspondence suggested that as CaCl2 is quite hygroscopic it is
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likely that this hygroscopic salt solution was removing water from the sensing membrane of the pH
electrode. Dehydration of pH electrode sensing membranes can cause a shift in electrode output and a
drift in readings and would thus account for experimental observations.
The experimental results of the SSM selectivity tests conducted within concentrated chloride solutions are
+
summarized in Figure 35. For comparative purposes NH4 selectivity was also reassessed through the
conduct of this experiment.
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Figure 35: Potassium optrode experimental selectivity results (SSM). The response to K as per the
previously described calibration runs is shown with a best-fit curve (purple) for pH 6.00. The response to
2+
2+
immersion in 1 M chloride solutions at pH 6.00 are given for Ca (blue triangle), Mg (orange circle),
+
NH4 (red square) along with their respective best-fit response curve. During the same test a 1 M
potassium chloride solution at pH 6.00 was also used to confirm its alignment with the previously
+
conducted K calibration runs and this data point is shown (grey square).
The leftmost curve displayed in Figure 35 represents the nominal experimental optrode response curve to
potassium, as obtained from the calibration runs conducted previously. The data points shown in Figure
35 are the experimentally measured absorption results in the concentrated chloride solutions. Their
horizontal position, or log of ion activity, is calculated by the Debye-Hückel formulation. Theoretical bestfit response curves, which depend on ion charge and ion-ionophore complex stoichiometry are fit to each
of the data points for the interfering ions considered. In addition, the response of the potassium optrode
was also measured within a 1 M KCl solution and this data point also provided in Figure 35 (with no best+
fit curve). We see that the absorption results in 1 M KCl, denoted as “K ” within the plot legend falls
relatively close to the nominal optrode response curve to potassium. This result provides some additional
confirmation of the concentrated chloride solution selectivity results discussed here. Some differences
can exist due to the fact that activity estimates made here by the Debye-Hückel formulation deviate
further from actual activities in solutions of greater and greater ionic strength (such as these concentrated
chloride solutions).
A table summarizing the experimentally determined selectivity coefficients as well as published values for
optrodes or ISEs with similar membranes is provided in Table 16. More detailed analysis of the
experimental results and the published literature is provided for each ion within the sections that follow
Table 16.
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Table 16: Comparison of experimentally determined and literature reported selectivity coefficients for
BME-44 based potassium ion-selective sensors. All values determined by SSM.
Ion
2+

Ca

2+

Mg

+

Na

Experimental

Literature

log(Kopt)

log(Kopt)

-3.6 [2]

-1.3 [4]

ETH 2439, KTFPB, DOS

(Shortreed et al. 1997)

-4.4 [5]

KTpClPB, DNA

(Lindner et al. 1990)

-4.64 [5]

KTpClPB, DOS

(Bereczki et al. 2005)

-1.6 [4]

ETH 2439, KTFPB, DOS

(Shortreed et al. 1997)

-4.4 [5]

KTpClPB, DNA

(Lindner et al. 1990)

-2.69 [5]

KTpClPB, DOS

(Bereczki et al. 2005)

ETH 5294, KTpClPB, DOS

(Wang et al. 1990)

-3.0 [2]

-3.4 [1]

-3
-3.1

+
NH4

-2.3 [1]

Membrane [3]

Reference

ETH 2439, KTFPB, DOS

(Shortreed et al. 1997)

-3.2 [5]

KTpClPB, PVC, DNA

(Lindner et al. 1990)

-3.35 [5]

KTpClPB, DOS

(Bereczki et al. 2005)

-2.1 [5]

KTpClPB, DNA

(Lindner et al. 1990)

-2.2 [2]
-2.14 [5]
KTpClPB, DOS
(Bereczki et al. 2005)
[1] Determined utilizing pH buffer solution experiment.
[2] Determined utilizing concentrated chloride solution selectivity experiment.
[3] All membranes utilizing BME-44, PVC.
2+
2+
[4] Reference does not describe how Ca , Mg values are determined and if determined in the
+
same method as Na (described in paper) then selectivity coefficients would not be appropriate.
[5] Potentiometric selectivity coefficients log(Kpot) given for ISEs.

7.5.2.1 Ammonium
+

Ammonium (NH4 ) is typically the ion which interferes most with potassium sensors. In some case it has
impeded the use of sensors, especially in certain biological fluids which can contain potassium and
ammonium activity levels of the same magnitude (Lindner et al. 1990; Polster et al. 1995). The sensitivity
to ammonium is so high that potassium ionophores have been used in sensors for ammonium should it
be known that the sample contains no potassium (Seiler et al. 1989). Interestingly, similar membranes
containing gas-permeable membranes, though less sensitive, have also been utilized for ammonia gas
sensing in solution (Ozawa et al. 1991). In nutrient solution, a primarily pH dependent equilibrium exists
between ammonium and ammonia gas. In particular, at mid-level pH values (pH 6.00) (and below)
typically only ammonium is present and thus selectivity to ammonium is of most interest to potassium
optrodes for the nutrient solution (Sawyer 2008). At higher pH values, increased amounts of ammonia
can be present. For example, at pH 8.00, a maximum of 10% (though typically much less) is present as
ammonia (Sawyer 2008). This implies that optrode selectivity to ammonium will vary depending on the
solution parameters used during test. For simplicity, though the ammonium SSM ‘ions of the same
charge’ selectivity test was conducted at pH 8.00, it was assumed that only ammonium was present.
As derived from Figure 34 the determined experimental SSM selectivity coefficient for ammonium was
determined to be log(Kopt) = -2.3, while as derived from Figure 35 the selectivity coefficient for ammonium
was log(Kopt) = -2.2. These values are themselves in good agreement. Alhough the most similar
+
potassium optrode paper does not address NH4 selectivity (Wang et al. 1990) or have other BME-44 bulk
optrodes tested or reported ammonium interference, potassium ISE films utilizing BME-44 have reported
selectivity coefficients of similar magnitude (Table 16). Even though care must be used in comparing
potentiometric and optrode selectivity factors, the general agreement to theory is good. Fortuitously, the
experimental selectivity values of ammonium were determined to be equal or more or less negligibly less
than that necessary for the worst-case selectivity scenario requirement from Table 9. This implies the
sensor meets the selectivity requirements for potassium monitoring in the presence of ammonium within
half strength Hoagland nutrients solutions, even in the worst-case scenario presented in Table 9.
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7.5.2.2 Sodium

The SSM experimentally determined selectivity coefficient for sodium as estimated from Figure 34 is
log(Kopt) = -3.4. This result suggests improved selectivity versus sodium compared with a similar BME-44
optrode which using SSM, determined a value of log(Kopt) = -3.0 (Wang et al. 1990). Another BME-44
optrode utilizing a different chromoionophore reported a SSM determined value of log(Kopt) = -3.1
(Shortreed et al. 1997). The experimental selectivity results and published literature are right on the edge
of usability for blood measurements but confirm that this particular potassium optrode film easily meets
even the worst-case scenario requirement of log(K) = -1.25 (Table 9) for nutrient solution monitoring due
to the much larger potassium to sodium ratios within these solutions. Should a high source water sodium
concentration of 3 mM be considered, than the worst-case required selectivity coefficient (Case 3:
+
Minimum expected potassium concentration of [K ] = 0.5 mM with the interfering sodium ion at two times
+
+
its nominal concentration [Na ] = 6 mM permitting 1% measurement error in aK ) is log(K) = -3.1. We
see that even in the considered worst-case scenario of source water with high sodium levels that the
developed potassium sensor meets sodium selectivity requirements.

7.5.2.3 Calcium

The experimentally determined calcium selectivity from Figure 35 of log(Kopt) = -3.6 is sufficient to meet
the worst-case selectivity requirement for nutrient solution monitoring as given in Table 9 of log(K) = -3.1.
As listed in Table 16 ISEs utilizing BME-44 have reported even greater selectivity with log(Kpot) values
less than -4. Interestingly, the log(Kopt) = -1.6 for the BME-44 bulk optrode reported by another study is
substantially different from the experimental results reported here and in literature (Shortreed et al. 1997).
Some influence is likely due to the different chromoionophore, but it should also be noted that within this
study the authors do not describe how the selectivity coefficients for calcium or magnesium were
+
determined. If it is assumed that they were collected in the same fashion as that described for Na (by
varying solution pH), test results would give invalid results as it is known that selectivity values vary with
pH for ions of different charge. It can be concluded then sensitivity to calcium should not impair
measurement of potassium within nutrient solution.

7.5.2.4 Magnesium

The experimentally determined magnesium selectivity from Figure 35 of log(Kopt) = -3.0 is sufficient to
permit potassium monitoring with the developed potassium optrode even in the worst-case scenario,
which implies a required selectivity value of log(K) = -2.95. Like in the case of the other described ions
there exists variation between published selectivity results in literature. As described above for calcium,
the magnesium selectivity result described in Shortreed et al. (Shortreed et al. 1997) cannot be
considered without further elaboration, while there exists variation in potassium ISE magnesium
selectivity results as shown in Table 16. This difference could be due to the difference in chosen
membrane plasticizer. As no other published values for BME-44 potassium based bulk optrodes
otherwise exist for magnesium, the experimental value determined here provides the best estimate for the
developed sensor’s capacity to meet magnesium selectivity demands. Thus, as described, it can be
concluded that the sensor meets worst-case monitoring requirements.

7.5.2.5 Selectivity Summary

Experimental results suggested that the developed potassium optrode met the worst-case scenario
selectivity requirements for monitoring in half strength Hoagland nutrient solution. Ammonium presented
the greatest challenge on the sensor and was at the limit for the worst-case monitoring scenario, but
would without question amply meet the other selectivity scenarios considered. In addition, it should be
recalled that analysis considered the case of maximum permitted error in potassium measurement of 1%.
As such precision may not be required this would further ease selectivity requirements. In any case,
though selectivity requirements were met, if further accuracy is required in the experimentally determined
selectivity coefficients it would be constructive to re-conduct some of the selectivity tests, in particular the
concentrated chloride tests, so as to increase sample size and confidence in overall measurements.

7.5.3 Lifetime

Several potassium optrode lifetime tests were conducted which provided information relating to film
photodecomposition, leaching, crystallization and chemical breakdown of membrane components. In
particular, two lifetime tests were conducted in nominal half strength Hoagland nutrient solution and a
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third test conducted in pH buffer. In all cases, films were immersed in pH 6 maintained, stirred solutions
for the duration of the each respective test (typically on the order of 100 hours).

7.5.3.1 Photodecomposition

It is known that ETH 5294 under certain conditions can undergo photodecomposition, and that certain
studies have further suggested that the uncomplexed form decomposes at a faster rate than the
complexed form (Seiler 1993; Lindner et al. 2008). Although spectra collection was only conducted at
approximately one hour intervals, the light source and thus the incident light on the film was continuous
throughout the experiment. When analyzing the evolution of the absorption spectra over the course of
any of the lifetime experiments there was no reduction in absorption at the isosbestic point (570 nm). This
is confirmation that the chromoionophore is not being decomposed due to light to any perceptible degree
under the utilized light intensity and spectrum and over the tested durations.

7.5.3.2 Leaching / Chemical Decomposition

Though the selected chromoionophore ETH 5294 has a relatively low lipophilicity compared to some of
the other often utilized lipophilic Nile Blue derivatives (Bakker et al. 1993) the observation that the
absorbance at the isosbestic point remained unchanged over the experiment also provides confirmation
that there is negligible chromoionophore leaching throughout the tested durations. It can be concluded
that the overall chromoionophore concentration in the film does not change over the duration of the
conducted tests. For the assessment of the leakage, crystallization or breakdown of other membrane
components, the change in sensor response can be analyzed over the course of the experiment. In
particular, Figure 36 and Figure 37 present the change in the absorbance ratio over the duration of the
optrode lifetime tests in nominal half strength Hoagland nutrient solution.
As demonstrated by Figure 36 and Figure 37 both potassium films maintain a stable absorbance ratio
(541.58/660.09 nm) of approximately 1.2 for a period on the order of 50 hours. Following this stable
period, the absorbance ratio (i.e. ratio between low and high-wavelength side absorption peaks)
undergoes a transition before stabilizing at a new ratio of approximately 1.72 for film 1 and 1.82 for film 2.
It has also been experimentally confirmed that following the completion of this transition that the
membrane is no longer responsive to varied sample solution potassium changes, i.e. the optrode is no
longer functional. Film 1 has an initial period of stabilization which lasts for approximately 55 hours, while
film 2 is initially stable for approximately 45 hours. As it is known that membrane component leaching is a
factor in the employment of certain bulk optrodes, if diffusion/transport related phenomena are assumed
to be the reason for this transition then the difference in the duration of stability times is thought to be a
result of a slightly different stir setting (film 1 was in solution stirred at a lower rate than film 2). In
particular, if leakage of a particular membrane component is the cause of the observed absorption
changes (film breakdown) the increased stirring in the lifetime test of film 2, likely drove higher flushing of
the leached material at the membrane-solution interface and this increased mixing maximized the
gradient driving leaching of this component(s).
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Figure 36: Lifetime testing results for potassium optrode film 1 in half strength Hoagland nutrient solution
+
at pH 6.00, [K ] = 3 mM.

Absorbance Ratio (541.58/660.09 nm)

To further confirm that the film optical changes were indeed due to changes within the film and not
changes within the sample solution (though solution pH and temperature were regularly monitored and
confirmed to be approximately constant throughout the experiment), following the lifetime test of film 1,
the same sample solution was immediately reutilized and the second film, film 2 was immersed within this
solution. As described previously, film 2 converged to the same absorbance ratio of 1.2 that film 1 had
converged to, confirming that indeed the absorbance ratio changes seen in film 1 were due to the film
itself undergoing change.
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Figure 37: Lifetime testing results for potassium optrode film 2 in half strength Hoagland nutrient solution
+
at pH 6.00, [K ] = 3 mM.
As changes to the concentration of any membrane component can produce changes in film optical
properties (i.e. in the optrode response function), addressing the component which could be diminishing
in concentration can be evaluated based upon the nature of the optical changes. Firstly, if
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chromoionophore leaching/decomposition can be ruled out based upon the preceding discussion, the
ionophore, anionic site and plasticizer remain the potential candidates as the primary contributor to the
observed changes.
In addressing the scenario of ionophore leakage for the specific potassium optrode membrane Figure 38
plots the optrode response curve (“No Loss”) in comparison with the response curves for the same
membrane considering ionophore concentration reductions of 10%, 30%, 50% and 70%. The results
demonstrate that leaching or decomposition of the film ionophore do not produce the observed
absorbance ratio changes. In particular Figure 38 illustrates, that when considering a film in a given
sample solution, the increased loss of ionophore results in an increase in (1-α), thus a decrease in α
(decrease in uncomplexed chromoionophore) and thus a reduction in the absorbance ratio, which is
opposite to the observed response. This result supports that ionophore loss is not responsible for the
observed potassium optrode lifetime issues and suggests that the hypothesis of failure due to a slow
crystallization of BME-44 in a PVC-DOS membrane being the cause of sensor failure in a very similar
potassium bulk optrode film utilizing BME-44 and ETH 5294 but less effective anionic site may not be the
most plausible hypothesis (Wang et al. 1990). In addition, crystallization of BME-44 would be expected to
be accompanied by an appreciable increase in scattering. When analyzing the raw unprocessed intensity
spectra collected over the course of the lifetime experiments, they showed negligible changes in
scattering, further implying ionophore crystallization is an unlikely culprit of film failure. This suggestion
regarding the likely inconsistent suggestion of ionophore crystallization in Wang et al. (1990) is further
corroborated by another research group (Shortreed et al. 1997).
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Figure 38: Model predicted effect of ionophore loss for the developed potassium optrode. The nominal
potassium film considering no ionophore loss is shown for reference compared with 10%, 30%, 50% and
70% ionophore loss examples. The curves demonstrate a rightward optrode response shift and reduction
in total film chromoionophores which can undergo deprotonation with increased ionophore loss.
A theoretical investigation of ionic site concentration reduction within the specific potassium optrode
produces Figure 39. As apparent, when considering a film in a given sample solution, the increased loss
of anionic sites results in a decrease in (1-α), thus an increase in α (increase in uncomplexed
chromoionophore) and thus an increase in the absorbance ratio, matching the observed response. The
reason for the decrease in maximum attainable chromoionophore protonation is due to the fact when the
negatively charged anionic site leaves the film by decomposition or leaching, a positive charge must
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concurrently leave the film for electroneutrality to be maintained. This observed change in optical
properties due to ionic site decomposition or leaching is in agreement with other experimental work
(Peper et al. 2002). Interestingly the fact that both Figure 36 and Figure 37 do not exhibit changes to the
absorbance ratios immediately upon commencement of the lifetime experiment and are instead stable for
extended periods of a value of approximately 1.2 would tend to suggest anionic site leaching is not the
likely explanation for the anionic site concentration loss. Another potential rationalization is the
breakdown of the anionic sites due to reactivity with some other species. In particular it is known that the
utilized anionic sites, tetraphenylborates can be decomposed due to acid hydrolysis, oxidants or light
(Meisters et al. 1970; Rosatzin et al. 1993; Peper et al. 2002; Bakker 2011). It is also known that
transition metals can aid in the activation of oxidizing agents and that hydroponic nutrient solutions,
including the half strength Hoagland solution contain several transition metals (Anipsitakis et al. 2004).
Though they can represent complicated processes it is known that the interaction of a transition metal
with oxygen may lead to active oxygen or charge-transfer complexes which can themselves react with
polymers (Osawa 1988). The initial stability and sudden transition are still difficult to comprehend with
theory but led to the testing of a potassium optrode film in a solution without transition metals, in particular
a pH 6.00 sodium phosphate buffer.
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Figure 39: Model predicted effect of ionic site loss for the developed potassium optrode. The nominal
potassium film considering no ionic site loss is shown for reference compared with 10%, 30%, 50% and
70% ionic site loss examples. The curves demonstrate a leftward optrode response shift and reduction in
total film chromoionophores which can undergo protonation with increased ionic site loss.
As a method of confirming if there could be certain components of the nutrient solution itself influencing
the film lifetime, e.g. transition metals, an additional lifetime test using the same parameters but utilizing a
pH buffer (sodium phosphate) at pH 6.00 was conducted. The absorbance ratio results taken over the
experiment are shown in Figure 40. It is immediately evident that the absorbance ratio time-profile of
potassium film 3 in pH buffer differs significantly than those collected in nutrient solution. In particular,
there is no rapid transition occurring at the approximate 50 hour mark (note that reduced stir rate settings
used for film 1 were used in the test of film 3). A less notable transition in the absorbance ratio does
seem to occur starting near the 65 hour mark, but it is in the opposite direction as to that experienced
within nutrient solution and contrary to that predicted by tetraphenylborate loss.
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Figure 40: Lifetime testing results of potassium optrode film 3 in pH buffer (sodium phosphate) at pH 6.00,
+
[K ] = 3 mM.

Absorbance Ratio (541.58/660.09 nm)

Following the pH buffer lifetime run of approximately 105 hours, the functionality of the film was tested by
checking film responsiveness in pH buffer (pH 6.00) at different potassium concentrations. The
absorbance ratio results of this test are displayed in Figure 41 and show that following the pH buffer
+
+
lifetime test, the 3 mM [K ] concentration was modified to 10 mM [K ] 5 minutes after the initiation of the
+
test through the addition of KCl. The film was left in the 10 mM [K ] solution until 70 minutes following test
+
+
initiation and then changed back and forth between a concentration of 0.25 mM [K ] and 10 mM [K ].
Figure 41 shows that the film responded in a rapid and nominal manner to changes in potassium
concentration and confirms that the film was still functional after over 100 hours in pH 6.00 buffer. In
addition to showing that the film has improved lifetime in pH buffer, this result adds more evidence that
the transition metals within the nutrient solution may be responsible for the breakdown of the film.
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Figure 41: Functionality testing of a potassium optrode (film 3) following 100 hours of exposure to pH
+
buffer (sodium phosphate) at pH 6.00, with varied [K ]. Results conclude that the film is still functional.
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The final membrane component that could be a contributor to the observed film optical changes is the
DOS plasticizer. Plasticizer leaching has been described as a common issue with bulk optrodes (Dinten
et al. 1991; Bakker et al. 1997; Faridbod et al. 2008). Loss of plasticizer can influence selectivity and
response time (Bakker et al. 1997) and though exchanging a given plasticizer for another plasticizer can
influence the response curve of an optrode, minor loss of the plasticizer itself from a specific membrane
should have a rather limited influence on the explicit optrode response curve. That said, the leaching of
plasticizer may have interplay with the solubility of other membrane components and thus indirectly lead
to changes in membrane response (Comeau 2008; Faridbod et al. 2008). In all cases the effect of
plasticizers on ion-selective membranes remains rather qualitative and thus as no quantitative description
can be applied to compare with the compiled experimental results it is a challenge to elaborate further if
plasticizer leakage is or is not a contributor to potassium optrode lifetime and if it is, is its effect in
interplay with that of the anionic site. That said, the lifetime tests within the aqueous solution suggest that
plasticizer leakage is itself not the direct cause of the film degradation, as in theory plasticizer leakage
should be rather equivalent between lifetime tests conducted in nutrient solution and pH buffer. Further
confirmation as to if plasticizer leaching is a cause of changes in the potassium membrane response
could be had by fabricating new ion-selective membranes with reduced or no contained plasticizer and
characterizing their general response. As said, experimentation is required to provide clarity in this
regard as the theoretical modeling of the influence of plasticizer on the membrane and response has only
been achieved qualitatively and in some cases no definitive correlation relating plasticizer variables (e.g.
dielectric constants) and membrane performance has been achieved (Bakker et al. 1997; Comeau 2008).
Chemical analysis of films before, during and after lifetime test would also help confirm film compositional
changes.
Relevant information on lifetimes in the published literature for other bulk optrode potassium sensors
include numerous BME-44 films demonstrating lifetimes of approximately 45 minutes in buffered aqueous
solutions (Shortreed et al. 1997). A valinomycin, ETH 5294, KTpClPB, PVC-DOS film for use in biological
fluids was shown to be functional “not longer than some days” (Polster et al. 1995). A BME-44, ETH
5350, NaTFPB, PVC-DOS film tested in citrate buffers in flow injection mode “responded for several days
with continuous operation before requiring replacement” (Tóth et al. 1997). No matter the root cause of
the lifetime issues associated with the tested potassium sensor, the approximate 50 hour lifetime in
nutrient solution is on the order, or in some cases slightly better than the experimental lifetimes of other
bulk optrodes for potassium. It is also important to recall that experimental lifetimes are very dependent
on the system geometry (e.g. probe sitting in the bulk fluid versus a flow-cell), stir rate, temperature etc.
and that many operational implementation options are available which may potentially extend membrane
lifetime (e.g. not leaving the probe constantly immersed in solution).

7.5.3.3 Storage Lifetime

How long the spin coated potassium optrode membranes can be put into storage and still be functional
for use is an important operational question. Though not systematically tested, a storage lifetime of
greater than 20 weeks has been demonstrated. A spin coated potassium film stored in darkness at room
temperature was utilized in experiment and showed no noticeable changes and produced expected
results after a storage period of just over 20 weeks. It is suggested that a more systematic study of
optrode storage lifetime be conducted.

7.5.4 Response Time

Potassium optrode response time data can be estimated from any number of the conducted experiments.
Some experiments were more representative than others. For example, during the nominal calibration
experiments where small quantities of potassium salts were added between steps, the response time
may be somewhat delayed due to the fact that there was some lag before the salts completely dissolved.
In addition, response time data can in certain instances be very dependent on the experiment apparatus
(e.g. stir rate, orientation of probe head with respect to mixing, etc.). The response times reported here
are based upon the data presented in Figure 40 for the post-potassium lifetime in pH buffer experiment.
+
The potassium concentration change was from 0.25 mM to 10 mM [K ] representing an approximate 1.6
+
+
decade change to log(aK /aH ), and an α value change of approx 0.425 (i.e. representing a rather large
film absorbance change). Figure 41 presents the absorbance ratio changes for the probe (in this instance
without the light shield) reflecting the response time calculation. Based on the above, the t95% response
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time was found to be approximately 2.2 minutes. With the consideration of all data sets, it can safely be
concluded that the developed potassium optrode can respond to any potassium concentration change
(e.g. a change from its lower to upper limit of its dynamic range) even in non to slowly-mixed solutions in
less than 5 minutes.

7.5.5 Repeatability

The capacity of the potassium optrode sensor to repeatedly measure between two different potassium
activities was tested in pH 6.00 half strength Hoagland nutrient solution using the described large volume
repeatability test. After equilibration the solution that the sensor was immersed in was changed between
+
4 mM and 1 mM [K ] every 10 minutes. The absorbance ratio results are presented over the specific
repeatability portion of the experiment in Figure 42. The results provide confirmation of the general
reversibility of the potassium optrode and are further analyzed in Table 15.

Absorbance Ratio (541.58/660.09 nm)

1.3
4 mM

1.2
1.1
1
0.9
0.8
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0.7
0.6
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100
Counts (Minutes)
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+

Figure 42: Repeatability results of the potassium optrode between 4 mM and 1 mM [K ] concentration in
half strength Hoagland nutrient solution. The discrepancy near counts 101 – 105 is due to a bubble
forming in the sensor head due to the specific experimental set-up of the test.
Table 17: Summary of the potassium optrode repeatability experiment. Utilized absorbance values taken
from the last spectrum collected at each potassium concentration.
+

+

[K ]
(mM)

aK
(mM)

1
4

Measured Abs. Ratio
Mean

Std Dev

Sample
Size

0.883

0.811

0.0200

n=6

1.12

3.491

1.183

0.0125

n=7

3.43

105

Model Estimated
+
aK (mM)

+/- 1σ Estimated
+
aK (mM)
1.03
1.22
3.34
3.52

The values in Table 17 use the absorbance values of the last data point at each potassium concentration
step (note: no benefits to the calculated mean and variance was found if an average of the last three data
points from each step was utilized, though if the step duration was lengthened this may not have been the
+
case). It can be seen that the 4 mM [K ] results agree well with the potassium model predicted potassium
+
activities, but the agreement is less good with the 1 mM [K ] measurements. Note that these results
compare reasonably well with the repeatability of the potassium films described in Wang et al. (1990).
While the referenced results have a smaller standard deviation, they were conducted in a more controlled
environment using a conventional spectrometer and flow-cell arrangement. In contrast, the experiment
results presented here, represent a deployable instrument and were conducted in a potentially worst-case
scenario of the large volume test case where though large volumes and flow rates were used to change
out the sample solution between steps, the sample solution may not have been completely flushed in
+
some instances (the resultant solution may not have been exactly 1 mM or 4 mM [K ]).

7.5.6 Influence of Temperature

The influence of temperature on the potassium optrode films were assessed through the test of two films
+
in 3 mM [K ] half strength Hoagland nutrient solution under two different temperature profiles. The
nominal 4 L bottle of nutrient solution was heated and cooled to the temperatures listed in the
experimental results, but the other instrument components remained at room temperature ~21 °C
throughout the experiment. Figure 43 presents collected absorption spectra for one of the two tested
films (film 2) for several temperatures between 7.5 °C and 30 °C.
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Figure 43: Absorbance spectra normalized at 715.09 nm of potassium optrode film 2 displaying the
influence of temperature on film response.
Figure 43 visually demonstrates that temperature has an influence on the absorption properties of the
potassium membranes. As it is the absorbance ratio (541.58/660.09 nm) that is of most interest to the
utility of the optrodes within an operational system, an analysis of the variation of the absorbance ratio
with temperature is provided in Figure 44 and Figure 45 for film 1 and film 2 respectively. It is evident
from these two plots that the film absorbance ratios vary with temperature in a manner that is very similar
between films. Slightly improved agreement between the two films occurs at higher temperature than at
lower temperature but the difference at lower temperature is not considerable and resolution could be
improved by further increasing the sample size, by testing additional films.
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Figure 44: Temperature dependent response of potassium optrode film 1 in [K ] = 3 mM half strength
Hoagland nutrient solution at pH 6.00. The absorbance ratio (blue curve) and the sample solution
temperature (green curve) are plotted against time in minutes since the start of the experiment.
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Figure 45: Temperature dependent response of potassium optrode film 2 in [K ] = 3 mM half strength
Hoagland nutrient solution at pH 6.00. The absorbance ratio (blue curve) and the sample solution
temperature (green curve) are plotted against time in minutes since the start of the experiment.
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It is important to note that the small but abrupt spikes along the plotted absorbance ratio data in Figure 44
and Figure 45 were due to the small additions of HCl or NaOH for pH maintenance at pH 6.00. A
tabularized summary of the absorbance ratios for the two films at select temperatures and their potassium
+
optrode model suggested aK values are provided in Table 18.
Table 18: Summary of the influence of temperature on measured potassium optrode absorbance ratios
+
(541.58/660.09 nm) and model estimated aK values should no temperature correction be applied for
several select temperatures.
Mean Absorbance Ratio
Film 1

Film 2

Mean Model
+
Estimated aK (mM)

7.5

1.208

1.239

3.720

10

1.183

1.212

3.527

15

1.117

1.129

3.007

20

1.077

1.079

2.703

25

1.032

1.042

2.436

30

0.975

0.981

2.062

Temp (°C)

For comparative purposes data in Table 18 can be compared to the nominally predicted potassium
activity values (compiled with experiments conducted at approx 20 - 22 °C) of the potassium optrode
+
+
model in Table 14. For example, for the [K ] = 3 mM case at pH 6.00, the general model predicted an aK
value of 2.713 mM, while within the experimental data in Table 18, a 20 °C sample solution produced an
+
+
aK estimate of 2.703 mM (3.09 mM [K ]), a 7.5 °C sample solution an estimate of 3.720 mM (4.27 mM
+
+
+
[K ]) and a 30 °C sample solution an aK estimate of 2.062 mM (2.35 mM [K ]).
Though not addressed in detail here, the actual reason for the influence of temperature on sensor
response is expected to be occurring on several fronts, including such things as the direct influence of
temperature on the actual sample solution analyte activity and the influence of temperature on the
transport of any of the active species into and out of the membrane. If considering solely the influence of
temperature on sample solution analyte activity (by way of its influence on the coefficients A and B in
Equation 5) through the consideration of a solution temperature variation between 25 °C and 5 °C. A 3
mM potassium concentration at the nominal half strength Hoagland nutrient solution ionic strength implies
a potassium activity of 2.628 mM at 25 °C and 2.637 mM at 5 °C. This rather small variation in
comparison to those presented in Table 18 demonstrates that the influence of temperature on sample
solution analyte activity cannot be entirely responsible for the change in the observed optical properties.
The rather large variance in absorbance results with temperature heavily suggest that should variation in
nutrient solution temperature of more than a few degrees Celsius be likely, that a temperature correction
factor must be applied to the collected data for accurate analyte activity estimates to be possible. Though
not explicitly considered here, this factor could be applied in a similar fashion as the correction for pH, in
that real-time temperature measurements are incorporated into the optrode model permitting real-time
analyte activity estimate adjustments.

7.5.7 Potassium Optrode Summary

The resultant potassium optrode was developed based upon a bulk potassium optrode recipe from the
literature (Wang et al. 1990). This recipe was modified through the use of an improved anionic site
(KTFPB instead of KTpClPB) and by adjusting membrane component concentrations for the specific
application to nutrient solution monitoring. This work represents a systematic characterization of these
developed potassium membranes and their integration into the overall sensing system. In addition, unlike
the employment of other BME-44, ETH 5294 based bulk optrode membranes this optrode instrument
utilizes dual-wavelength absorbance ratiometric spectral processing rather than the more frequently
utilized determination of α, which requires the collection of both the fully complexed and fully
uncomplexed absorption spectra prior to film exploitation (Wang et al. 1990; Shortreed et al. 1997; Tóth et
108

al. 1997). The dual-wavelength technique permits use of fabricated films without calibration before
measurement. A summary of the experimentally determined instrument parameters of the developed
potassium optrode are provided in Table 19.
Table 19: Potassium optrode instrument parameters results summary.
Instrument Parameter
Measuring Range

Value

Note

0.134 - 116.5 mM

pH 6.0

2+

SSM

2+

SSM

+

SSM

Ca : -3.6
Selectivity (log(Kopt))

Mg : -3.0
Na : -3.4
+

Lifetime
Film Storage Lifetime
Response Time

NH4 : -2.2

SSM

40 - 50 hours

Continuously immersed
in nutrient solution

> 16 weeks
< 5 min

Repeatable Measurements

Yes

Temperature Sensitivity

Yes

Any measurement

The instrument design and detailed characterization conducted as part of this work, has permitted the
advancement of potassium bulk optrode sensors for application to plant growth systems from TRL 3
(analytical and experimental proof of concepts demonstrated) to TRL 4 (breadboard validation in a
laboratory environment). These potassium sensors are ready for trialing and validation within the relevant
environment in question (i.e. an operational plant growth system).

Chapter 8. Calcium Optrode

This section presents the developed bulk optrode for calcium sensing in hydroponic nutrient solutions.
For historical and comparative purposes, relevant history related to the general development of optrodes
for calcium is provided. This is followed by a select list of sensor requirements driven specifically by the
consideration of calcium sensing in nutrient solution. Theoretical analysis and the application of the
developed optrode response model for the calcium sensor case is presented including a brief review of
experimental results that allowed for the arrival at the final calcium membrane recipe. Finally, the results
of the characterization and experimental test of the final calcium optrode, including relevant instrument
parameters is presented.

8.1 History of Development

The optical ion sensing of calcium shadowed that of potassium with many of the same research groups
driving the developments. In the late 1980s two research groups independently but concurrently
published fibre optic based optrodes for calcium (Ashworth et al. 1988; Kawabata et al. 1988). One
sensor was the first to utilize a chromogenic crown ether in a calcium optical sensor (Ashworth et al.
1988). Schaffar et al. (1989) as they did with potassium, introduced the use of potential sensitive dyes
integrated into Langmuir–Blodgett films for the sensing of calcium. Many of these initial calcium sensors
were not very selective and exhibited interference with numerous other cations (Kawabata et al. 1988;
Suzuki et al. 1989). Shortly thereafter, the first bulk optrodes for calcium were introduced essentially
simultaneous by several research groups (Suzuki et al. 1989; Morf et al. 1990; Seiler et al. 1990). Morf et
al. (1990) described the basic theoretical description of bulk optrodes as applied to calcium sensing.
Nearing the same time, a chromoionophore selective to calcium and electrostatically immobilized in an
organic film and operating in reflection mode was described (Chau et al. 1990). A different
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macromolecule immobilized system for calcium based on fluorescence measurement was described by
Eckert-Tilotta et al. (1991). Further bulk optrode films were developed in the years to follow (Rosatzin et
al. 1992; Hauser et al. 1994; Hisamoto et al. 1994; Hisamoto et al. 1995). A bifurcated sensor head
containing a liquid solution with a fluorescent labelled calcium binding protein enclosed behind a dialysis
membrane and exhibiting a fluorescent response which varied with sample solution calcium concentration
was also reported (Blair et al. 1994). Shortreed et al. (1996b) published a sensor based on a longwavelength fluorescent indicator covalently immobilized into a hydrophilic polymer for use in calcium
measurement in biological cells. Shortly thereafter a different research group proposed to their
knowledge, the first example of the use of a waveguide for the selective optical determination of chemical
substances, in this instance for sodium and calcium (Kim et al. 1997; Kim et al. 2000). Their technique
utilized bulk optrode films in what they referred to as an “active waveguide” which could function even in
opaque and highly turbid samples, without dilution. Later, a drinking water optrode system including
integrated optrodes for pH, temperature and calcium was reported (Dybko et al. 1997; Dybko et al. 1998).
A calixarene macromolecule combining both the calcium selectivity and optical response and
incorporated into a hydrogel was proposed by Kurner et al. (2000). Disposable test strips for calcium
monitoring in drinking water based upon bulk optrode ion-exchange were described by Capitán-Vallvey
et al. (2002). Qin et al. (2003) later detailed a bulk optrode type sensor which was the first to include a
calcium ionophore covalently bound into a hydrophobic polymer and explored a plasticizer free
membrane, in both cases circumventing leakage issues of these two components.

8.1.1 Potential Calcium Ionophores

A moderate slate of calcium ionophores now exist that can be considered for implementation into calcium
bulk optrode films. Bulk optrodes have utilized the K22 and K23 ionophore series (Hisamoto et al. 1994;
Hisamoto et al. 1995; Kim et al. 1997; Kim et al. 2000), ETH 1001 (Schaffar et al. 1989; Seiler et al. 1990;
Rosatzin et al. 1992; Hauser et al. 1994), ETH 129 (Rosatzin et al. 1992) and the antibiotic A23187
(calimycin) (Suzuki et al. 1989). A summary of calcium bulk optrodes described in literature and their
respective ionophores along with the other employed membrane components is provided in Table 7.
Several other ionophores have been applied to calcium transport and could also be considered in sensor
design, including such ionophores as ionomycin and ETH 5234 (Gehrig et al. 1989; Qin et al. 2000; Wang
et al. 2001).
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Table 20: Literature summary of calcium selective bulk optrode membranes.
Reference
(Schaffar et al. 1989)

Ionophore
ETH 1001

(Suzuki et al. 1989)

Chromoionophore
RhoB/C18

A23187

Anionic Salt

Polymer

Plasticizer

None

arachidic acid
1-octadecanol

None

None

PVC

DOS

(Seiler et al. 1990)

ETH 1001

ETH 5294

NaTFPB

PVC

DOS

(Morf et al. 1990)

ETH 1001

ETH 5294

NaTFPB

PVC

DOS

(Rosatzin et al. 1992)

ETH 1001

ETH 5294

NaTFPB

PVC

DOS

(Rosatzin et al. 1992)

ETH 129

ETH 5350

NaTFPB

PVC

DOS

(Rosatzin et al. 1992)

ETH 1001

ETH 3531

NaTFPB

PVC-COOH base

DOS

-

(Rosatzin et al. 1992)

ETH 129

ETH 5350

polymer-SO3

PVC

DOS

(Hisamoto et al. 1994)

K22E
K22E1
K23E1
Basic E

LAD-3

None

ODS beads

DOS
TFPDE

(Hauser et al. 1994)

ETH 1001

ETH 5294

NaTFPB

PVC-OH
copolymer

DOS
NPOE

(Hisamoto et al. 1995)

K22E1

LAD-3

None

PVC

DOS

(Kim et al. 1997)

K23E1

LAD-3

None

PVC-PVAc-PVA

BEHP

(Kim et al. 2000)

K23E1

ETH 5294

NaTFPB·2H2O

PVC-PVAc-PVA

DOP

(Capitán-Vallvey et al. 2002)

18-crown-6-ether

ETH 5294

NaTFPB
KTpClPB

PVC

DOS
NPOE
TBP

(Qin et al. 2003)

Modified ETH 129
(covalently bound)

ETH 5294

NaTFPB

MMA-DMA base

None
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8.2 Nutrient Solution Calcium Sensing Requirements

The hydroponic nutrient solution itself drives the analyte ion measuring range and selectivity requirements
for the developed ion-selective sensors. Basic requirements are reviewed here for calcium.

8.2.1 Ranges in Nutrient Solution

The nominal calcium concentration in half strength Hoagland nutrient solution is 2 mM (Table 3). This
concentration then became the desired centre of the measuring range of the developed calcium optrode.
Though the 2 mM value was utilized as the nominal concentration in the developed calcium sensor, as
bulk optrodes typically have 2-4 orders of magnitude in their measuring range (Bakker et al. 1997), the
developed sensor will also be well centred for use in other hydroponic nutrient solutions as the greater
part of published recipes include calcium concentrations up to a maximum of approximately 7.5 mM
(Jones 2005).

8.2.2 Selectivity Requirements

Utilizing Equation 48 the required selectivity values that must be met by a calcium sensor were calculated
for monitoring in half strength Hoagland nutrient solution. Table 21 presents these required selectivity
values considering a maximum tolerable error (pi,j) in permitted calcium activity sensing of 1%. This table
presents the half strength Hoagland nutrient solution selectivity requirement results for the following three
analysis cases:
2+
• Case 1: All nutrient ions at their nominal half strength Hoagland concentration ([Ca ] = 2 mM).
2+
• Case 2: Minimum expected calcium concentration of [Ca ] = 0.5 mM with other nutrient ions at
their nominal concentration.
2+
• Case 3: Minimum expected calcium concentration of [Ca ] = 0.5 mM with all other nutrient ions
at two times their nominal concentration.
Table 21: Summary of calcium optrode selectivity requirements for monitoring in half strength Hoagland
nutrient solution. Required selectivity coefficients calculated using Equation 48 with the maximum
tolerable measurement error set as 1%.

Nutrient Ion
2+

Ca
+

K

2+

Mg
-

Cl

2+

Mn

2+

Zn

+

Na

NO3
2SO4
+
NH4
2HPO4 ,

Con’c
(mM)

Ratio
(Ca /Nutrient)
2+

Case 1:
log(Kopt)
Nominal

Case 2:
log(Kopt)
0.5 mM

Case 3:
log(Kopt)
Worst-Case

2.0

1

N/A

N/A

N/A

3.0

0.67

-2.18

-2.78

-3.08

1.0

2.00

-2.20

-2.80

-2.95

0.00915

218.58

0.34

-0.26

-0.56

0.00457

437.73

-1.03

-1.63

-1.78

0.000382

5232.86

-0.49

-1.09

-1.24

0.0448

44.67

-0.35

-0.95

-1.25

7.0

0.29

-2.54

-3.15

-3.45

1.0

2.00

-2.20

-2.80

-2.95

0.5

4.00

-1.40

-2.00

-2.30

H2PO4

*
0.5
4.00
-2.05
-2.65
-2.80
*Ratio of the ionic forms depends on the pH of the nutrient solution. Worst-case of the two forms is
considered.
From Table 21 the macronutrients have the selectivity coefficients of the highest magnitude. As ions of
opposite charge than the analyte will typically have much less of an interfering effect, nitrate and the
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various forms of phosphate can be discounted as they will likely not present a large selectivity concern.
Potassium and ammonium though monovalent cations, will be tested experimentally as they are at
relatively high concentrations compared to other cations. In regards to other divalent cations within the
nutrient solution both zinc and manganese are typically at very low concentrations and thus do not have
high required selectivity coefficients. Magnesium on the other hand is at a reasonable concentration and
thus as seen from the required selectivity table, requires a reasonably large coefficient and is an ion that
should have its selectivity addressed experimentally. Finally, as described previously, though sodium is
typically only added to nutrient solutions in small quantities (generally as a EDTA salt) it may be at
reasonable concentrations depending on irrigation source water (Reed 1996; Weller 2005). Considering
a worst-case adequately exploitable sodium concentration in irrigation water of 3 mM the required
selectivity coefficient for sodium as an interfering ion is log(K) = -3.1 when analyzing the worst-case
scenario (Case 3) above.

8.3 Initial Trials and Theoretical Response Calculations

To simplify the optical monitoring by commonality in spectral processing the initial film investigations for
the calcium membrane system involved films utilizing ETH 5294. Initial film recipes were based upon
experience gained in the development of the potassium system described previously and the calcium
membrane recipes described in literature (Morf et al. 1990). A summary of the Morf et al. (1990)
membrane cocktail recipe is provided in Table 22. This recipe and the various membrane component
characteristics were utilized to validate the Membrane Component and Concentration Optrode Response
Calculator for calcium. All theoretical optrode modeling analysis presented in this section utilized values
presented in Table 27.
Table 22: Trial membrane recipe 1. This recipe though not experimentally tested formed the basis for
initial calcium membrane experimentation.
Component
Mass (mg)* Con'c (mmol/g)**
Ratio***
ETH 1001
20.0
0.1169
3.1
ETH 5294
5.5
0.0377
1.0
NaTFPB
11.2
0.0506
1.3
PVC
70.0
DOS
143.0
*Dissolved in 2 mL THF.
**Concentration of each component (mmol) given with respect to the total mass (g) of all
membrane components (does not include THF).
***Ratio of concentrations given with respect to amount of chromoionophore.
Output from the optrode response calculator for Trial Recipe 1 displayed in Figure 46 and as described
the theoretically predicted response curve for Trial Recipe 1 matches the experimental response in Morf
et al. (1990) and provides some assurance for the validity of the model and employed calculator. The
response curve for Trial Recipe 1 also demonstrates that though reasonably close, the recipe is still
moderately offset from an optimized recipe for monitoring of calcium in half strength Hoagland nutrient
solutions. In particular it is obvious from Figure 46 that the Trial Recipe 1 response is shifted to the left
from having the centre of its dynamic range (α = 0.5) cross the desired calcium activity (i.e. a calcium
concentration of 2 mM in nominal half strength Hoagland solution at pH 6.00) indicated by the vertical red
line. Also displayed in this plot are two black vertical lines showing the position of the 0.5 mM and 5 mM
calcium concentrations for nominal half strength Hoagland nutrient solution. Further then, if utilizing films
of the Trial Recipe 1 for monitoring calcium in the range of interest e.g. 0.5 mM to 5 mM, it is evident that
the sensor will always be operating near fully uncomplexed chromoionophore and as the optrode
response curve levels out at this location, the optical changes observed for a given calcium activity
change will be reduced from that of a perfectly centred optrode film. This recipe was thus never
experimentally tested and instead calcium optrode membrane recipes which shift the response curve
further right were investigated. Still using the criteria for the desire of the use of the ETH 5294
chromoionophore a recipe involving the same components as described by Trial Recipe 1 but with NPOE
as plasticizer was considered and then experimentally tested.
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As it has been shown that chromoionophores in membranes using NPOE as a plasticizer have pKa values
2-3 orders of magnitude higher than in the same membrane but with DOS as plasticizer (Qin et al. 2002),
this would in theory shift the optrode response to the right (unless there was an even more appreciable
change in the formation constant of the ionophore) and thus the recipe in Table 23 was implemented.
Table 23: Trial membrane recipe 2 utilizing ETH 5294 and NPOE as plasticizer.
Component
Mass (mg)* Con'c (mmol/g)**
Ratio***
ETH 1001
8.7
0.0508
3.1
ETH 5294
2.4
0.0164
1
NaTFPB
7.3
0.0328
2.0
PVC
77.1
NPOE
154.2
*Dissolved in 2 mL THF.
**Concentration of each component (mmol) given with respect to the total mass (g) of all
membrane components (does not include THF).
***Ratio of concentrations given with respect to amount of chromoionophore.
In comparing Trial Recipe 1 and Trial Recipe 2 from Table 22 and Table 23 it can be seen that the
membrane component concentrations were also modified. This modification was primarily driven by a
change in the chromoionophore concentration based upon experience with potassium film production. In
particular, the fact that as the same spin coating settings were to be utilized and that there was a desire to
have similar levels of film absorption, the ETH 5294 concentration was decreased by a factor of 2.3 times.
This subsequently necessitated a corresponding decrease in ionophore concentration (2.3X). Finally, the
NaTFPB concentration was then adjusted slightly in such a way to place the centre of the optrode
response (α = 0.5) curve over the desired calcium activity as shown in Figure 46. This plot utilizing the α
parameter was calculated utilizing the collected absorbance values at the wavelength of maximum
absorbance of the complexed chromoionophore (660.09 nm for ETH 5294) as illustrated in Figure 5 and
utilizing Equation 10.
1
Predicted - Trial Recipe 1

0.9

Predicted - Trial Recipe 2

0.8

Experimental - Trial Recipe 2

0.7

(1-α)

0.6
0.5
0.4
0.3
0.2
0.1
0

4

5

6

7

8

9

10

11

12

13

14

log(aCa2+/(aH+)2)
Figure 46: Absorbances at 660.09 nm presented through the (1-α) parameter for the calcium optrode trial
2+
+ 2
responses as a function of log(aCa /(aH ) ). Trial Recipe 1 predicted response (red line), Trial Recipe 2
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predicted response (blue line) compared to experimentally collected data (data points) for Trial Recipe 2
films in half strength Hoagland nutrient solution.
Interestingly, even though the Trial Recipe 2 was predicted to be perfectly aligned over the calcium
activities of interest, Figure 46 shows that the experimental trials of fabricated films based on this recipe
differed significantly from theory. The reason for this difference is thought to be primarily due to an
uncertainty in the chromoionophore pKa values in NPOE films. In particular, there is only one reference
for the pKa value for ETH 5294 in NPOE but as numerous papers have been published on
chromoionophore pKa values in the more popular DOS plasticizer and as these still exhibit differences
between values it is likely that the pKa in NPOE is even less certain (Qin et al. 2002). For PVC based
DOS films the pKa value for ETH 5294 has been quoted as 12.00 (Bakker et al. 1993), 11.1 (Mi et al.
2000), 11.41 (Qin et al. 2002). In addition, a pKa value of 14.82 for ETH 5294 in a NPOE membrane has
been published (Qin et al. 2002). As seen from Figure 3 within this reference, its experimental value sits
slightly above the approximate linear relationship of pKa values in DOS membranes and NPOE
membranes for different chromoionophores, and thus the pKa value for ETH 5294 in NPOE membranes
may actually be less than the 14.82 published value (i.e. if assuming the formation constant for the
ionophore is correct, the pKa for ETH 5294 in NPOE could be estimated from the experimental data
shown in Figure 46 to be approximately 13.5). Uncertainty in NPOE membrane ionophore formation
constants and partition ratios of the ions in question may also play a role in the observed difference
between the theoretical and experimental results. In any event, experiments were not repeated to assess
this further as it was evident from the cursory experimental results that the calcium optrode response
curve had to be shifted to the right.
Based on the analysis of the two ETH 5294 films in different plasticizers, and the necessity in both cases
for a necessary rightward shift, a decision on the next membrane parameter to change had to be made.
As there was still the desire to keep the same chromoionophore, an analysis into a change in the calcium
ionophore was conducted. Recalling that the main variable of interest in terms of shifting the optical
response is the formation constant of the ionophore and that for a rightward shift a reduction in the
current ionophore formation constant would be required. In PVC-DOS films, ETH 1001 has a formation
constant of log(β) = 19.70 while other calcium ionophores have formation constants of log(β) = 25.5 for
ETH 129 and of log(β) = 22.06 ETH 5234 (Qin et al. 2000) and thus neither of these other two options
would instead shift the curve further to the left. The calcium ionophore A23187 has a log(β) = 8.67 in
PVC-DOS films, but since it has an absorption spectrum itself (in the visible region), its use in the same
type of proposed bulk optrode with separate ionophores and chromoionophores as considered here, is
not possible (Suzuki et al. 1989). In addition, though A23187 has been used for calcium sensing, it binds
more easily to magnesium, further limiting its usefulness in hydroponic nutrient solutions (Buhlmann et al.
1998). ETH 1001 also has the benefit of higher lipophilicity compared to ETH 129 (Buhlmann et al.
1998).
These considerations resulted in the investigation of other chromoionophores to shift the response curve.
For a rightward response curve shift a chromoionophore with a larger pKa value is required. When
considering other Nile Blue derivatives only a select few have higher pKa values than ETH 5294. One
that does, ETH 5350 was considered for further calcium film development. ETH 5350 was incorporated
into the membrane recipe provided in Table 24 and fabricated films correspondingly tested. As evident
from the Trial Recipe 3, the more popular DOS plasticizer was once again utilized in membrane
formulation.
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Table 24: Trial membrane recipe 3. Initial ETH 5350 film with Itot/Ctot = 3.03.
Component
Mass (mg)* Con'c (mmol/g)**
Ratio***
ETH 1001
8.48
0.0496
3.03
ETH 5350
2.33
0.0164
1
NaTFPB
4.75
0.0215
1.31
PVC
78.0
DOS
156.1
*Dissolved in 2 mL THF.
**Concentration of each component (mmol) given with respect to the total mass (g) of all
membrane components (does not include THF).
***Ratio of concentrations given with respect to amount of chromoionophore.
As demonstrated in the results presented in Figure 48, Trial Recipe 3 produced the theoretically predicted
rightward shift. Though the theoretical and experimental results differ somewhat, both results are now
slightly too far right of the optimized sensor response location. To further optimize by shifting the curve
back slightly to the left, the ionophore to chromoionophore concentration ratio was increased. Trial
Recipe 3 as displayed in Table 24 incorporated an Itot/Ctot ratio of 3.03, an attempt to shift the response
curve further left was made by increasing this Itot/Ctot ratio to 5.12 as given in Trial Recipe 4 in Table 25.
Table 25: Trial membrane recipe 4. Itot/Ctot = 5.12.
Component
Mass (mg)* Con'c (mmol/g)**
Ratio***
ETH 1001
14.35
0.0839
5.12
ETH 5350
2.33
0.0164
1
NaTFPB
4.75
0.0214
1.31
PVC
76.1
DOS
152.2
*Dissolved in 2 mL THF.
**Concentration of each component (mmol) given with respect to the total mass (g) of all
membrane components (does not include THF).
***Ratio of concentrations given with respect to amount of chromoionophore.
Trial Recipe 4 results are also presented in Figure 48 and in this instance the theoretically predicted and
experimental results were in good agreement. Figure 47 gives the normalized absorption spectra for Trial
Recipe 4 films for varied calcium concentration. The ’99.00’ case represents the totally uncomplexed
chromoionophore case (film in solution of high pH). As per the previous results, a change in optical
2+
properties with calcium concentration was evident. Figure 47 shows that even up to 5 mM [Ca ] that the
absorption spectra were all quite close to the fully complexed chromoionophore case and even at 5 mM,
the optical response of the film did not cross the α = 0.5 point. This result compelled a further increase in
the Itot/Ctot ratio.
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Figure 47: Absorption spectra normalized at 715.09 nm of the calcium ion-selective optrode Itot/Ctot = 5.12
in half strength Hoagland nutrient solution at pH 6.00. Calcium concentration varied by addition of
Ca(NO3)2 up to 2 mM followed by CaCl2 up to 5 mM. Legend gives calcium concentration in mM. The
displayed ‘99.00’ case represents the absorption spectrum in the same solution but with the pH adjusted
to be very basic to ensure complete decomplexation of the chromoionophore.
The further desired leftward shift from the Trial Recipe 4 (Itot/Ctot = 5.12) results resulted in the Trial
Recipe 5 recipe provided in Table 26, which employed a Itot/Ctot ratio of 17.83.
Table 26: Trial membrane recipe 5. Itot/Ctot = 17.83.
Component
Mass (mg)* Con'c (mmol/g)**
Ratio***
ETH 1001
50.00
0.2923
17.83
ETH 5350
2.33
0.0164
1
NaTFPB
4.75
0.0215
1.31
PVC
64.2
DOS
128.4
*Dissolved in 2 mL THF.
**Concentration of each component (mmol) given with respect to the total mass (g) of all
membrane components (does not include THF).
***Ratio of concentrations given with respect to amount of chromoionophore.
The Trial Recipe 5 theoretical and experimental results are also included on Figure 48 and demonstrated
that the leftward shift was successful. The Trial Recipe 5 experimental results were only slightly offset to
the right from the fully optimized case of having the α = 0.5 point crossing the desired centre of the
dynamic range given by the vertical line and these results were used to modify the recipe one final time to
obtain the resultant membrane recipe for the calcium optrode. The α parameter was calculated utilizing
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the collected absorbance values at the wavelength of maximum absorbance of the complexed
chromoionophore (639.91 nm for ETH 5350) as illustrated in Figure 5 and utilizing Equation 10.
1
0.9
0.8
0.7

(1-α)

0.6
0.5
0.4

Predicted - Trial Recipe 3
Experimental - Trial Recipe 3
Predicted - Trial Recipe 4
Experimental - Trial Recipe 4
Predicted - Trial Recipe 5
Experimental - Trial Recipe 5

0.3
0.2
0.1
0

4

5

6

7

8

9

10

11

12

13

14

log(aCa2+/(aH+)2)
Figure 48: Absorbances at 639.91 nm presented through the (1-α) parameter for the calcium optrode Trial
2+
+ 2
Recipes 3 through 5 as a function of log(aCa /(aH ) ) in half strength Hoagland nutrient solution.
Theoretically predicted response curves (solid lines) shown with experimentally collected data (data
points).
Based upon the results and discussions in the initial trials of derived calcium optrodes, the ionophore to
chromoionophore ratio was increased a final time to Itot/Ctot = 22 to provide the final leftward shift for a
fully tailored calcium sensor. The very large Itot/Ctot ratio of 22 is not unprecedented in bulk optrodes as
other sensors in certain circumstances have used ratios on the same order. In particular a developed
optrode for sodium used an 18-19 fold molar excess of ionophore over chromoionophore (Seiler et al.
1991).
All calcium optrode theoretical analyses related to the trialed recipes utilized values from Table 27.
These values form the basis for any future theoretical analyses along this regard.
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Table 27: Values utilized in the development of the calcium optrode theoretical model.
Variable

Value

Reference

ETH 1001
log(β) (DOS)
log(β) (NPOE)

19.7

(Qin et al. 2000)

24.54

(Qin et al. 2000)

p

2

(Bakker et al. 1994)

ETH 5294
pKa (NPOE)

14.82

p

1

(Qin et al. 2002)
(Seiler 1993)

ETH 5350
pKa (DOS)

13.4

n

1

(Bakker et al. 1993)
(Seiler 1993)

Ratio of Partition Coefficients
2+

+ 2

kCa /(kH )

0.0016

8.4 Resultant System

(Morf et al. 1990)

The resultant calcium bulk optrode membrane incorporates the five components listed in Table 28.
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Table 28: Resultant calcium ion-selective optrode membrane components.
Component

Chemical Name

Molecular Structure

ETH 1001

diethyl N,N′-[(4R,5R)-4,5-dimethyl-1,8-dioxo3,6-dioxaoctamethylene]bis(12methylaminododecanoate)

ETH 5350

N,N-(diethyl)-5-[(2-octyldecyl)imino]-5Hbenzo[a]phenoxazin-9-amine

NaTFPB

sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate

PVC

poly(vinyl chloride)

DOS

bis(2-ethylhexyl) sebacate

The final calcium optrode membrane recipe is provided in Table 29.

120

Table 29: Final calcium ion-selective optrode membrane recipe.
Component
wt%*
Mass (mg)**
Con'c (mmol/g)***
Ratio****
ETH 1001
24.71
61.71
0.36080
22.00
ETH 5350
0.93
2.33
0.01640
1
NaTFPB
1.90
4.75
0.02148
1.31
PVC
24.15
60.30
DOS
48.30
120.60
*Weight percentage with respect to the total mass of all membrane components (does
not include THF).
**Dissolved in 2 mL THF.
***Concentration of each component (mmol) given with respect to the total mass (g) of all
membrane components (does not include THF).
****Ratio of concentrations given with respect to amount of chromoionophore.
To the best knowledge of the author, the resultant calcium ion-selective membrane represents the first
time the ETH 5350 chromoionophore and ETH 1001 ionophore have been simultaneously incorporated
into a calcium bulk optrode and thus the resultant membrane composition represents a completely new
calcium optrode alternative.

8.5 Results

The following sections report on the characterization and detailed experimental results of the developed
calcium optrode with sections organized by instrument parameter.

8.5.1 Measuring Range

When the calcium optrode was immersed in solution its observed colour varied depending on calcium
levels between blue and orange. As expected and as for the other trial calcium optrode recipes, the
resultant membrane demonstrated a dependency on calcium activity with Figure 49 plotting the
absorption spectra of the two extreme cases of a membrane with fully deprotonated (membrane orange)
and fully protonated chromoionophore (membrane blue).
The suite of absorption spectra results of the finalized calcium optrode obtained from calibration curve
experiments in pH buffer and nominal half strength Hoagland nutrient solution are shown in Figure 50 and
Figure 51 respectively. These spectra demonstrate that in the PVC-DOS membrane the fully complexed
chromoionophore has an absorption peak at approximately 640 nm (with a non-distinct left hand
shoulder) while the fully protonated chromoionophore has an absorption peak at approximately 500.09
2+
nm. The fully protonated chromoionophore case is represented by the [Ca ] = 00.00 mM legend entry in
Figure 50 and Figure 51, representing the membrane absorption spectra taken in a solution of 0 mM
2+
[Ca ]. This result was confirmed through the collection of an absorption spectrum in a solution of low pH
2+
~2-3 pH. The fully deprotonated chromoionophore case which is labelled as the [Ca ] = 99.00 entry was
obtained in a solution of high pH ~9.5–10.5. It should be noted that in this instance “99.00” does not
represent a calcium concentration, but instead is a placeholder name for the uncomplexed case.
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Figure 49: Summary of the calcium sensor ion-exchange mechanism in relation to film colour and the
actual measured absorption spectra for the fully complexed chromoionophore (left) which produced a
blue coloured film and for the fully uncomplexed chromoionophore (right) which produced an orange
coloured film.
As is evident from the presented absorption spectra (e.g. Figure 51) those calcium activities for which the
optrode can measure, produced absorption spectra which fall between the two extreme cases of fully
complexed and fully uncomplexed chromoionophore. The calcium concentrations tested (at the nominal
2+
half strength Hoagland ionic strength) include a range from 0.1 mM to 5 mM [Ca ]. The initial intention
had been to go to higher calcium concentrations, but it was very soon realized that at pH 6.00 and room
temperature that calcium would begin to precipitate out at a concentration between 6 mM and 10 mM in
both the pH 6.00 sodium phosphate buffer and in the half strength Hoagland solution.
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Figure 50: Absorption spectra normalized at 715.09 nm of the calcium ion-selective optrode in pH 6.00
buffer (sodium phosphate) with ionic strength equal to the nominal half strength Hoagland nutrient
solution. Calcium concentration varied by addition of Ca(NO3)2 up to 2 mM followed by CaCl2 up to 5
mM. Legend gives calcium concentration in mM.
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Figure 51: Absorption spectra normalized at 715.09 nm of the calcium ion-selective optrode in half
strength Hoagland nutrient solution at pH 6.00. Calcium concentration varied by addition of Ca(NO3)2 up
to 2 mM followed by CaCl2 up to 5 mM as per the legend. Legend gives calcium concentration in mM.
The displayed ‘99.00’ case represents the absorption spectrum in the same solution but with the pH
adjusted to be very basic to ensure complete decomplexation of the chromoionophore. The 0.10 mM
concentration case was not collected in this experiment.
Figure 50 and Figure 51 demonstrate that ETH 5350 in PVC-DOS membranes displayed a well defined
isosbestic point at approximately 542 nm. Unlike the potassium experimentation case where the totally
uncomplexed chromoionophore spectra was taken in the same pH buffer solution at high pH, the
2+
reasonably high (5 mM [Ca ]) calcium concentrations for which the calcium calibration curve experiments
ended resulted in substantial precipitate formation if the pH was increased to the level required for the
formation of solely uncomplexed chromoionophore. Absorption spectra for this case were thus collected
in deionised water with added NaOH. The deprotonated chromoionophore absorption spectrum labelled
’99.00’ in Figure 51 is the only curve which does not precisely cross at the same isosbestic point, due to
the fact that the absorbance is actually less at the 542 nm point because the solution is more transparent
than the half strength Hoagland nutrient solution.
It is apparent from Figure 51 that as designed, the nominal 2 mM calcium concentration of the half
strength Hoagland nutrient solution lies near the half way point between fully protonated and fully
deprotonated chromoionophore, i.e. it sits near the centre of the measuring range of the developed
optrode. This can be seen in even greater precision when plotting the calcium optrode response on the
2+
+ 2
conventional log(aCa /(aH ) ) vs. (1-α) plot, as presented in Figure 52.
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Figure 52: Absorbances at 639.91 nm presented through (1-α) parameter for the calcium optrode as a
2+
+ 2
function of log(aCa /(aH ) ). Predicted response (green line) compared to experimentally collected data
for both the film in pH 6.00 buffer (sodium phosphate) and pH 6.00 half strength Hoagland nutrient
solution (data points as per legend).
As displayed in Figure 52 there was good agreement between the theoretically predicted and
experimentally observed results for the developed calcium sensor. Though offset, the experimental data
followed the theoretically predicted sigmoidal shape for changing calcium (or hydrogen ion) activity and
the slopes were in good agreement. As this is the first published instance of these membrane
components being utilized together, the usefulness in the theoretical model in appropriately selecting
membrane components and concentrations is further reiterated. The results compiled here could be
utilized to further improve model precision by providing further references for the variables which
influence the optrode response model associated with this particular calcium system (e.g. Kexch). It should
be noted that for reasons of clarity, Figure 52 does not plot all of the collected calcium optrode
experimental calibration data sets (includes results from five of eight conducted experiments). As evident
from Figure 52 though there is some spread between the five presented sets of experimental results, the
experimental response curves demonstrate very effective alignment with the desired dynamic range
centre line (i.e. the α = 0.5 point of the experimental curves occurs very close to the desired dynamic
range centre line). The potential reasons for the small differences between the theoretically predicted
and experimentally determined response curves have been described for the case of the potassium
sensor. The additional variable that can contribute to the theoretical and experimental results offset for
the calcium sensor is the fact that the theoretical curve was generated under the assumption of 1:2
ionophore-analyte ion stoichiometry. Though complexes of 1:2 stoichiometry are known to be
predominant, it is also known that at least three different calcium ion to ETH 1001 complexes may be
formed. Though the shape remains constant, different stoichiometries shift the optrode response curve in
a horizontal manner (Buhlmann et al. 1998).
The calcium optrode measuring range was determined based upon the half α = 0.5 slope method and
resulted in a calcium activity measuring range of 0.0219 mM to 105.9 mM for optrode use in solutions at
pH 6. This confirms that though the sensor has been centred on a calcium concentration of
approximately 2 mM based on the half strength Hoagland nutrient solution, that it will also apply well to
other hydroponic nutrient solutions which have maximum calcium concentrations of approximately 7.5
mM (Jones 2005).
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The experimental results in Figure 52 also demonstrate the alignment of the calibration curves conducted
in pH buffer and nutrient solution. This provides initial evidence that the calcium optrode does not
experience any significant interference from the other baseline half strength Hoagland nutrient ions.
As this work utilizes ratiometric absorbance values, rather than computing (1-α) values, Figure 53 plots
the variation in the ratio of the absorbance at 500.09 nm compared to 639.91 nm for varied calcium
concentrations.
These specific wavelengths were selected to match the low-wavelength and highwavelength absorption peaks of the selected ETH 5350 chromoionophore within the PVC-DOS
membrane. These ratiometric wavelengths are listed to two decimals points as they match particular
spectrometer output wavelengths. It should be noted that the data points in Figure 53 are spaced in time
by one minute intervals and were collected without stoppage of the data logging program between each
calibration step, so the plot also provides some insight into the response time of the sensor for each
change in calcium concentration.
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Figure 53: Absorbance ratio versus time plot for a calcium film over a calibration curve experiment.
Ratiometric values for absorbance at 500.09 nm over 639.91 nm are given for film in pH 6.00 half
strength Hoagland nutrient solution for varied calcium concentration by addition of Ca(NO3)2 up to 2 mM
followed by CaCl2 up to 5 mM. Each count represents one minute and shows real-time change following
an increase in calcium concentration every 10 minutes.
Utilizing data from the eight experimental calibration curve data sets (five conducted in nutrient solution
and three conducted in pH buffer) a plot of the average absorbance ratio values versus known
2+
+ 2
log(aCa /aH ) values was generated for the calcium optrode and is displayed in Figure 54. The data
demonstrates a very obvious trend with an increasing absorbance ratio for increased calcium.
Interestingly, the variation in the absorbance ratios for a given calcium concentration are considerably
higher than that which was observed with the potassium optrode.
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Figure 54: Mean absorbance ratio (500.09/639.91 nm) values measured from eight calcium optrode
2+
+ 2
experimental calibration runs plotted against the calcium and hydrogen ion ratio (log(aCa /aH ) ). The
th
output best-fit polynomial (4 order) can be utilized with calcium optrode measurements to estimate
calcium activity. Error bars indicate one standard deviation variation in absorbance ratio measurements.
Error bars corresponding to one standard deviation shown in Figure 54 are quite consistent over the
2+
+ 2
2+
entire range of log(aCa /(aH ) ) values but increase slightly from 0.051 for the 0.1 mM [Ca ] case up to
0.075 for the 5 mM [Ca2+] case. Though expected to decrease further with increased calibration run
experiments, it is evident that there exists larger variation in the absorbance ratio results of the calcium
sensor than that measured with the potassium optrode. The most probable contributor to this difference
is the fact that the ETH 5350 chromoionophore has a much lower magnitude low-wavelength absorbance
peak than ETH 5294 and thus and the lower relative changes in absorbance for the low-wavelength peak
(500.09 nm) can imply greater errors in the calculation of the absorbance ratio.
The best-fit 4th order polynomial which forms the basis of the ratiometric absorbance to calcium activity
conversion was obtained from the data in Figure 54 and is provided in Equation 56:
56

𝑎𝐶𝑎2+
log �
� = −45.604𝑥 4 + 105.23𝑥 3 − 91.988𝑥 2 + 38.432𝑥 + 2.4199
(𝑎𝐻 + )2

[56]

Where x, the measured absorbance ratio (500.09/639.91 nm) can be utilized to estimate
2+
+ 2
log(aCa /(aH ) ). As pH is assumed to be known, Equation 56 can be manipulated to convert directly to
calcium activity as presented in Equation 57.
57

4
3
2
𝑎Ca2+ = (𝑎𝐻 + )2 10(−45.604𝑥 + 105.23𝑥 − 91.988𝑥 + 38.432𝑥 + 2.4199)
2+

+ 2

[57]

Note that the curve fit was run between the log(aCa /(aH ) ) value of approximately 7.83 (representing
the 0.1 mM calcium concentration case at the nominal half strength Hoagland ionic strength) up to a
2+
+ 2
log(aCa /(aH ) ) value of approximately 9.45 (representing the 5 mM calcium concentration case at the
nominal half strength Hoagland ionic strength) and that some reduced accuracy can be expected with the
model at these extreme points.
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When the model was used to output plots of calcium activity and calcium concentration versus
absorbance ratio for the nominal pH 6.00 case, Figure 55 was obtained. It should be recalled that this
plot can only be utilized as a look-up table for absorbance ratio measurements conducted at pH 6.00. In
addition, the concentration curve assumes an ionic strength equal to that of the nominal half strength
2+
2+
Hoagland solution at 2 mM [Ca ] and for varied [Ca ] the ionic strength changes proportionally to the
amount of calcium fertilizer salt added (i.e. no other components within the nutrient solution are changing
and contributing to a change in ionic strength). The influence of ionic strength on the difference between
calcium activity and concentration in nutrient solution can be demonstrated for the example of a calcium
concentration of 2 mM, at the nominal half strength Hoagland ionic strength the calcium activity is 1.24
mM. If the ionic strength doubles, the calcium activity becomes 1.07 mM and at five times the nominal
ionic strength, the calcium activity is 0.851 mM. As optrodes measure activity, the estimate of
concentration from the collected data can come with some error if a poor assumption of the ionic strength
is made. Fortunately it can be seen that rather large changes in ionic strength are required to cause
significant conversion errors.
5
aCa²⁺
[Ca²⁺]

aCa2+ or [Ca2+] (mM)

4

pH 6

3

2

1

0

0.1

0.2

0.3
0.4
0.5
Absorbance Ratio (500.09/639.91 nm)

0.6

0.7

Figure 55: Plot of model predicted calcium activity (red) and calcium concentration (blue) based upon
measured absorbance ratio (500.09/639.91 nm) at pH 6.00. This graph cannot be applied to solutions of
different pH and the plotted concentration curve assumes an ionic strength equal to that of the nominal
2+
half strength Hoagland nutrient solution at [Ca ] = 2 mM. The ionic strength is assumed to vary around
this point in value solely dependent on the calcium salt added to achieve the concentrations in question.

128

Table 30: Comparison of actual calcium activities and concentrations compared with model derived
activities (n = 8).
Actual
2+

[Ca ] (mM)

2+

Model (n = 8)
+ 2

log(aCa /(aH ) )

2+

aCa

(mM)

2+

aCa

(mM)

0.1

7.83

0.067

0.068

0.25

8.22

0.167

0.159

0.5

8.52

0.329

0.342

1

8.81

0.645

0.644

1.5

8.98

0.948

0.938

2

9.09

1.242

1.229

2.5

9.18

1.526

1.518

3

9.26

1.802

1.812

4

9.37

2.332

2.344

5

9.45

2.838

2.812

The larger than foreseen variation between calibration curve results evident in Figure 54 implies that with
2+
2+
a one standard deviation error the nominal 2 mM [Ca ] (1.242 mM aCa ) calcium concentration can only
2+
2+
be stated with this confidence level between 1.33 – 2.96 mM [Ca ] (0.844 – 1.779 mM aCa ). This
significant variation in calcium optrode measurements requires further analysis but may be due in part to
2+
+
the fact that unlike the potassium case, the model determination of aCa depends the square of aH .
Specifically, any error in the measurement of pH correlates directly into more error with regard to the
operational use of the calcium sensor. As pH was maintained under tight control over the calibration
curve experiments this cannot be the sole reason for the higher levels of variation.
The more likely cause is increased variation in the fabricated films themselves. It has been observed that
following production and drying of the calcium optrode films that there was a reasonable percentage of
films (20 – 25%) that displayed discoloured areas. In most instances this discolouration occurred over a
small area of the film but in other instances it occurred over the entire film area. These discoloured areas
demonstrated no optical responsiveness to changing calcium activity. It is likely that these discoloured
areas are a result of one of two issues. The first is that though the same membrane cocktail was used to
fabricate all calcium films, some films were fabricated from membrane cocktail solution that had been
stored for several weeks. Though the membrane cocktail is no longer stored in solution and all films are
instead immediately fabricated upon solution makeup, films fabricated from old membrane solution may in
general exhibit differing properties. These differing properties or patches of discoloured membrane could
then be due to the presence of impurities found even in the highly pure membrane components which
undergo reactions over time within the concentrated membrane cocktail solution. Even more likely is that
the issue of the non-uniform films can be traced to non-complete cleaning of the sensor heads prior to
spin coating. Though the top-face and mirrored surface of each sensor cap were always exhaustively
cleaned, it was realized that very small amounts of old membrane could sometimes still reside in the
threaded section of the sensor heads. The spin coating of new films always resulted in a spun-off film
segment which would sometimes fall over-top of the old membrane within the threaded area. This would
subsequently connect the active film on the mirror with an old membrane deposit, which in certain
instances was of completely different composition (e.g. from a previous batch of fabricated films, in some
instances even for a different ion). Over time the old membrane deposit could change the properties of
some or all of the active ion-selective sensor membrane which is in view of the bifurcated optical fibre,
thus influencing results. Though a more complete cleaning process of the sensor heads, including full
and repeated immersion in a THF bath was later implemented, this contamination issue may still have
been present in the tested calcium films.
In summary, though reasonable measurement repeatability was observed between the eight conducted
calibration runs, if this calcium film is to be further considered for deployment into on-line plant growth
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systems, further testing of film fabrication consistency using films fabricated solely with freshly formulated
membrane cocktail and with the new sensor head cleaning procedures should be conducted.

8.5.2 Selectivity

Selectivity testing of the calcium optrode comprised the same challenges as those described previously
for the potassium optrode. In this instance, the non-buffered concentrated chloride solution testing (see
the Ions of Different Charge experimental procedure section) was used for all interfering ions of interest
+
+
+
2+
(K , Na , NH4 , Mg ). A summary of these SSM results are presented in Figure 56.
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Figure 56: Calcium optrode experimental selectivity results (SSM). The response to Ca as per the
previously described calibration runs is shown with a best-fit curve (purple) for pH 6.00. The response to
+
2+
+
immersion in 1 M chloride solutions at pH 6.00 are given for K (blue triangle), Mg (orange circle), Na
+
(green diamond), NH4 (red square) along with their respective best-fit response curve. During the same
test a 1 M calcium chloride solution at pH 6.00 was also used to confirm its alignment with the previously
2+
conducted Ca calibration runs and this data point is shown (grey square).
The leftmost curve displayed in Figure 56 presents the nominal experimental calcium optrode response
curve to calcium, as obtained from the previously conducted calibration runs. The various data points
shown in Figure 56 represent the experimentally measured absorption results in the tested interfering ion
concentrated chloride solutions. Best-fit response curves were fit to each experimental data point
obtained in the various 1 M chloride solutions, save that for 1 M CaCl2 as this data point was collected for
comparison to the nominal calcium optrode response curve to calcium. The fact that this data point falls
very close to the response curve from other experiments helps to better confirm the usability of the
calcium optrode selectivity data collected here. The best-fit response curves assume a given ion charge
and ion-ionophore stoichiometry and can be used in comparison to the optrode response to calcium curve
to estimate selectivity coefficients for each ion by taking the horizontal distance between curves at the (1α) = 0.5 point. A summary of these determined selectivity coefficients as well as a summary for similar
bulk optrodes for calcium is provided in Table 31.
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Table 31: Comparison of experimentally determined and literature reported selectivity coefficients for ETH
1001 based calcium ion-selective sensors. All values determined by SSM unless otherwise listed.
Ion
+

K

2+

Mg

+

Na

Experimental

Literature

log(Kopt)

log(Kopt)

-4.0

-3.8

(Morf et al. 1990)*

-4.0

(Anker et al. 1981)**

-4.1

(Morf et al. 1990)*

-6.4

(Anker et al. 1981)**

-3.6

(Morf et al. 1990)*

-4.7
-3.7

-5.2 (FIM)
-3.5

Reference

(Rosatzin et al. 1992)*
(Anker et al. 1981)**

+
NH4

-3.8
*log(Kopt) values determined for ETH 1001, ETH 5294, NaTFPB, PVC, DOS membranes.
**Potentiometric selectivity coefficients log(Kpot) given for an ISE using a ETH 1001, KTpClPB,
PVC, DOS membrane.
As seen from Table 31 there is good agreement between the experimental selectivity results for the
calcium optrode ETH 1001, ETH 5350 film presented here and those of a ETH 1001, ETH 5294 film
presented in literature (Morf et al. 1990). It should be noted that as the tests were conducted in solutions
of high ionic strength, that activity coefficients estimated by the Debye-Hückel formulation may deviate
somewhat from actual values. Table 31 displays the calcium to sodium selectivity coefficient determined
by Rosatzin et al. (1992). Though this value can be used for order of magnitude comparison, since it was
obtained by FIM, it cannot be used as a direct comparison with the experimental value obtained by SSM.
The other bulk optrodes listed in Table 20 utilizing ETH 1001 are not presented here for comparison as
they do not test for optrode selectivity. From literature the interfering ion which typically poses the biggest
selectivity challenge for sensors incorporating the ionophore ETH 1001 is lithium (Morf et al. 1990;
Buhlmann et al. 1998). As lithium is not considered a plant nutrient ion and thus is not included in plant
nutrient solutions, its selectivity is not of significance in the application of the resultant calcium optrode to
nutrient solution monitoring.
The experimentally determined calcium sensor selectivity coefficients demonstrate that the developed
sensor can meet selectivity requirements even in the worst-case measurement scenario. In particular,
when comparing the results of Table 31 to the requirements in Table 21, it is evident that the
experimentally determined values far surpass the requirements for the four tested interfering ions. Even
+
when considering high sodium level source water (3 mM [Na ]) in the worst-case analysis scenario (Case
3), the developed calcium sensor meets the log(K) = -3.1 sodium selectivity requirement . As the
selectivity values in literature also suggest that ETH 1001 based calcium optrodes should meet nutrient
solution monitoring selectivity requirements, a detailed description of the results for each individually
tested ion is not presented as it was in the potassium optrode case. In any case, though experimental
results agree well with those reported previously, as the experimental results described here were
collected in a manner similar to Qin et al. (2003) and in all cases with a sample size of n = 1, it is
suggested that calcium optrode selectivity tests be re-conducted to further increase the confidence in the
compiled selectivity coefficient estimates.

8.5.3 Lifetime

Several calcium optrode lifetime tests were conducted which provided information relating to film
photodecomposition, leakage, crystallization and chemical breakdown of membrane components. In
particular, a lifetime test was conducted in nominal half strength Hoagland nutrient solution and a second
test conducted in pH buffer. In all cases, films were immersed in pH 6 maintained, stirred solutions for the
duration of the each respective test (over 100 hours in duration).
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8.5.3.1 Photodecomposition

The chromoionophore ETH 5350 has been demonstrated to undergo photodecomposition in PVC-DOS
membranes when exposed to light and oxygen (Bakker et al. 1993). In particular, in the case of a dry
membrane (out of solution) flushed with oxygen and exposed to light from a 50 W halogen bulb placed 18
cm from the film, half of the membrane ETH 5350 (all membrane chromoionophore was in deprotonated
form) underwent light-induced oxidation in only 4.7 hours (Bakker et al. 1993). Unlike this previous study
no ETH 5350 photodecomposition was apparent in the conducted calcium optrode lifetime experiments.
This is particularly evident when analysing film absorbance spectra at intervals over the conducted
lifetime tests as provided in Figure 58. In specific terms, it is evident from Figure 58 that the isosbestic
point at approximately 542 nm did not decrease in magnitude during the long duration lifetime experiment
in nutrient solution. The fact that no photodecomposition was observed is a likely a result of reduced light
intensity, different light spectrum (less UV) and different environment for which the film was exposed (in
solution).

8.5.3.2 Leaching / Chemical Decomposition

As displayed in Table 4, ETH 5350 is more lipophilic than ETH 5294 and considering how
chromoionophore leaching was observed in the potassium results, it is even less likely in the calcium
optrode case. Like chromoionophore decomposition, chromoionophore leakage can be assessed by way
of the absorbance at the isosbestic point. Again, as the absorbance remained approximately the same
over the duration of experiment it can be concluded that there is no ETH 5350 leakage from the
developed calcium optrode films (Figure 58).

Absorbance Ratio (500.09/639.91 nm)

Figure 57 presents absorbance ratio results over time as a representation of calcium lifetime within
nutrient solution. As in the potassium case, the measured absorbance ratio of the film was initially stable.
This stability continued for a period of approximately 30 hours and then the absorbance ratio underwent a
change by decreasing in value in a linear fashion until approximately 80 hours into the experiment.
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Figure 57: Lifetime testing results of a calcium optrode film in half strength Hoagland nutrient solution at
2+
pH 6.00, [Ca ] = 2 mM.

The reduction of the absorbance ratio in the calcium case was opposite to the change observed with the
potassium optrode, suggesting that a potentially different mechanism was responsible for film
degradation. Additional insight was gained through the assessment of the explicit absorbance spectra
provided in Figure 58. The plot can be utilized to confirm that the leveling out of the absorbance ratio
following the period of rapid transition was a result of the fact that whatever uncomplexed
chromoionophore that was initially within the film become protonated and that at the end of the nutrient
solution lifetime experiment, the film only contained complexed chromoionophore.
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Figure 38 (see previous section) displays that the decrease in the absorbance ratio (i.e. change from
deprotonated to protonated chromoionophore) was indicative of a loss of ionophore. Considering the
lipophilicity values shown in Table 4, though ETH 1001 has a higher theoretical lipophilicity (log(PHansch))
than BME-44, its measured lipophilicity (log(PTLC) = 7.5) is moderately less than that of BME-44 (log(PTLC)
= 10). This could suggest why ionophore leaching may have occurred with the calcium and not with the
potassium optrode. Interestingly, the reported lipophilicity of ETH 5350 in pH 6 solution (log(PTLC) = 7) is
less than ETH 1001 and yet, as described, no chromoionophore leaching was apparent.
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Figure 58: Absorption spectra normalized at 715.09 nm of the calcium optrode film in lifetime testing in
2+
half strength Hoagland nutrient solution at pH 6.00, [Ca ] = 2 mM. Legend gives number of counts (in
hours) undergone since the commencement of the lifetime test.
Additionally, for a yet to be determined reason the film absorption spectra developed a small shoulder at
approximately 590 nm between curves representing hour 75 and hour 90. This shoulder, which resulted
in a small decrease in the high-wavelength (639.91 nm) absorption peak height used in the calculation of
the absorbance ratio, resulted in a slight increase in the absorbance ratio as demonstrated by the small
absorbance ratio increase occurring in Figure 57 at approximately hour 85. It is suggested that the
formation of this shoulder could imply that the film experienced a loss of plasticizer. It is known that the
optical properties of chromoionophores are very solvent dependent. More organized media usually imply
more pronounced or fine vibrational structure while less organized media typically result in increased
broadening and obscuring of the vibrational structure. A nominal optrode membrane with its high
plasticizer load would tend to be a less organized medium than one including only the polymer structure
itself (no plasticizer). The latter case would imply greater potential vibrational structure (i.e. a visible
shoulder) within the chromoionophore absorption spectrum.
Plasticizer leaching may also provide a potential explanation for the observed opposite change in the
absorbance ratio of the calcium and potassium sensors. Though some uncertainty exists, it is known that
the plasticizer influences the ionophore formation constant and the chromoionophore pKa value. If
considering the example of a change in the membrane plasticizer from DOS to NPOE, it is interesting to
note that the formation constant and pKa values can change to different magnitudes (as is the case for
the developed potassium and calcium optrodes). Depending on the choice of ionophore and
chromoionophore and thus the relative change of these two parameters, the optrode response curve
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could in fact shift in different directions. The aforementioned extreme example serves to demonstrate
that changing internal properties in the film as a result of plasticizer leakage, may in itself explain the
opposing shifts (as reported through the absorbance ratio) observed during potassium and calcium
optrode lifetime testing.

Absorbance Ratio (500.09/639.91 nm)

Calcium lifetime testing was also conducted within pH buffer and the absorbance ratio versus time test
results are provided in Figure 59. The absorbance ratio changes in pH buffer followed a very similar
profile as they did in nutrient solution, only the transition whereby the absorbance ratio decreased with
time was showed to lag, not occurring until approximately hour 60. Prior to this transition the absorbance
ratio was rather steady and in the same range as that in Figure 57. Following transition its value dropped
below 0.4 as it did for the nutrient solution case. As described, this was verified to be a result of all the
chromoionophore transitioning to protonated form. The absorbance spectra over the experiment in pH
buffer mirrored those presented for nutrient solution in Figure 58 and are thus not presented here. The
rise in absorbance ratio occurring around the 100 hour mark in Figure 59 was also due to the formation of
a left-side shoulder on the high-wavelength absorption peak. If the pH buffer experiment had continued
for several more hours, it is highly probable that the absorbance ratio would have levelled out to a
constant value as it did in nutrient solution.
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Figure 59: Lifetime testing results of a calcium optrode film in pH 6.00 buffer, [Ca ] = 2 mM.

Unlike the potassium optrode pH buffer lifetime experiments whereby the film responded nominally after it
was tested for functionality after over 100 hours in solution, the calcium optrode was tested following the
approximately 113 hour test, and the membrane showed no response to calcium. It can be concluded
that the calcium film underwent the same failure mode in both the pH and nutrient solution tests. The
specific mechanism is yet to be determined, but evidence suggests that the failure mode is related to
ionophore and plasticizer leaching. Though the respective component leakage may be occurring
completely independently, it is highly likely there is some interplay between the two effects. Like in the
case of the potassium optrode, there is some difficultly in the justification as to why films appeared to be
stable for several tens of hours before undergoing relatively rapid changes. If leaching was in fact the
main culprit, film optical changes should be apparent more or less immediately upon immersion in
solution. Detailed investigation of membrane composition should be conducted at select points over
similarly conducted lifetime tests to assess membrane component variation with time. The assessment of
the membrane optical changes themselves, as conducted above, are only one component of the data set
required to determine root cause optrode failure modes.

8.5.4 Response Time

Though response time could be estimated from any one of the collected data sets (nominal calibration
runs, repeatability data, etc.) a separate response time experiment was conducted in the case of the
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calcium sensor as a means of assessing response time for rather large film absorption changes. Figure
2+
60 presents calcium membrane absorbance ratio changes of a film when first exposed to 0.1 mM [Ca ]
2+
2+
solution then a solution of 5 mM [Ca ] and finally re-immersion in 0.1 mM [Ca ] pH 6.00 sodium
phosphate buffer solution.
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Figure 60: Calcium film response time experimental data showing probe absorbance ratio changes when
2+
immersed in 0.1 mM then 5 mM followed by 0.1 mM [Ca ] pH 6.00 sodium phosphate buffer.
2+

The calcium concentration change from 0.1 mM to 5 mM [Ca ] represents an approximate 1.6 decade
2+
+ 2
change to log(aCa /(aH ) ), and an α value change of approx 0.32 (i.e. represents a rather large film
absorbance change). Based on Figure 60, the t95% response time was estimated to be approximately 1.4
minutes (average of the two solution changes). With the consideration of all calcium sensor data sets, it
can safely be concluded that the developed calcium optrode can respond to any calcium concentration
change (e.g. a change from its lower to upper limit of its dynamic range) even in non to slowly-mixed
solutions in less than 5 minutes.

8.5.5 Repeatability

The capacity to conduct repeatable measurements with the calcium optrode was conducted in two
phases. It should be noted the films used in these tests were spin coated utilizing rather old calcium
membrane cocktail (approximately 4 months in storage) and that this was the likely cause of the
absorbance ratios being significantly different from those that should be expected in solutions containing
the tested calcium concentrations. That said, the results are still completely relevant to assessing the
repeatability of the calcium films.

8.5.5.1 One Solution

2+

The first test utilized a 4 mM [Ca ] concentrated half strength Hoagland solution and involved sequential
steps of immersing the optrode within this solution followed by a period of drying the optrode in air
followed by re-immersion in solution. The results of this one solution repeatability test are presented in
Figure 61.
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Figure 61: One solution repeatability results of the calcium optrode in 4 mM [Ca ] half strength Hoagland
solution. Absorbance ratio results plotted over time in minutes. At the times indicated by vertical dashed
red lines with accompanying square marker, the optrode was taken out of solution and left to dry in air for
a period of five minutes. Absorbance data was not shown for the counts (20, 30, 35, 45, 50, 60) when the
optrode was drying in air.
As indicated in the plot, following equilibration in solution, the film was removed and left to dry at the times
indicated by the vertical dashed red lines with accompanying square markers. No data is presented
during the five minute drying periods as no data was collected (as the film was out of solution). It is
evident from Figure 61 that there was good repeatability between measurements in the same solution. In
particular, if taking the last collected absorption spectra (absorbance data point) before each drying
period, the average absorbance ratio is 1.065 with a standard deviation of 0.0163 (n = 7).
An ion-selective status of the nutrient solution reported on the order of two to three times per day rather
than on a continuous basis (e.g. sampling rate every minute) should be sufficient for the majority of plant
growth nutrient control systems. In this instance the one solution repeatability data bodes well for an
optrode use model considering the immersion of the probe in solution only a few minutes prior to
measurement rather than a model that constantly leaves the probe immersed in solution. The former
operational strategy means that even a sensor with a 30 - 50 hour lifetime when immersed constantly in
solution could have its life extended for likely many months and may be a way to negate the requirement
for covalently immobilized sensors. A more complete confirmation of this statement requires more longterm lifetime testing using this proposed operational model.

8.5.5.2 Two Solution

The capacity of the calcium optrode sensor to repeatedly measure between two different calcium
activities was tested in pH 6.00 half strength Hoagland nutrient solution. Following equilibration, the
2+
solution that the sensor was immersed within was changed between 4 mM and 1 mM [Ca ] every 10
minutes. The absorbance ratio results are presented versus time in Figure 62.
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Figure 62: Repeatability results of the calcium optrode between 4 mM and 1 mM calcium concentration in
half strength Hoagland nutrient solution.
Though the optrode absorbance ratio results are excessively high, results from Figure 62 confirm the
general reversibility of the calcium optrode. In particular, the average absorbance ratio measurement in 4
2+
mM [Ca ] is 1.0376 with a standard deviation of 0.0205 (n = 7), while the average absorbance ratio
2+
measurement in 1 mM [Ca ] is 0.7325 with a standard deviation of 0.0213 (n = 6).

8.5.6 Influence of Temperature

2+

The influence of temperature on a calcium optrode film was tested by immersing the film in 2 mM [Ca ]
half strength Hoagland nutrient solution under and varying the solution temperature over time. The
nominal 4 L bottle of nutrient solution was heated and cooled to the temperatures listed in the
experimental results, but the other instrument components remained at room temperature ~21 °C
throughout the experiment. Figure 63 presents collected absorption spectra for the tested film for several
selected temperatures between 7.5 °C and 30 °C.
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Figure 63: Absorption spectra normalized at 715.09 nm of the calcium optrode film displaying the
influence of temperature on film response.
As it is the absorbance ratio (500.09/639.91 nm) which is of most interest to the utility of the optrodes
within the developed operational system, an analysis of the variation of the absorbance ratio with
temperature is provided in Figure 64 for the tested film. It is evident from this plot that the calcium film
absorbance ratio variation followed that of the applied temperature variation.
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Figure 64: Temperature dependent response of a calcium optrode film in [Ca ] = 2 mM half strength
Hoagland nutrient solution at pH 6.00. The absorbance ratio (blue curve) and the sample solution
temperature (green curve) are plotted against time in minutes since the start of the experiment.
It is important to note that the small but abrupt spikes along the plotted absorption ratio data in Figure 64
(e.g. at counts 41, 56, 66, 99, 146, 204, 244) are due to the small additions of HCl or NaOH for pH
maintenance at pH 6.00. A tabularized summary of the absorbance ratios for the tested film at select
2+
temperatures and the calcium optrode model suggested aCa values are provided in Table 32.
Table 32: Summary of the influence of temperature on measured calcium optrode absorbance ratios
2+
(500.09/639.91 nm) and model estimated aCa values should no temperature correction be applied for
several select temperatures.
Temp (°C)

Mean Absorbance Ratio

7.5

0.490

0.825

10

0.515

0.956

15

0.535

1.070

20

0.580

1.369

Model Estimated aCa

25

0.625

1.735

30

0.670

2.165

2+

(mM)

For comparative purposes data in Table 32 can be compared to the nominally predicted calcium activity
values (compiled with experiments conducted at approximately 20 - 22 °C) of the calcium optrode model
2+
2+
in Table 30. For example, for the [Ca ] = 2 mM case at pH 6.00, the general model predicts an aCa
value of 1.229, while within the experimental data in Table 16, a 20 °C sample solution produces an
2+
2+
aCa estimate of 1.369 (2.22 mM [Ca ]), a 7.5 °C sample solution an estimate of 0.825 mM (1.30 mM
2+
2+
2+
[Ca ]) and a 30 °C sample solution an aCa estimate of 2.165 mM (3.68 mM [Ca ]). The large variance
in absorbance results with temperature suggest that variation in nutrient solution temperature of more
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than a few degrees Celsius should be corrected with the incorporation of a correction factor (see
potassium results). To further develop an accurate temperature correction factor for the calcium optrode,
a number of additional calcium membranes should be tested in the same fashion as that presented here.

8.5.7 Calcium Optrode Summary

The resultant calcium optrode represents the first published calcium bulk optrode incorporating the
chromoionophore ETH 5350 in conjunction with ionophore ETH 1001 and thus represents a completely
new calcium optrode. The developed optrode membrane was tailored for calcium sensing within half
strength Hoagland nutrient solution and was systematically characterized and experimentally tested
within a custom optrode instrument system. Due to employed dual-wavelength absorbance ratiometric
processing the sensor has the advantage of auto-calibration. A summary of the experimentally
determined instrument parameters of the developed calcium optrode are provided in Table 33.
Table 33: Calcium optrode instrument parameters results summary.
Instrument Parameter
Measuring Range

Value

Note

0.0219 - 105.9 mM

pH 6.0

+

SSM

2+

SSM

+

SSM

K : -4.0
Selectivity (log(Kopt))

Mg : -4.7
Na : -3.7
+

Lifetime
Film Storage Lifetime
Response Time

NH4 : -3.8

SSM

30 hours

Continuously immersed
in nutrient solution

Not tested
< 5 min

Repeatable Measurements

Yes

Temperature Sensitivity

Yes

Any measurement

The instrument design and detailed characterization conducted as part of this work, has permitted the
advancement of calcium bulk optrode sensors for application to plant growth systems from TRL 3
(analytical and experimental proof of concepts demonstrated) to TRL 4 (breadboard validation in a
laboratory environment). Though some issues remain regarding membrane consistency and storage
lifetime, these sensors show good promise and upon further analyses to address these issues, should be
trialed and validated in an operational plant growth system.

Chapter 9. Conclusion

Optrodes for the ion-selective sensing of hydroponic nutrient solutions is a new research area in Canada.
Current advancements in this technology area are driven by the requirement for ion-selective sensors in
future space-based biological life support systems. Specifically, as space missions increase in duration
and expand to more distant locations, higher closure in the air, water and food loops will be required.
Closure in all three consumable loops can only be achieved through the use of biological life support
systems incorporating higher plants. The capacity for ion-selective sensing of the nutrient solution is
required for the assurance of high crop yields, water/nutrient recycling and reliability within these systems.
This study indicated that optrodes described in this work could present a low equivalent system mass
solution for a robust ion-selective monitoring system. Though space is providing the technology pull, the
terrestrial greenhouse sector could benefit significantly from such measurement capacity. In particular
with further development, ion-selective optrodes may provide a technology solution which can provide
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reliable, on-line and feedback control of the nutrient solution, something which, though intensely sought
after, has remained elusive.
Potassium and calcium selective optrodes have been developed and tailored for monitoring hydroponic
nutrient solutions. Although certain challenges remain and further testing is required, these sensors have
demonstrated potential for incorporation within plant growth systems, in particular for on-line feedback
control of the nutrient solution. The described methodology for bulk optrode development can be applied
to other nutrient ions, providing growers with ion-specific information on a suite of constituents within the
fertilizer solution. This new information which is not achievable with conventional pH and EC
measurements improves yields, crop and nutrient control system reliability while reducing water and
fertilizer use and aids growers in meeting ever more stringent environmental regulation. A developed
optrode system incorporating a mini-spectrometer, LED light source, filter, optical fibres and bifurcated
optical probe including custom light shield has been thoroughly characterized and can be applied in its
current form, or modified to allow multi-ion sensing. Interchangeable screw-on sensor caps provide a
substrate for membrane spin coating and facilitate ease of replacement and mass production. Custom
instrument control and monitoring software including a spectral normalization procedure and the use of a
dual-wavelength absorbance ratio technique result in an instrument that is self-calibrating and one that
can account for effects such as light source fluctuations, membrane thickness variations and a variety of
other factors.
The developed potassium and calcium absorption-based optrodes have been experimentally
characterized and as designed, possess measuring range midpoints near the nominal half strength
Hoagland nutrient solution potassium and calcium activities. The potassium optrode has a measuring
range of 0.134 to 116.5 mM while the calcium optrode has a measuring range of 0.0219 to 105.9 mM in
solution at pH 6. The developed optrodes meet the considered worst-case selectivity requirements for
monitoring within half strength Hoagland nutrient solution. The bulk membranes can be used in a
repeatable manner and do not exhibit noticeable drift when dried in air between measurements. This
result has important operational consequences as it may imply that sensor lifetimes can be extended
considerably beyond their exhibited lifetimes of 30 – 50 hours during constant immersion. Basic sensor
temperature sensitivity has been assessed and could be accounted for in systems where more modest
temperature variation can be expected. Additional experimentation is necessary especially with the
calcium optrode, to better understand variance between fabricated films therefore reducing uncertainty in
measurements and resulting in better application to operational plant growth systems. This development
work has advanced the TRL of bulk optrode potassium and calcium sensors for plant growth systems
from TRL 3 to TRL 4 and as stated, sensors are now essentially ready for validation in a relevant
environment. Depending on the focus of future research, further hardware advancements or optimization
is possible. For example, as optrodes are confirmed for each of the ions of interest, the instrument minispectrometer could be replaced with monochromatic photodiode-filter assemblies, allowing for inspection
of films at the specific chromoionophore absorption wavelengths of interest, thus further reducing
instrument mass and power requirements. Multi-ion sensing systems utilizing optrodes are also easily
achievable when using the current instrument in combination with a fibre optic multiplexer.
As a new research area, this thesis has presented a broad historical review of optrode development and
through the fabrication and experimentation with potassium and calcium optrodes, demonstrated that bulk
optrodes are a promising technology for the ion-selective sensing of hydroponic nutrient solution.

Chapter 10. System Improvements and Future Research

At the outset of this work, ion-selective bulk optrode development was a new and unknown research area
in Canada. It has come to our attention that another Canadian research group at the Institut National
d’Optique (INO) has also commenced research into ion-selective optrodes for hydroponic nutrient solution
monitoring. Though INO’s development work was started entirely independently, it interesting to note that
they propose the use of similar bulk optrode membranes but conduct interrogation of these membranes
utilizing optical fibres based on evanescent-wave sensing (Caron et al. 2008; INO 2011).
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This thesis represents only an entry into this domain, with subsequent work required for the actual
integration and testing of the developed sensors into an operational plant growth system. This work has
also stimulated discussion into additional avenues of research.
Several potential options for
advancement of this research domain are included in the sections to follow.

10.1 Improvements to Current Potassium and Calcium Sensors

Although the developed potassium and calcium sensors have been demonstrated to show good promise,
there remains additional testing to further validate their applicability, especially with respect to how they
compare to other ion-selective sensing options (ISEs, ISFETs, etc.) for application in hydroponic nutrient
solution monitoring. Several other options for improvement could include the topics listed below.

10.1.1 Improved Sensitivity near the Centre of Measuring Range for the Potassium
Sensor

The potassium sensor falls very close to the desired centre of dynamic range but it would be beneficial to
increase the sensor sensitivity (i.e. reduce the amount of potassium activity change required for the same
amount of optical change) by modifying the membrane component concentrations. For example, the
membrane Itot/Ctot ratio could be increased as this would increase the sensor slope, and as seen in Figure
26 it would also beneficially shift the potassium optrode response curve to the left, reducing even further
the very small offset from the placement of its (1-α) = 0.5 point over the nominal potassium activity within
the half strength Hoagland nutrient solution. The suggested membrane changes could then be confirmed
by experimental test.

10.1.2 Film Fabrication

Collected data has shown that there is quite reasonable consistency between spin coated films using the
described technique and that no changes are required from the perspective of a functional optrode
system. That said, several options could be attempted which could potentially produce films of improved
quality. The first includes distilling THF prior to use. This is suggested because THF often contains either
the stabilizer Ionol (2,6-di-tert-butyl-4-methyl-phenol) (Seiler 1993) or in the case of the acquired THF,
2,6-di-tert-butyl-4-methylphenol (Sigma, 8736) is added at a concentration of 0.025%. These stabilizers
are added to limit the formation of peroxides (primarily hydroperoxides) (BASF 1998). Both stabilizers
may interact with other membrane components and introduce increased variability within the fabricated
films. The second suggestion is to spin coat and then subsequently dry the fabricated films within a THF
saturated atmosphere. As THF has a relatively low boiling point (66 °C) it is evaporated quite rapidly
which can influence membrane homogeneity. Considerations should also be had regarding how the large
edge beads formed on the small sensor cap mirrors during spin coating could be reduced, further
improving consistency between films. Moreover, an investigation into the appropriateness of spray or
blade coating could be conducted as both eliminate edge bead effects while reducing waste solution
(Krebs 2009). Finally, as briefly described within the film fabrication method, it is essential that the
formulated membrane cocktail solution be utilized to fabricate films immediately following formulation and
not stored for later use as it has been observed experimentally that films produced with stored solution
can exhibit variation compared to those fabricated with fresh membrane cocktail. This variation is likely
due to reactions occurring within the solution due to the presence of impurities in the acquired membrane
components.
The small amounts of membrane components (on the order of a few milligrams) weighed out and utilized
in the formulation of the membrane recipes require a precision balance to ensure consistency between
films fabricated from different membrane cocktails. This work was conducted utilizing a balance with a
precision to 0.1 mg. For improved consistency between membrane formulations it is suggested to
conduct all future film fabrication utilizing a microbalance with measurement accuracy to 1 µg.

10.1.3 Simplified Single-Ion Sensing System

The current potassium and calcium optrode systems could be simplified by replacing the spectrometer
with monochromatic photodiode-filter assemblies. Operationally as the instrument utilizes a dualwavelength measurement technique, there is no explicit requirement to acquire the entire absorption
spectrum and measurements could instead be conducted only at the low and high-wavelength absorption
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peaks (and potentially the isosbestic point) of the implemented chromoionophores. Application of
monochromatic LEDs should also be considered. Simplification would reduce instrument mass, power,
volume and cost.

10.2 Multi-Ion Optrode Sensing System

One implementation of a system for multi-ion sensing includes the use of a single spectrometer in tandem
with a fibre optic multiplexer that is capable of reading a suite of attached optrodes. Various fibre optic
multiplexers were investigated and eventually the FOM-UV400-1x16 fibre optic multiplexer was acquired
from Avantes (Eerbeek, the Netherlands). This 1x16 channel, 400 µm fibre optic system would allow up
to 16 optrodes to be read. A potential implementation of a multi-ion sensing system based upon similar
components utilized with the developed single-ion system is displayed in Figure 65.

Figure 65: Potential multi-ion optrode measurement system implementation incorporating a fibre optic
multiplexer.
A key to system simplification related to the proposed multi-ion system is the use of multi-furcated optical
fibres connecting the light source to each individual filter-optrode combination. As part of the
investigation of the multi-ion sensing system, several four-furcated and eight-furcated fibre optics were
acquired from Avantes (FC8-UV400-2, FC4-UV400-2, FC4-UV600-2) with direct applicability to the
proposed multi-ion system. As the present cost of the multiplexer may limit the feasibility of low-cost
multi-ion optrode sensing systems, an additional option, though more restricted, could utilize simple fibre
optic switches. For example, the dual switch from Ocean Optics (FOS-2X2-TTL) would permit one
spectrometer to be used for two ion sensing.

10.3 Experimental Comparison of Ion-Selective Sensor Technologies

The different ion-selective sensor technologies discussed in this work have each been experimentally
tested to varying degrees and based on these studies the literature suggests certain advantages and
disadvantages of each sensing technology. Much of the literature is based upon the experimental
application of a given sensor technology in isolation. In these instances drawing accurate conclusions
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between sensor types can be a particular challenge. It is suggested that several ion-selective sensor
technologies be experimentally tested under equivalent conditions with particular application to
hydroponic nutrient solution monitoring. Such tests should address instrument parameters such as;
measuring range, selectivity, lifetime, response time, repeatability, influence of temperature, influence of
pH, calibration requirements (required solutions, time, etc.), isolation requirements (electrical, light, etc.)
and cost. In addition, as there remains particular interest in utilizing these technologies as part of spacebased plant growth systems, an assessment of overall sensing system mass, power, volume and TRL
should also be conducted. At a minimum, initial trials should consider comparison of ISEs and optrodes
for one or more nutrient ions of interest.

10.4 Assessment of the Effects of Biofouling

It is known that plant roots exude a range of compounds into their surrounding environment. Root
exudates are typically divided into either low molecular weight or high molecular weight compounds. The
low molecular weight compounds can include such diversity as amino acids, organic acids, sugars,
phenolics and other secondary metabolites and account for the bulk of the diversity in root exudates.
High molecular weight compounds include polysaccharides and proteins and though less diverse account
for a greater proportion of root exudates by mass (Bais et al. 2006). Although the function of the bulk of
root exudates remains to be determined, it is well understood that many play important roles in biological
processes, in particular chemical signalling between plant roots and soil organisms as well as between
roots of nearby plants. The rate of root exudation depends on a number of variables such as
soil/substrate type, crop age and type and nutrient availability (Bais et al. 2006).
Due to their quantity, the accumulation of root exudates has the potential to impede the application of
optical sensors within a hydroponic nutrient solution. In addition, because of the availability of nutrients
and symbiotic relationship between plants and microorganisms in the root zone, microorganisms can
flourish (Raven et al. 1992). These microorganisms can also disrupt quality of measurements and can
oblige the requirement for a frequent sensor cleaning protocol as demonstrated with ISE tests within a
soilless plant growth system (Heinen et al. 1992). Specifically, microorganisms can form biofilms on any
of the immersed sensor components. A biofilm is defined as communities of microorganisms attached to
a surface. In one particular study of ISEs within a plant growth system, ISE membrane surfaces became
covered with a mat of algae of approximately 1 mm thickness in only 5 days (Cloutier et al. 1997).
Certain anti-biofouling coatings have been proposed for optical sensors and some have been
demonstrated to significantly reduce adhesion of certain bacteria and thus potentially extend sensor
lifetime or reduce cleaning procedures (Manov et al. 2004; Narayanaswamy et al. 2004). In all cases,
more comprehensive studies of the effect of exudates and biofouling on optrode sensors integrated into
plant growth systems are suggested. In particular, a non-systematic deployment of optrodes within an
operational plant growth system should be conducted in the near term to compile preliminary baseline
data of the potential order of magnitude effects that biofouling may have on optrode sensors.

10.5 Membranes with Reduced Plasticizer Concentrations

As rapid response times are not critical for plant growth applications and as plasticizer leaching could be
a contributor to the studied optrode membrane lifetimes, there is merit in the study of membranes with
reduced plasticizer levels. There have been several studies that have explicitly addressed optimum
plasticizer levels within optrode membranes, but in most circumstances rapid response times on the order
of several minutes have been a requirement which in these studies drove the need for higher plasticizer
levels (Capitán-Vallvey et al. 2003). Similar studies could be conducted with the developed optrodes,
while considering required response times on the order of, for example, half an hour. Though there is
differing opinion in the literature on the functioning of membranes with reduced plasticizer levels, it should
be noted that many suggest that it is merely a historical reason that such high plasticizer to polymer ratios
are still used in the bulk of ion-selective membranes and that similar performance could be achieved with
reduced levels (e.g. <40%) (Szigeti et al. 2006). Some relatively recent work has suggested and tested
membranes containing reduced or zero plasticizer (Qin et al. 2003; Szigeti et al. 2006). A useful data
point that would be straightforward to collect is the fabrication of the same potassium and calcium optrode
membranes developed as part of this work but without plasticizer. This would allow assessment of the
failed membranes and if their absorption spectra are in fact due to plasticizer leaching while in general
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assessing if sensor response is possible when utilizing membranes with no plasticizer (likely not possible
with PVC).

10.6 Optrodes for Other Nutrient Ions

Bulk optrodes for the other cations such as magnesium, sodium and ammonium can be developed and
tailored for application to hydroponic nutrient in an identical manner as to the potassium and calcium
sensors discussed here. A minimal survey of the literature in this regard suggests that optrodes (though
not necessarily absorption-based bulk optrodes) have already been developed for these ions for other
applications; magnesium (Suzuki et al. 1989; Siswanta et al. 1997; Capitán-Vallvey et al. 2006) sodium
(Seiler et al. 1991; Chan et al. 1995; Hisamoto et al. 1995; Shortreed et al. 1996a; Yang et al. 2000),
ammonium (Seiler et al. 1989; Kawabata et al. 1990a; Hauser et al. 1994). Monitoring micronutrients can
be problematic because of their micromolar concentrations but the feasibility of bulk optrodes for even
nanomolar concentrations has been previously demonstrated (Lerchi et al. 1992). Monitoring in
hydroponic nutrient solution will be particularly challenging due to the required selectivity coefficients in
this complex mixture.
Though less developed than their cation counterparts, there have been several general reviews on
optrode sensors for anions (Tan et al. 1989; Bakker et al. 1997). The design of anion receptors has
lagged behind that of cations for reasons including anions’ greater relative size, variety of shapes, ease of
hydration and in some cases the fact that they exist only in a narrow range of pH (Schmidtchen et al.
1997; Antonisse et al. 1998; Antonisse et al. 1999). A number of anion selective membranes function
simply on the fact that different anions have different partition coefficients and thus based on this
lipophilicity, are selectively extracted into the membrane. The lipophilicity of anions follows the well
−
−
−
−
−
−
−
−
−
−
known Hofmeister series (ClO4 > SCN ≈ I > salicylate > NO3 >Br > NO2 ≈ Cl > HCO3 > H2PO4 ≈
2−
−
F ≈ SO4 ) (Antonisse et al. 1999). Thus highly lipophilic anions like ClO4 are more selectively extracted
2into the films than the less lipophilic ions like SO4 . In theory when dealing with relatively well
characterized solutions with only a limited number of ions, if the analyte ion in question has relatively high
lipophilicity it can be detected in a relatively selective manner. Unfortunately, hydroponic nutrient
solutions are multi-component and contain various anions at moderate concentrations, limiting the
applicability of membranes, without ion-selective receptor molecules. In this sense, like in the case of
cation ion-selective membranes, sensors can be developed even for those anions with very low
lipophilicity.
Unlike the majority of cation bulk optrode sensors which function on ion-exchange, anion sensors typically
function on the co-extraction mechanism where both the anion in question and a proton are concurrently
extracted into the membrane. As in the case of cation sensors, depending on the charge of the utilized
ionophore and chromoionophore the membrane may also require the addition of either anionic or cationic
sites. One potential disadvantage of sensors based on co-extraction in comparison to ion-exchange is
that the ionic strength in the membrane can change considerably over the measuring range of the
instrument. Nevertheless the theoretical description for anion sensing is very similar to that of cation
sensing and can be applied in a method analogous to that described in this work (Seiler et al. 1992b;
Seiler 1993). It is certain that additional anion ionophores will continue to become available and that
there are already a wide number of publications on anion optrodes including; chloride (Tan et al. 1991;
Hisamoto et al. 1995; Radu et al. 2005) phosphate (Wygladacz et al. 2008), nitrate (Mohr et al. 1995;
Huber et al. 2001), nitrite (Mohr et al. 1996; Bahr 2001) to name a few. A sensor for nitrate is of high
priority for ion-selective sensing within hydroponic solutions as besides nitrogen being a primary
macronutrient ion, nitrate is toxic to aquatic and terrestrial animals, including humans (Chambers et al.
2001).

10.7 Optrodes for Controlled Environment Plant Growth Gas Monitoring

Application of optrodes to plant growth chamber gas monitoring such as sensors for ethylene is a novel
research area that could warrant further exploration (Tabacco et al. 1991; Tabacco et al. 1994). In
particular this research area would carry forward the optrode development experience gained thus far, but
also align well with the on-going fluorescence plant health imager work being conducted as a
collaboration between the University of Guelph, CSA and the University of Florida. The fluorescence
plant health imager development work involves engineered plants being used as biosensors by way of a
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fluorescence imaging system (Paul et al. 2003; Paul et al. 2008). The promoters of certain genes that are
induced by different environment conditions can be coupled with fluorescent proteins that can be imaged,
providing an effective means to monitor the influence of environment conditions on plants. In theory, the
same hardware could also be utilized to image gas monitoring optrode membranes collocated near the
plants. This would provide information on the gaseous environment of the plant growth chamber without
any modification to the present instrument hardware backbone because it has been developed with the
capability to conduct multi-wavelength imaging through the use of a liquid crystal tunable filter. This
would be very advantageous for small lunar plant growth experiments that will be developed under
considerable mass, volume and power constraints but yet significantly benefit from the additional
information provided by gas sensors (COM DEV Ltd. 2008; Bamsey et al. 2009b).

10.8 Optrodes Utilizing Covalent Immobilization

Covalent immobilization remains the most effective way to ensure that leaching of membrane
components is not the limitation on sensor lifetime, as with it, no leaching of immobilized components can
occur. As a complementary activity to the described bulk optrode development work, an investigation into
covalently immobilized macromolecules in hydrophilic membranes was being conducted by the University
of Ottawa. Many interchanges were held between research groups and it was realized in short order that
the synthesis and covalent immobilization protocols being explored by University of Ottawa were of
significant complexity and that there would be very little feasibility of fabricating a successful ion-selective
sensor for use at the desired concentration ranges in nutrient solution in the required timeline. There still
remains great potential for covalently immobilized sensors and work in this area should be continued. In
addition to the development of covalently immobilized membrane components in hydrophilic polymers,
bulk optrodes themselves could be incrementally improved by the covalent immobilization of certain
membrane components to increase sensor lifetimes.
Recent publications in this regard have
demonstrated good progress, including a method to covalently immobilize the potassium ionophore BME44 (Bereczki et al. 2005).
Ultimately, the capacity to ion-selectively monitor hydroponic nutrient solutions in a reliable and feedback
control manner does not presently exist. The technological achievement of this capacity will have
significant impact on space-based and terrestrial plant production systems. Optrodes remain one of only
a select few technologies that have the potential to provide such a capacity and the merits and challenges
of optrodes with respect to other ion-selective sensing technologies can only be fully assessed through
further research and development.
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Figure 66: Engineering drawing of the optrode light shield. Part 1 of 3.
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Figure 67: Engineering drawing of the optrode light shield. Part 2 of 3.
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Figure 68: Engineering drawing of the optrode light shield. Part 3 of 3.
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Figure 69: Engineering drawing of the optrode sensor cap.
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