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Since the industrial revolution the CO2 concentrations in the atmosphere have increased from 

280 ppm to over 400 ppm, and each year the oceans take up approximately 25% of the annually 

emitted anthropogenic CO2. This increase in CO2 in the oceans has had a measureable impact on 

the marine carbonate system, and the resultant increase in the acidity of the ocean is a potential 

stressor for a range of ecosystems. In order to fully quantify the marine carbonate system there 

are four variables that can be measured, these are dissolved inorganic carbon (DIC), pH, total 

alkalinity and partial pressure of CO2. By measuring two of the four variables the others can be 

determined. Of these variables DIC is the only one without either an underway or in situ sensor, 

despite being one half of the preferred pairs for observing the carbonate system. To address this 

technological gap and increase the measurement coverage there is a clear need for an 

autonomous sensor capable of making quality measurements while having a robust, small 

physical size, and low power requirements. Presented here are the results of developmental work 

that has led to a full ocean depth rated autonomous DIC sensor, based on a microfluidic “Lab On 

Chip” (LOC) design. The final version of the DIC LOC sensor operates by acidifying < 1 ml of 

seawater, converting the DIC to CO2, which is diffused across a gas permeable membrane into an 

acceptor solution. The CO2 reacts with the acceptor resulting in a conductivity drop that is 

measured using a Capacitively Coupled Contactless Conductivity Detector (C4D). Each 

measurement takes ~15 minutes and the sensor can be set up to perform calibrations in situ. 

Laboratory testing demonstrated this system has a precision of < 1 µmol kg-1. The sensor was 

deployed as part of a large EU project aiming to detect a simulated sub-seabed leak of CO2. Over 

multiple deployments in the North Sea the sensor collected data used to locate the leak. A 

number of field tests have established the sensor has a precision of < 10 µmol kg-1. This work has 

demonstrated that this sensor offers potential to fill the current technological gap and collect 

data that will enhance understanding of the marine carbonate system.  
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Chapter 1 Introduction  

Global protests brought climate change, and the importance of carbon to its emergence and 

advancement over the last two centuries, to mainstream attention over 2019 (Horton, 2019). The 

industrial revolution led to an increase in both life expectancy and global population, dramatically 

increasing the human impact on global biogeochemical systems. The ‘Anthropocene’ has been 

proposed as the name for this recent period of geological time (Crutzen, 2006). One proposed 

metric for defining this epoch is the anthropogenic alteration of the atmospheric composition 

(Steffen, Crutzen and McNeill, 2007). Discussion about the start date and what may be the most 

appropriate metric to define this new epoch continues (Smith and Zeder, 2013), but the general 

scientific consensus is that the anthropogenic alteration of the atmospheric composition is very 

likely to have resulted in changes to the climate system (IPCC, 2014). This is especially true of 

gases which impact on the thermal mass balance of the atmosphere, or greenhouse gases. 

Carbon dioxide (CO2) is one of the main greenhouse gases, the others including water vapour, 

methane and nitrous dioxide (Millero, 2007). Although CO2 does not have the highest capacity to 

store heat, it is seen as the key contributor to global warming due to its high atmospheric levels, 

relatively long atmospheric residence time and the amount emitted through various human 

activities (Ciais et al., 2013).  

1.1 Global Carbon Cycle 

The global carbon cycle has been described as a system of reservoirs of carbon linked by various 

exchanges or fluxes (IPCC, 2014). These reservoirs and their annual fluxes are quantified in Figure 

1.1, which demonstrates that the carbon in the Earth System is in constant flux, moving between 

the various reservoirs at different rates. The arrows in Figure 1.1 illustrate the anthropogenic 

fluxes of carbon averaged between 2009 and 2018 and the size of the reservoirs is illustrated in 

the relative magnitude of the circles (Friedlingstein et al., 2019). When considering the oceanic 

and atmospheric reservoirs, it has been shown that more than 98% of the carbon is stored as 

dissolved inorganic carbon (DIC) in the oceans, as illustrated by the large circle on the right of 

Figure 1.1 (Zeebe and Wolf-Gladrow, 2001).
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Figure 1.1 Schematic showing the fluxes and reservoirs of the global carbon cycle. The circles 

illustrate the reservoirs of carbon and the arrows show the annual fluxes between 

them, based on the global carbon budget for the decade from 2009 to 2018.  

Schematic from Friedlingstein et al. (2019). 

1.1.1 Atmospheric Trends 

Before the industrial revolution the global carbon cycle was in an approximately steady state 

(Pongratz et al., 2009). Since the late 1950s, when Keeling initiated regular atmospheric CO2 

measurements at Mount Mauna Loa, Hawaii (Keeling, Bacastow and Bainbridge, 1976), it has 

been shown that the annual average CO2 concentrations in the atmosphere have increased from 

317 parts per million (ppm) to over 400 ppm (Betts et al., 2016). The atmospheric data presented 

in Figure 1.2 show a clear saw tooth pattern revealing annual trends due to the uneven 

distribution of land across the globe (Tans and Keeling, 2020). The northern hemisphere contains 

more land than the southern hemisphere; during the northern hemisphere spring and summer 

more CO2 is taken up by the biosphere. This results in a drop in the atmospheric CO2, leading to 

the saw tooth pattern in the data (Ciais et al., 2019). Despite the annual dip, the atmospheric 

concentration has not dropped below 400 ppm since 2015, as shown in Figure 1.2. 
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Figure 1.2 Atmospheric CO2 concentration recorded in Hawaii, known as The Keeling Curve. The 

data is from the Global Monitoring Laboratory, Tans and Keeling (2020). 

It is estimated that a total of 555 ± 85 PgC of carbon has been added to the atmosphere since the 

industrial revolution (Ciais et al., 2013) and the ocean has absorbed approximately a third of the 

total anthropogenic CO2 (Sabine et al., 2004). Between 2009 and 2018, of the 9.5 ± 0.5 GtC yr-1 

emitted CO2, 2.5 ± 0.6 GtC yr-1 was absorbed by the ocean, 3.2 ± 0.7 GtC yr-1 was taken up by 

terrestrial reservoirs with 4.9 GtC yr-1 remaining in the atmosphere; in 2018 it was the first year 

over 10 GtC were emitted to the atmosphere (Friedlingstein et al., 2019). It has been estimated 

that the ocean may be responsible for up to 40% of the observed decadal variability in the volume 

of CO2 which remains in the atmosphere (DeVries et al., 2019). 

The Paris Agreement committed countries to limit average global temperature rise to less than 

2 oC by 2100 (UNFCCC. Conference of the Parties (COP), 2015; Rogelj et al., 2016), and aimed to 

achieve this by reducing net greenhouse gas emissions. One proposed strategy to help achieve 

this goal is carbon capture and storage (Turley et al., 2009; Szulczewski et al., 2012), which aims 

to remove carbon from the atmosphere and store it so that it can no longer influence the climate. 

Several projects have investigated offshore aquifers as potential CO2 storage sites and such 

projects require active monitoring to ensure there would be no adverse effects to the water 

around the storage sites (Blackford et al., 2014, 2015; Wallmann et al., 2015). Given the size of 

the oceanic DIC pool, the role of the ocean in modulating the anthropogenic CO2 in the 
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atmosphere, and in offering a potential site for sequestration, the oceanic carbon cycle has been 

actively investigated over the last several decades.  

1.1.2 Oceanic Carbon Cycle 

The solubility of CO2 is greater than that of the other atmospheric gases, which is an important 

factor in driving the large fluxes of carbon between the ocean and atmosphere. Gaseous CO2 

(CO2(g)) dissolves into seawater to form aqueous dissolved CO2 (CO2(aq)), which reacts with water 

molecules to form carbonic acid (H2CO3) which dissociates to hydrogen (H+), bicarbonate (HCO3
−) 

and carbonate (CO3
2−) ions (Equation 1.1).  

𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 ⇋ 𝐻2𝐶𝑂3 ⇋ 𝐻𝐶𝑂3
−+𝐻+ ⇋ 𝐶𝑂3

2− + 2𝐻+ (1.1) 

As a result of the dynamic CO2(g) dissolution-disassociation equilibrium in water the absorption of 

excess anthropogenic CO2 by oceanic water has caused an increase in H+ and the associated 

decrease in the pH of the ocean, which has been termed “The Other CO2 Problem” (Doney et al., 

2009) or more commonly Ocean Acidification . 

The oceanic DIC reservoir is not homogenous throughout the oceans, but varies with depth and 

latitude as shown in Figure 1.3. There are three mechanisms that influence the DIC concentration 

at depth (Volk and Hoffert, 1985; Williams and Follows, 2011). The solubility pump is the physical 

mixing of the cold carbon-rich surface waters from high latitudes as they undergo subduction. The 

biological soft tissue pump is when biologically formed material sinks from the ocean surface and 

is respired at depth. The carbonate pump is the sinking of marine organisms that have 

precipitated carbonate shells at the surface. These processes work together to give the 

distributions seen in Figure 1.3. 
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Figure 1.3 Meridional sections of DIC from the Atlantic and Pacific Basins, units are µmol kg-1. 

Modified from Williams and Follows (2011). 

1.1.3 Oceanic Trends  

It was recognised in the 1980s that it would be important to quantify the role of the oceans in the 

global carbon cycle and this recognition was one of the driving forces that led to the Joint Global 

Ocean Flux Study (JGOFS) establishing two open ocean long term time-series sites. In the North 

Atlantic the Bermuda Atlantic Time-series Study (BATS) was established while in the Pacific the 

Hawaii Ocean Time-series (HOT), began monthly cruises in 1988, with both programmes sharing 

the aim of monitoring long term trends in the physics, chemistry and biology of the ocean. It has 

been shown that the surface pH at the BATS and HOT sites has decreased by 

0.0017 ± 0.0001 year−1 and 0.0016 ± 0.0001 year-1, respectively (Bates et al., 2014). The change in 

DIC, normalised to remove salinity influences, at BATS has been found to be 1.12 ± 0.07 µmol kg-1 

year-1, shown in Figure 1.4. The normalisation of the DIC data removes the impact of variations of 

the freshwater fluxes on the signal. The freshwater fluxes are the result of the net change 

between precipitation and evaporation at the site.   
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Figure 1.4 Long term trends in DIC concentrations measured at BATS, normalised to remove 

salinity influences. The grey symbols are the observations and the blue symbols are 

the anomalies from the observations and the climatological means. Modified from 

Bates, R. N., Astor, Y. M. (2014). 

The planning for the World Ocean Circulation Experiment (WOCE) also began in the 1980s, with 

the goal of improving global measurement coverage (Wallace, 2001). Over the 1990s a large-scale 

international effort meant multiple transect lines were measured, giving the first global snapshot 

of the ocean. These transect lines have since been reoccupied, allowing temporal variations to be 

investigated. One such comparative study has revealed that the uptake of DIC, between 1994 and 

2007, was not uniform throughout the ocean (Gruber et al., 2019). On average the surface waters 

were found to have increased by 14 µmol kg−1, and the largest increases were in the southern 

Atlantic, shown in Figure 1.5. 

 

Figure 1.5 Spatial variations in DIC uptake between 1994 and 2007, over the three main ocean 

basins. Figure from Gruber et al. (2019). Reprinted with the permission of AAAS. 
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While the ocean is currently absorbing a quarter of the anthropogenic CO2, this rate is unlikely to 

be sustained into the future because the ability of the ocean to store CO2 will decrease as 

acidification continues (Zeebe and Wolf-Gladrow, 2001; Sabine et al., 2004). Quantifying the 

marine carbonate cycle is therefore essential to the understanding of the carbon system and 

quantifying the anthropogenic CO2 reservoir in the atmosphere in the future.  

1.1.4 Impact of Ocean Acidification  

The reduction in the pH of the ocean, via anthropogenic acidification, is likely to impact the 

functioning of many ecosystems, including those supporting fisheries, through altering several 

biologically important processes such as ion transport, and enzyme and protein functionality 

(Turley and Gattuso, 2012). In 2014 fisheries provided 3.1 billion people with a fifth of their intake 

of animal protein (FAO, 2016) and provided an estimated 260 million people with employment 

(McClanahan, Allison and Cinner, 2015). A review of the impacts of ocean acidification on fish has 

found that many physiological systems may be stressed and the early life stages of many fish are 

likely to be affected (Heuer and Grosell, 2014). 

Ocean acidification decreases the availability of carbonate ion (CO3
2−) that results in an increase in 

the dissolution of calcium carbonate (CaCO3), which is an important component of the shells of 

many marine organisms (Kleypas et al., 2006). Coral reefs, in tropical zones and those in deep 

cooler water, are sensitive to this decrease in CaCO3 (Tracey et al., 2013). Ocean acidification is 

not the only stressor on ecosystems and fisheries, with many under stress from other sources of 

pollution and environmental change (Breitburg et al., 2015). While it is currently hard to attribute 

changes in a reef ecosystem to any one cause it has been suggested that changes in reef 

calcification rates can be attributed to ocean acidification in some places (Albright et al., 2016).  

Quantifying changes to the carbonate system is key to understanding how these systems will be 

affected if meaningful predictions about their future socio-economic impacts are to be made.  
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1.1.5 Measuring Carbonate Chemistry  

There are four parameters of the oceanic carbonate system which, when combined with 

measurements of the water’s physical properties (temperature, salinity and pressure) can be used 

to describe the system fully: 

 Dissolved Inorganic Carbon (DIC) which is defined as the sum of the concentrations of the 

dissolved species formed via the dissolution of CO2 in water: 

[𝐷𝐼𝐶] = [𝐶𝑂2] + [𝐻𝐶𝑂3
−] + [𝐶𝑂3

2−] 

 pH is the negative logarithm of the hydrogen ion (proton) concentration in a solution 

with different proton scales used, most often the total proton scale that includes free 

protons and bisulphate ions  

 Fugacity of CO2 (fCO2) is defined as the partial pressure of CO2 that is in equilibrium with 

sea water 

 Total Alkalinity (TA) is defined as the number of moles of hydrogen ion equivalent to the 

excess of proton acceptors over proton donors in solution 

It is sufficient to measure two of the above four parameters and derive the others (Millero, 2007; 

Wolf-Gladrow et al., 2007; Williams and Follows, 2011). Historically the DIC and TA pair has been 

preferred, due to the availability of instruments capable of making these measurements with high 

precision and accuracy (Hoppe et al., 2012; Martz et al., 2015). However, to reduce the 

propagated errors in the derived values, the preferred pair is either DIC and pH, which gives the 

lowest probable error for the derived TA and fCO2, or DIC and fCO2 which gives the lowest 

probable error of pH calculations, as highlighted in Table 1.1 (Millero, 2007). Overdetermination 

of the oceanic carbonate system, i.e. measuring more than two parameters, is a useful practise 

often used to assess the quality of measurements (Byrne, 2014; Sastri et al., 2019).  
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Table 1.1 Estimated error in the derived carbonate parameters based on the initial pair, from 

Millero (2007). 

Pairing pH 
TA 

(μmol kg-1) 
DIC 

(μmol kg-1) 
fCO2 

(μatm) 

DIC & pH 
 
 

± 2.7  ±1.8 

DIC & fCO2 ± 0.0025 ± 3.4 
 
 

 

DIC & TA ±0.0062  
 
 

± 5.7 

pH & TA  
 
 

± 3.8 ± 2.1 

pH & fCO2  ± 21 ± 18 
 
 

fCO2 & TA ± 0.0026  ± 3.2 
 
 

The pairing of the pH and TA measurement relies on various assumptions which may not hold 

true in all areas where carbonate chemistry is being studied, such as waters with high freshwater 

fluxes, such as coastal areas, estuarine environments and areas close to ice melt (Fassbender et 

al., 2015). In regions with high freshwater inputs the assumptions about the seawater 

composition, which the pH and TA measurements are based on, may not be valid (Dickson, Sabine 

and Christian, 2007). In these areas the DIC and pH forms the optimal pair for a reliable full 

characterisation of the carbonate system. DIC is highly desirable to measure as it is more sensitive 

to changes in photosynthesis and respiration than other parameters, and by measuring DIC it is 

possible to investigate changes in biological systems which pairs such as pH and TA have been 

demonstrated as not being capable of resolving (Fassbender et al., 2015).  

As biologists seek to understand how the changing carbonate chemistry might impact various 

ecosystems there has been increasing interest in microcosm studies. In these studies various 

techniques are used to alter the carbonate chemistry and the biological response is monitored. It 

is widely recognised that for these studies to be relevant correct monitoring of the carbonate 

chemistry is essential (Gattuso et al., 2010). A sensor capable of making highly precise and 

accurate measurements at an appropriate frequency for the temporal dynamics of the system, 

and at a viable cost, would enhance these studies.  

1.1.6 Carbonate Data Availability  

The preceding sections have presented some limited DIC data however the global spatiotemporal 

coverage of the carbonate system remains low, despite recent improvements. This is clearly 

exemplified by the Surface Ocean CO2 Atlas (SOCAT). SOCAT is an annually updated database for 
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surface fCO2 measurements. The most recent version has 25.7 million discrete points covering the 

time period 1957 to 2019, Version 2019:(Bakker et al., 2016). When all these data points are 

plotted they show good coverage of the North Atlantic but large gaps in the South Pacific and the 

Southern Ocean (Figure 1.6 Panel A). Investigating data available for 2018, the last full year of the 

database, reveals even lower spatial coverage (Figure 1.6 Panel B). The SOCAT database is only for 

surface fCO2 measurements and a decent number of commercially available instruments exist, 

which are capable of making underway fCO2 measurements (Martz et al., 2015). These 

instruments can be installed on cargo ships giving good coverage of regular trade routes. 

Measurements of DIC are even sparser, in part due to the fact there are no commercially available 

underway DIC instruments (Martz et al., 2015).  
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A  

B  

Figure 1.6 Spatial coverage of surface fCO2 measurements. Panel A shows the global coverage in 

SOCAT from 1957 to 2019. Panel B shows the global coverage for 2018, the last full 

year in SOCAT Version 2019: Bakker et al. (2016). 

Many regions of interest for investigating the carbonate system, such as coastal zones, the 

Southern Ocean and areas of ice cap melting, are highly dynamic areas with a high degree of 

spatiotemporal heterogeneity (Butterworth and Miller, 2016). These areas are also traditionally 

under sampled due to the practicalities of ship-based measurements. However a sensor mounted 

on an automated platform would be able to provide valuable data in an economically efficient 

and practical manner. 

OPeNDAP URL: https://ferret.pmel.noaa.gov/socat/erddap/tabledap

DATA SET: SOCAT v2019 Data Collection

VARIABLE: fCO2 recommended (μatm)

01-Jan-1957 00:00 to 31-Dec-2019 00:00

5922 trajectories shown

Data subsampled for efficiency (explanation)

Where fCO2_recommended is valid

Where WOCE CO2 water is 2

LAS 8./PyFerret 7.504 NOAA/PMEL

OPeNDAP URL: https://ferret.pmel.noaa.gov/socat/erddap/tabledap

DATA SET: SOCAT v2019 Data Collection

VARIABLE: fCO2 recommended (μatm)

01-Jan-2018 00:00 to 31-Dec-2018 00:00

301 trajectories shown

Data subsampled for efficiency (explanation)

Where fCO2_recommended is valid

Where WOCE CO2 water is 2

LAS 8./PyFerret 7.504 NOAA/PMEL
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1.2 Current State of the Art for DIC Measurements  

1.2.1 Standard Operating Procedures 

The current technique for making DIC measurements requires bottled samples to be collected 

and then analysed in a specialist laboratory. It was in the early 1990s that a series of Standard 

Operating Procedures (SOP) were established to standardise the way in which samples were 

collected, stored and analysed, by the oceanographic community (Dickson and Goyet, 1994). 

These have been continually updated since and provide a high level of detail into how samples 

should be handled to give confidence that data are comparable between laboratories (Dickson, 

Sabine and Christian, 2007). For DIC the two most relevant SOP methods are: 

 SOP 01; which details how discrete bottle samples should be collected  

 SOP 02; which details how the samples should be analysed  

The currently accepted standard method for measuring DIC, as described by the SOP handbook is 

to acidify a known volume of a seawater sample in a stripping chamber, then purge the generated 

CO2 from sample with an inert gas, and use colourimetry to measure the amount of CO2 

produced. Specifically, the CO2 gas purged from the sample is reacted with an absorbent 

containing ethanolomine, and the hydroxyetheylcarbamic acid formed is titrated coulometrically. 

The original instrument based on this technique was named the Single Operator Multi-parameter 

Metabolic Analyser (SOMMA) and was produced commercially in the early 1990s. Currently 

Marianda produce the commercially available Versatile INstrument for the Determination of Total 

inorganic carbon and titration Alkalinity, VINDTA 3C, (Marianda, Germany). The VINTDA 3C is 

comparable to the SOMMA system but also records TA. Marianda also produces the 

Automated Infra Red Inorganic Carbon Analyzer, or AIRICA, which is based on the IR-detection of 

CO2. Another available instrument is the AS-C3 DIC Analyser Apollo (SciTech, USA), which 

measures the CO2 gas using a non-dispersive infrared (NDIR) sensor. The efficiency of these 

systems is calibrated using known amounts of CO2 gas or standard solutions. These instruments 

are capable of achieving DIC measurements with an accuracy of ± 1.0 μmol kg−1 (Bockmon and 

Dickson, 2015). 

1.2.2 Certified Reference Material 

By the late 1980s it was clear that for laboratories to generate comparable DIC measurements a 

Certified Reference Material (CRM) would be needed (Dickson, 2010). The Dickson group at 

Scripps Institution of Oceanography, USA, developed a CRM for DIC and TA analyses and by 2010 

had produced 56,000 bottles (Dickson, 2010); this CRM is the standard recommended in the SOP. 
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The CRM is not measured and certified for DIC concentration using the method detailed in 

SOP 02, but it is determined manometrically following acidification and CO2 extraction by vacuum 

distillation in a vacuum manifold (Guenther, Keeling and Emanuele, 1994). This technique is highly 

precise, with a precision of ~0.5 μmol kg−1, one quarter of that of the colourimetric method, 

however it is not suited to processing large numbers of samples.  

1.2.3 Required Measurement Performance  

The Global Ocean Acidification Observing Network (GOA-ON) has set two quality levels for the 

reporting of DIC data; these are “weather” and “climate” quality (Newton et al., 2014). The 

“weather” quality data should provide resolution of relative spatial patterns and short-term 

variation. To achieve this the measurement should achieve a precision of ~10%, and for DIC this 

would be ± 10 μmol kg−1. The “climate” quality data provide resolution of long term trends in the 

ocean acidification signal; this requires a precision of 1%, which for DIC is defined as ±2 μmol kg−1. 

The only current technique to achieve the climate quality measurements is to collect water 

samples and analyse them in a laboratory, following SOP 01 and SOP 02 detailed in the previous 

section.   

Results of an inter-laboratory comparison found that most were capable of measuring DIC to the 

“weather” target but were short of the 2 μmol kg-1 window required for data to be used for the 

“climate” standard (Bockmon and Dickson, 2015). This comparison highlighted the requirement of 

most instruments to have highly trained operators to make consistently high quality 

measurements.  

1.2.4 Performance Assessment Metrics 

To assess the performance of a sensor the two most commonly used metrics are accuracy and 

precision. Accuracy is defined as the difference between the sensor recorded value and the true 

value, as measured using conventional techniques (Okazaki et al., 2017). Precision is defined as 

the reproducibility of the measurement of a sample (Schuster et al., 2009). For a DIC sensor these 

metrics can be calculated by replicate measurements of a CRM (section 1.2.2). The repeatability 

of a measurement is a short term precision estimate (Okazaki et al., 2017; Birchill et al., 2019) 

which can neglect systematic errors leading to an overestimation of the sensor’s performance, 

potentially resulting in over interpretation of the data collected (Worsfold et al., 2019). 

Increasingly more robust techniques have been used to quantify sensor uncertainty. The 

Nordtest™ (Magnusson et al., 2012) combines the random and systematic effects on 

measurements over a longer time period to make an uncertainty estimate. This uncertainty is 
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typically larger than the estimate of precision but is more representative of the sensor 

performance and therefore less likely to lead to over interpretation of data.  

1.2.5 Definitions of Benchtop, Underway and Sensor Instruments 

For the purpose of this study the definitions of benchtop, underway and sensor instruments will 

follow the convention used in a recent review of commercially available technology (Martz et al., 

2015). Benchtop instruments make measurements on discrete bottle samples, and while the 

measurements are autonomous a technician is required to operate the instrument. The 

instruments described in section 1.2 would be classed as benchtop systems. Underway 

instruments make automated measurements on a flow-through sample stream. These systems 

are routinely mounted on ships to make surface water measurements and are externally powered 

but require minimal user interaction to operate. A sensor would be capable of making 

autonomous in situ measurements and be internally powered. The following section provides a 

review of the platforms which these automated instruments can be mounted on to collect spatial 

data. 

1.3 Review of Platforms for Automated Measurements  

Poor spatiotemporal coverage of measurements has been a long-standing challenge for 

oceanography, as highlighted in section 1.1.6. In 1989 Stommel published a science fiction article 

in which he envisioned a future 25 years on from then when fleets of autonomous vehicles would 

patrol the ocean, collecting data similar to the large transects set up by the WOCE (Stommel, 

1989). The vision was for a fleet of vehicles to make continuous measurements, whilst calibrating 

themselves against each other. For such vehicles to contribute to our knowledge of the carbonate 

system they would require autonomous sensors. While such a large fleet of propelled vehicles has 

not been realised yet, the Argo program has managed to significantly improve the data coverage 

in all ocean basins, and emerging technologies are getting close to making Stommel’s vision a 

reality. This section will provide an overview of the various platforms available for making 

oceanographic measurements, with Table 1.2 providing a summary of the platforms discussed 

and highlighting the requirements these platforms would have for autonomous sensors.  
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Table 1.2 Review of the different oceanographic sensor platforms. 

 

Sensor 

size 

limited 

Sensor 

Power 

limited 

Spatial 

Coverage 

Temporal 

Coverage 
Limitation Availability 

Argo Float High High 

High (no 

directional 

control) 

Months to 

decades 

Not 

recovered 
High 

Autonomous 

Underwater 

Vehicles 

High High High 
Days to 

years 

Low power 

and miniature 

sensor 

needed 

High 

Remotely 

Operated 

Vehicles 

High No 
Limited 

Extent 

Hours to 

weeks 

Requires 

specialist ship 

and crew 

Low 

Mooring No High Low 
Hours to 

decades 

Requires 

specialist ship 

and crew 

Low 

Cabled 

Observatory 
No No Low 

Hours to 

decades 
High Cost Low 

Volunteer 

Observing Ship 
No No 

Repeat 

Transect 

Months to 

decades 
Limited Depth Low 

A recent review of platform technologies presented a visual representation of the different 

spatiotemporal scales over which these platforms can provide observations, Figure 1.7 

(Bushinsky, Takeshita and Williams, 2019). This figure provides a useful comparison of the length 

scales of various processes relevant to the carbonate system and the platforms suitable for 

observing them.  
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Figure 1.7 A visual representation of the spatiotemporal scales over which different instrument 

platforms can provide observations relevant to the carbonate system. Figure from 

Bushinsky, Takeshita and Williams (2019). 

1.3.1 Argo Floats 

The Argo program utilises a large array of lagrangian profiling floats. The floats collect one profile 

from 2000 m depth to the ocean surface every 10 days and transmit the collected data back to 

the user via satellite (Riser et al., 2016). The floats can make observations over large spatial and 

temporal ranges, providing insight into a range of medium to large-scale processes, as shown in 

Figure 1.7. There are currently close to 4000 Argo floats collecting data around the world (Figure 

1.8 Panel A), allowing studies to be conducted without the costly need for a ship (or fleet of ships) 

and in regions and seasons too dangerous for ships to be operational. 

While the data yielded by the Argo program has resulted in over 2000 publications since 1998 

these floats are still limited in terms of which sensors they can carry. All floats carry the basic 

conductivity temperature depth (CTD) sensor, which allows basic hydrography to be measured 

(Riser et al., 2016). To collect biogeochemical data Argo floats have been equipped with sensors 

capable of measuring parameters such as oxygen, nitrate and pH however currently there are 
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only 367 biogeochemical Argo units. Of these only 150 are capable of measuring pH, which is not 

enough information to fully quantify the carbonate system (Figure 1.8 Panel B). 

 

Figure 1.8 Argo float global distribution. Panel A shows the locations of the 3871 operational Argo 

floats. Panel B shows the locations of the 150 biogeochemical Argo floats equipped 

with pH sensors. Both figures are from www.jcommops.org, (accessed January 2020). 

To improve this biogeochemical coverage floats require small sensors with low power demands, 

which are capable of taking measurements at a frequency that matches that of their velocity 

A 

B 

about:blank


Chapter 1 

18 

through the water column. These platforms are normally deployed and remain at sea until no 

longer operational, which means that sensors need to be capable of self-calibrating and use stable 

reagents. 

1.3.2 Autonomous Underwater Vehicles  

Autonomous Underwater Vehicles (AUV) differ from lagrangian floats as they are capable of 

controlling their direction (Alam, Ray and Anavatti, 2014) and are increasingly common as 

platforms for research (Wynn et al., 2014). There are a number of different designs for AUVs, 

including submarine style vehicles which control their propulsion using propellers (e.g. Autosub, 

Sentry) and glider type AUVs which control their propulsion by altering their buoyancy and pitch 

(e.g. Deep Glider, Slocum Glider). Like Argo floats, AUVs typically send data back to servers via a 

satellite or radio link, allowing data to be quality controlled during the deployment. These 

platforms can collect data over large spatial areas and as this technology matures longer 

deployments have become possible. Figure 1.7 highlights that these platforms overlap 

considerably with Argo floats.  

Currently AUVs have been used extensively for mapping (Wynn et al., 2014) and to be able to 

answer more biogeochemical questions they will require new sensors which will have similar 

requirements as the sensors on Argo floats which require miniature, low power sensors. The 

advantage AUVs have over floats is that they can be piloted to visit sites of interest without the 

need for a ship to travel to their ultimate deployment location. The ability to pilot AUVs also 

allows them to be recovered easily with the potential for batteries and sensor reagents to be 

replaced over the course of a mission.  

1.3.3 Remotely Operated Vehicles  

Another tool available for oceanographic research as a sensor platform is the Remotely Operated 

Vehicles (ROV), such as Jason and ROPOS. These differ from AUVs in that they are tethered to a 

ship by a cable and usually require constant piloting. They often have robotic manipulators 

capable of carrying out complex sampling (Yoerger et al., 2007). The tether allows for data and 

power to be transferred between the ship and vehicle. The benefit of this is that sensors on these 

platforms can be larger, more power intensive units. The drawback of these systems is that they 

require a specialist crew and ship capable of deploying these typically large units, which limits 

their spatial coverage. 
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1.3.4 Moorings and Landers 

Since the 1960s moorings have been deployed around the world’s oceans to collect a variety of 

long term data, which have been used across all oceanographic research areas (Weller et al., 

2000). Mooring technology has greatly improved over time. Initially moorings were deployed and 

then collected after recording data for a set period, with the possibility that the mooring and data 

could be lost before recovery. A variety of systems have been used to mitigate this risk, such as 

adding satellite telemetry to surface moorings. Landers can be viewed as a subset of moorings, 

which can take a variety of physical forms. They differ from moorings in that they only record 

measurements on the seabed and have no surface expression, which limits their ability to 

transmit data back while in situ. In both cases the data collected can be over long temporal scales, 

but limited spatial scales, as shown in Figure 1.7.  

A benefit of mounting sensors on these systems is that measurements can be taken at a selected 

site, with minimal spatial drift. Sensors on moorings need to have low power requirements, with 

stable reagents but can be larger than the sensors on mobile platforms. Depending on the 

temporal variation to be measured, these sensors can also have a lower sample frequency. 

Limitations of this platform are the requirement of specialist ships and crews for installation and 

service of the moorings, and their low spatial coverage. 

1.3.5 Cabled Observatories  

In the last decade two large projects have been completed with moorings and landers connected, 

via fibre optic cables to land, allowing data and power to be transferred in real time. Ocean 

Network Canada has been recording data for a decade and the Ocean Observing Initiative data 

are soon to go on line (Kelley, Delaney and Juniper, 2014). Sensors mounted on these platforms 

can be large and power intensive, as power is provided to the sensor via the cable connected to 

land. This feature and the high rate of data transmission provides sensors with the option to carry 

out high frequency measurements. As with more traditional moorings, sensors mounted on these 

platforms would require stable reagents and the ability to self-calibrate. A limitation would be 

poor spatial coverage and the high cost.  

1.3.6 Volunteer Observing Ship 

A Volunteer Observing Ship (VOS) typically makes regular and repeated journeys along the same 

track. The Ferry Box sensor scheme is an example of a VOS where sensors are mounted on a ferry 

to collect repeat measurements (Schneider et al., 2014). The Oleander line is another example 

where a transect of long term data have been collected by mounting sensors on a shipping 
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container that regularly travels between New Jersey, USA, and Bermuda, crossing the Gulf Stream 

weekly (Rossby et al., 2014). 

Advantages of mounting sensors on a VOS is that they are not limited by size or power 

requirements and can be regularly serviced while collecting repeat data along a transect. This 

platform has potential for both large spatial and temporal coverage, as shown in Figure 1.7. A 

potential limitation for sensors mounted on such platforms is that they lack depth coverage.  

1.4 Techniques Currently in Development  

There are a variety of different approaches being developed by groups globally to create sensors 

capable of autonomously measuring DIC (Schuster et al., 2009; Byrne, 2014). Table 1.3 provides 

details of each of the techniques that this section will detail. For each technique there will be a 

brief overview of each method, a summary of the results achieved and their advantages and 

disadvantages with respect to the technique being used for a deep rated, autonomous DIC sensor.  

Table 1.3 A review of published techniques used in developmental DIC sensors. 

Technique 
Field 

Deployed? 
Precision 
μmol kg-1 

Sample 
Frequency 

samples hour-1 
Reference 

Coulometry 
Underway 

system 
± 1.0 4 

Amornthammarong et al. 
(2014) 

Spectrophotometry 
Dock 

deployment 
(3 weeks) 

± 2.0 7 Wang et al. (2015) 

Conductometry 
Dock 

deployment 
(8 week) 

± 2.7 1 Sayles and Eck (2009) 

Non-Dispersive 
Infrared Absorption  

Surface 
mooring 

(7 months) 
± 5.0  

5 (maximum, 
0.33 mooring 
deployment) 

Fassbender et al. (2015) 

Dual Isotope Dilution 
and Cavity Ring-

down Spectroscopy  

Underway 
system 

± 0.4 15 Huang et al. (2015) 

Membrane 
Introduction Mass 

Spectrometry 
- - - 

Bell, Short and Byrne, 
(2011) 

All of the following methods, except for the Dual Isotope Dilution and Cavity Ring-Down 

Spectroscopy, are based on acidifying the sample to convert the DIC to CO2. Reducing the pH of 

the sample to less than 2 converts all the HCO3
− and CO3

2− to CO2, as shown in Figure 1.9, taken 

from (Emerson and Hedges J, 2008). The methods differ in whether a carrier gas or gas permeable 

membrane is used to extract the CO2 from the sample, and the method for detecting that CO2.  



Chapter 1 

21 

 

Figure 1.9 Plot showing the different concentrations of the carbonate species as a function of pH, 

from Emerson and Hedges (2008). 

1.4.1 Coulometry  

This technique is described fully in section 1.2.1. Recent work to automate a coulometric sensor 

has been reported, with a prototype instrument capable of measuring 8 samples without 

operator interaction, with accuracy and precision of ±1.2 μmol kg-1 and 0.022% respectively, and a 

sample frequency of 4 samples per hour (Amornthammarong et al., 2014). The performance of 

this system is close to that of commercially available instruments. In this technique a sample is 

acidified, and the released CO2 is stripped from the acidified sample by an inert CO2 free carrier 

gas where the amount of CO2 is titrated coulomterically. Then the CO2 reacts quantitatively with 

ethanolamine to form hydroxyethyl carbonic acid, which is titrated with OH− ions generated by 

the reduction of H2O at a cathode. The endpoint of the titration is measured photometrically, 

with thymolphthalein used as the colour-changing indicator.  

This technique is suited to measurements of surface waters but in its current form is an underway 

instrument not capable of making in situ measurements. This method also uses hazardous 

chemicals, which could cause challenges for some platforms where the waste storage of reagents 

may present an issue. The relatively large sample volume of 25 mL required would also generate 

significant waste fluid over the course of a long term deployment, an issue for platforms limited 

on space for sensors. The long measurement time of 15 minutes per sample would also prevent 

this system from being deployed on a fast moving platform and high power requirements could 

also prove problematic for several platforms (see section 1.3). 
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1.4.2 Spectrophotometry  

In spectrophotometric methods the seawater sample is acidified and CO2 is driven across a gas 

permeable membrane into an acceptor solution containing a pH indicator dye. As the CO2 

decreases the pH of the acceptor solution, the dye changes colour which can be measured by 

monitoring different wavelengths of light passing through the solution.  

This technique is used in several prototype systems under development (Byrne et al., 2002; Tue-

Ngeun et al., 2005; Wang et al., 2007, 2015; Wang, Chu and Hoering, 2013; X. Liu et al., 2013; 

DeGrandpre et al., 2014). Various indicator dyes, such as m-cresol purple and Bromocresol purple, 

can be used and require measurement at different wavelengths which allows for optimisation. In 

short-term testing, over 3 weeks, the most accurate in situ system using this technique had an 

accuracy of ± 2 μmol kg-1 and had a response time of ~22 seconds (Wang et al., 2015). This system 

used Bromocresol purple as the indicator dye, and the TA of the indicator was optimised to 

ensure that the pH of the acceptor solution after the sample CO2 addition would fall between 

~5.6 − 6.4, where the colour change is the greatest, to enhance the sensitivity of the sensor.  

To achieve the highest possible accuracies the indicator solutions need to be purified (Ma et al., 

2019) and the temperature of the measurement cell needs to be monitored precisely 

(DeGrandpre et al., 2014).  

1.4.3 Conductometry  

For the conductometric method a known volume of sample is acidified, and the DIC within the 

sample is converted to gaseous CO2, which then diffuses across a gas permeable membrane into 

an acceptor solution. In the literature both sodium hydroxide (NaOH) and Milli-Q ™ water (Merck 

Sigma, USA) have been trialled as acceptor solutions, with NaOH being most commonly used. The 

conductivity of the acceptor solution is monitored and as the CO2 reacts with the solution its 

conductivity drops proportionally to the concentration of DIC in the sample. The conductivity drop 

is the result of the CO2 reacting with hydroxide:  

 𝐶𝑂2(𝑎𝑞)  + 2𝑂𝐻− 𝐶𝑂3
2− + 𝐻2𝑂 (1.2) 

 𝐶𝑂2(𝑎𝑞)+ 𝑂𝐻−  𝐻𝐶𝑂3
− (1.3) 

This technique was originally described in the early 1990s (Hall and Aller, 1992) and various 

systems have been built and tested since (Kubáň and Dasgupta, 1993; Monser, Adhoum and 

Sadok, 2004; Hoherčáková and Opekar, 2005; Sayles and Eck, 2009; Pencharee et al., 2012). 

Originally this technique was used to reduce the required sample volume, from several mL to less 

than 100 µL and produced no toxic by-products while using a flow-through system to achieve a 

high sample rate. This technique has been improved over time by changing electrode designs and 
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sample to acceptor solution volumetric ratios to improve accuracy and sensitivity. Recent 

laboratory and coastal water deployments of a sensor based on this technique achieved precision 

of 2.7 μmol kg-1 and 3.6 μmol kg-1, respectively (Sayles and Eck, 2009).  

A potential limitation of this technique is that the measurements would be sensitive to changes in 

the conductivity cell volume, which could be avoided by mounting electrodes in a glass channel to 

limit their expansion. Bio-fouling could also change the cell volume and would need to be 

minimised over long deployments. Conductivity measurements are also sensitive to temperature 

changes and this needs to be accounted for in sensor designs. This technique may not be suitable 

for use in areas of elevated hydrogen sulphide concentrations, such as anoxic waters, as this could 

interfere with the conductivity measurements (Hall and Aller, 1992). 

A benefit of using this technique is that very small sample volumes are required, on the order of a 

few hundred µL, to enable gas exchange across the membrane and achieve rapid sample rates. 

The acceptor solution can also be chosen to maximise the concentration gradient of CO2 between 

the sample and acceptor, which can also reduce the time taken for each sample to increase 

throughput. Another advantage of the conductometric method is the simplicity of the detection, 

which doesn’t rely on purified dyes. 

1.4.4 Non-Dispersive Infrared Absorption   

In this technique a known volume of sample is acidified and the generated CO2 gas is purged with 

a carrier gas, passing through a desiccator, and into an infrared detector, which measures the 

mole fraction of CO2. The Ideal Gas Law is used to determine the moles of CO2 in the gas phase, 

while Henry’s Law is used to calculate the concentration of CO2 in the sample at equilibrium with 

the carrier gas (Hales, Chipman and Takahashi, 2004; Kaltin, Haraldsson and Anderson, 2005; 

Fassbender et al., 2015).  

A system based on this technique was deployed in two field tests (Fassbender et al., 2015). This 

system used two calibration points for each sample, this was because the infrared detectors 

response is temperature dependant and to save power its temperature stabilisation mechanism 

was disabled. To calculate the sample DIC concentration the number of moles of CO2 in the gas 

and liquid phases at equilibrium were summed and then divided by the mass of the sample. The 

first test was a month-long deployment in an aquarium in Seattle and the second test was a 

7−month deployment on a mooring in a bay in Hawaii. Laboratory testing determined this 

sensor’s precision to be ± 5 μmol kg-1. 
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The use of the Ideal Gas Law requires accurate measurements of temperature and salinity to yield 

accurate results. This measurement currently takes ~12 minutes and to complete the 7 month 

mooring deployment sampling was reduced to once every three hours.  

1.4.5 Dual Isotope Dilution and Cavity Ring-down Spectroscopy   

In this method the ratio of 13C/12C is measured by a mixture of a seawater sample and a 13C 

labelled spike, DIC is then calculated based on the mixing ratio of the sample and spike (Huang et 

al., 2015). This system has been tested both in the laboratory and at sea, and gave a precision of 

0.2 μmol kg-1 and 0.3 μmol kg-1 in each test respectively, while comparing within the error of 

samples measured coulometrically (Huang et al., 2015). This sensor had a sample time of 

4 minutes, which would provide good temporal resolution. 

1.4.6 Membrane Introduction Mass Spectrometry 

In this method, a sample is acidified and the CO2 diffuses across a gas permeable membrane 

before being measured by a mass spectrometer (Bell et al., 2007; Bell, Short and Byrne, 2011). 

This work appears to be in the experimental phase, as no precision for DIC measurements have 

been reported but the system may have potential as it can measure a wide range of analytes such 

as fCO2, CH4, N2, O2, H2S.  

1.5 Overarching Thesis Aims and Sensor Design Overview 

The focus of this study is on techniques developed for measuring DIC, with the aim to design and 

build an automated, full ocean depth, DIC sensor. As outlined in the previous sections, DIC is one 

of the key parameters to measure when investigating the oceanic carbonate system and a recent 

review of commercial technology available for ocean acidification research highlighted the lack of 

a DIC sensor, capable of making either underway or autonomous in situ measurements (Martz et 

al., 2015), and other work has stated the need for a DIC sensor (Schuster et al., 2009; Byrne, 2014; 

Bushinsky, Takeshita and Williams, 2019). By designing a DIC sensor that can be mounted on a 

range of platforms it will improve the coverage of DIC measurements and facilitate more 

experiments to increase our understanding of the carbonate system.  
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1.5.1 Sensor Requirements  

The preceding sections have demonstrated a clear need for a DIC sensor, section 1.3 provided a 

review of sensor platforms and section 1.4 reviewed the current methods in development. The 

ideal DIC sensor should be designed to: 

 Make precise and accurate measurements equivalent to “climatic” observations  

 Be easily miniaturised  

 Have low power demands  

 Require low reagent volumes and create little waste  

 Be suitable for deployment at depth  

 Have a high sampling frequency  

 Be capable of self-calibration, against certified reference materials  

1.5.2 Lab On Chip  

To meet these criteria, the design of the sensor in this work was based on a microfluidic “Lab On 

Chip” (LOC) design (Nightingale, Beaton and Mowlem, 2015). LOC systems have grown in 

popularity as rapid prototyping and replication of polymers has improved (Ohno, Tachikawa and 

Manz, 2008; Temiz et al., 2015). Microfluidic systems allow samples in order of µL to be 

manipulated, and so, means small reagent volumes are required and chemical reactions can occur 

rapidly, thus reducing the power requirement of the sensor. The term microfluidics generally 

refers to systems operating on channels of width/height scales of order 100 nm to 100 µm and 

sample volumes measured in µL (Convery and Gadegaard, 2019). By utilising narrow channels, 

fluids move in laminar flow, which is more easily modelled than turbulent flow, allowing systems 

to be modelled before fabrication.  

The LOC v3 hardware developed by the Ocean Technology and Engineering Group, National 

Oceanography Centre Southampton, has been altered and configured for a range of 

biogeochemical parameters (Beaton et al., 2012; Clinton-Bailey et al., 2017; Grand et al., 2017). 

The development of the DIC sensor using this platform exploits the ~15 years of development that 

has resulted in robust LOC sensors capable of full ocean depth deployments. A Nitrate sensor 

based on this LOC design has recently been integrated into gliders (Vincent et al., 2018) 

demonstrating the versatility of this system.  

1.5.3 System Overview 

The DIC LOC sensor was designed to operate in a similar manner to the sensors previously 

described (section 1.4). Specifically, the DIC in the sample is converted to CO2 by acidification, the 
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degassed CO2 then diffuses across a gas permeable membrane into an acceptor solution and the 

CO2 reacts with the acceptor solution to produce a measureable electrochemical change, whose 

magnitude is related to the sample concentration of DIC, as shown in Figure 1.10.  

 

Figure 1.10 Flow diagram showing an overview of the sensor operation. 

This system can be seen as thee modules, each of which was optimised individually, whilst 

ensuring they are easily integrated to make a compact sensor. The first module controls the 

acidification of the sample. The second module facilitates the CO2 diffusion, and for this study is 

referred to as the Gas Exchange Unit (GEU). The third module is the detector that monitors 

changes in the acceptor solution.  

In the GEU the acidified sample (referred to as the donor fluid) is separated from the acceptor 

solution by a gas permeable membrane. Diffusion across a membrane is a function of the 

membrane thickness, the surface area to volume ratio, concentration gradient and the membrane 

material property known as the diffusion coefficient (de Jong, Lammertink and Wessling, 2006) 

and by varying these properties the GEU can be optimised. The work carried out to design and 

optimise the GEU is detailed in Chapter 2.  

The two most common methods of detection in development for DIC sensors use photometric 

detection (detailed in section 1.4.2) or conductometric detection (detailed in section 1.4.3). For 

this study, the conductometric method was chosen because it allows for sub-mL sample volumes 

to be measured, which facilitates rapid gas diffusion. Low sample volumes minimise the volumes 

of reagents required and waste created which results in low power requirements. 

Conductometric detection also relies on more readily available reagents, which unlike 

spectrophotometric indicators, do not need purifying. There is also a range of designs for 

conductometric detectors that can be used to optimise the measurement system. The theory, 

development and optimisation of the conductometric detector used in this study are detailed in 

Chapter 3.  

Chapter 4 describes the integration of the modules to produce a benchtop instrument. Chapter 5 

then details the miniaturisation of this benchtop instrument and presents field testing data 

collected using the DIC LOC sensor.  

1. Acidify the sample 
to convert the DIC to 

CO2 gas

2. Diffuse the CO2 gas 
across a gas 

permeable membrane 
into an acceptor 

solution

3. Measure the 
changes in the 

acceptor solution 
conductivity
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1.5.4 Engineering Concept 

The Technology Readiness Level (TRL) framework was used in this work to assess the 

development of the DIC sensor. This framework provided the means to assess the maturity of the 

technology and also provided a roadmap for development. The framework was originally 

developed by NASA to allow comparisons of different technologies but has been adopted widely, 

including in the field of oceanic sensors (Waldmann et al., 2010). The levels range from TRL 1 to 

TRL 9, which describe the transition from the initial idea phase to the final version proven by 

collecting data in deployments, detailed in Table 1.4. As such the levels provide a developmental 

roadmap that can be summarised more fully as: idea, to proof of concept, to benchtop 

instrument, to deployable prototype, to final product. This is the roadmap used for the 

development of the DIC sensor, with Chapters 2 and 3 focusing on development work up to TRL 3, 

Chapter 4 focusing on work to bring the sensor to TRL 4 and Chapter 5 detailing developments 

and deployments to reach TRL 6 and 7.  

Table 1.4 The Technology Readiness Level roadmap adapted from Waldmann et al. (2010). 

TRL Detailed Description 
Broad Roadmap 

Description 

1 Basic principles observed and reported Idea 

2 Technology concept and/or application formulated 

Proof of concept 3 Analytical and experimental critical function and/or characteristic 

proof of concept 

4 Component and/or breadboard validation in laboratory condition Benchtop instrument 

5 Component and/or breadboard validation in relevant environment  

Deployable prototype 

6 System/subsystem model or prototype demonstration in relevant 

environment  

7 System prototype demonstrated in ocean environment 

8 Actual system completed and “ocean mission qualified” through 

test and demonstration 

9 Actual system proven through successful deployment Final product 
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Chapter 2  Design and Optimisation of the Gas 

Exchange Unit  

2.1 Introduction  

As described in section 1.5.3, the DIC LOC sensor developed in this work operates by acidifying a 

seawater sample, converting the DIC to CO2 which then crosses a membrane into a NaOH solution 

where the CO2 reacts with OH– resulting in a measurable conductivity drop, the magnitude of 

which is related to the DIC concentration in the sample. The CO2 exchange takes part in a module 

referred to as the Gas Exchange Unit (GEU). The GEU is an essential component of the sensor and 

this chapter details the optimisation work carried out to ensure efficient and rapid gas exchange. 

Initially various membranes were tested to determine their gas exchange properties. These 

results were then applied through modelling to estimate how long the gas exchange would take. 

Following this techniques for fabricating a GEU were evaluated before the final design was 

selected.  

Membranes function as a semipermeable barrier separating two fluids whilst facilitating the 

exchange of selected solutes between them (Baker, 2012; Yampolskii and Finkelshtein, 2017), and 

as such they are used in a wide variety of systems (Abdelrasoul et al., 2015). In this application the 

membrane separates the acidified seawater sample, referred to as the donor solution, from a 

NaOH solution, referred to as the acceptor solution, and CO2 gas molecules are the species 

transported from the donor to the acceptor.  

Membranes can be broadly categorised by their physical morphology, and described as either 

porous or dense (de Jong, Lammertink and Wessling, 2006). Porous membranes are characterised 

by many openings, or pores, that allow the transport of molecules that are smaller than the pore 

diameter to pass through the barrier. Due to concerns about whether these pores would deform 

(either rupturing to fully open or collapsing into a closed position) at the pressures of the deep 

ocean this work has mainly focused on non-porous dense membranes. Dense membranes rely on 

the transported species dissolving into the membrane to cross the barrier, in a process known as 

the solution-diffusion model, described in further detail in section 0.  

2.1.1 Design Requirements and Considerations 

When designing the GEU the objective was to have minimal gas exchange time, to maximise the 

potential measurement frequency. This is influenced by both physical and chemical properties of 
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the membrane, such as the membrane thickness and diffusion coefficients respectively. Reducing 

the sample volume can also be used as a method to reduce the gas exchange time, however this 

needs to be balanced by ensuring enough of the associated acceptor fluid, is used to match the 

volume of the detector. A lower volume also reduces the time required to fully flush the system, 

again increasing measurement frequency.  

Another design consideration was the geometry of the GEU. There are two main geometries that 

have been previously applied in the development of DIC sensors (Byrne et al., 2002; Pencharee et 

al., 2012; Wang, Chu and Hoering, 2013; X. Liu et al., 2013; Bresnahan and Martz, 2018). These 

can be broadly classified as planar GEU, where either a flat membrane is bonded or clamped 

between two fluid channels, or as Tube In A Tube (TIAT), where a tubular membrane is held 

within an impermeable tube, as illustrated in Figure 2.1. 

 

Figure 2.1 Schematic illustrating the different GEU geometries. Panel A depicts the reactions 

involved. Panel B shows a planar membrane with the membrane (grey) sandwiched 

between the acceptor (green) and the donor (purple). In Panel C a tube in a tube GEU 

is shown with the donor inside a tubular membrane, surrounded by the acceptor.   

It is possible to build a TIAT system with multiple inner tubes in the core, known as a membrane 

contractor (Marzouk et al., 2010; Singh R, 2015). A useful metric to consider when comparing 

different GEU systems is the surface area to volume ratio because enhancing this ratio can 
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facilitate a faster exchange of gas. TIAT systems have been suggested as having a geometry which 

enhances the surface area to volume ratio (Bresnahan and Martz, 2018) however similar ratios 

can be achieved in planar systems using shallow and wide channels.  

2.1.2 Gas Transport Across Membranes: The Solution-Diffusion Model 

Transport across a dense membrane is driven by molecular diffusion and has been described by 

the solution-diffusion model (Wijmans and Baker, 1995; Baker, 2012). In this model the 

transported species dissolve into the membrane to cross from high concentration in the donor 

solution to the low concentration in the acceptor solution. The transported molecules dissolve 

into the free space between the polymer chains in order to traverse membrane. The free spaces 

are < 5 – 10 Å, in membranes with larger pores the flow is dominated by pore-flow transport 

(Baker, 2012). The differences in the solubility of the transported species in the membrane give 

the membrane its semi-permeable property. This is a material specific property known as the 

diffusion coefficient.  

The diffusion coefficient varies between the transported species, and membrane materials, a 

property which can be used to separate species (Baker, 2012). Fick’s Law describes this diffusion 

system: 

 𝐽𝑖 = −𝐷𝑖
𝑑𝑐𝑖

𝑑𝑥
, (2.1) 

where Ji is the flux density of transport of the species i (moles cm-2 s-1), Di is the diffusion 

coefficient (cm2 s-1), dci is the concentration gradient (moles cm-3 cm-1) and dx is the membrane 

thickness (cm).  

The diffusion coefficient is specific to the species and the membrane material. If the membrane 

area, thickness and flux density are known then Di can be determined experimentally by 

rearranging Fick’s Law to: 

 
𝐷𝑖 =  

𝐽𝑖  ×  𝑑𝑥

𝑑𝑐𝑖
 (2.2) 

Four different membrane materials were studied to determine their physical characteristics, as 

described in section 2.2. The physical characteristics were then used to model the design of a 

GEU, described in section 2.3.1.  
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2.2 Determination of Diffusion Coefficient  

Experimental determination of the gas diffusion coefficient for CO2, D, was conducted to facilitate 

modelling of the GEU that was then used to estimate the time scales for the gas exchange to 

occur. This initial testing was also utilised to establish which membrane geometries could be 

readily incorporated into a LOC sensor. This was achieved by comparing TIAT and planar GEU 

geometries. Details of the four membranes investigated are listed in Table 2.1. 

Polydimethylsiloxane (PDMS) is widely used in the development of microfluidic “Lab On Chip” 

(LOC) systems as it is easy to manufacture, low cost, bonds readily to itself and glass, is 

biocompatible and is gas permeable. Its gas permeability properties mean that it has been widely 

used as a membrane (Yeom, Lee and Lee, 2000; Cardenas-Valencia et al., 2013; Nguyen, Leho and 

Esser-Kahn, 2013; Mäki et al., 2015). 

Table 2.1 Physical characteristics of the four membranes initially trialled. 

 
Wall Thickness 

µm 
Porous Geometry Supplier 

Accurel® PP 

Q3/2 
200 Yes Tube in a tube 

 Membrana GmbH, 

Germany 

Teflon™ 

AF2400 
300   No Tube in a tube  BioGeneral, USA 

Asos™ Zeus 

ePTFE 
350  Yes 

Clamped Planar 

Membrane 
Zeus Inc., USA  

PermSelect® 

Tinymodule 

(PDMS) 

 55 No 

Multi-core tube in a 

tube (commercially 

available) 

PermSelect, USA 

To calculate the diffusion coefficient, using equation 2.2, a sodium bicarbonate sample solution 

was acidified in various GEUs, and the CO2 gas crossed membranes of known thicknesses into an 

acceptor stream whose conductivity was recorded. As the membrane thickness and CO2 

concentrations were known, and the CO2 flux density was determined from a calibration, Di could 

be estimated. 

The measurement was achieved by acidifying a 3 mL sample loop of solution, which was re-

circulated through the GEU, where the CO2 gas was diffused into the acceptor solution, as shown 

in Figure 2.2.  
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Figure 2.2 Setup for membrane characterisation rig. Panel A is a schematic of the set up. Panel B 

shows a photo of the system. All the components apart from the pumps were 

submerged in a water bath (not shown for clarity). The GEU shown is the planar 

system, though the TIAT system was also tested using this rig. 

A stock solution of 2500 μmol kg-1 sodium bicarbonate (Fisher Scientific, UK) was used as the 

sample. The 50 µL 3 M HCl was used to acidify the sample and this was made by a volumetric 

dilution of 12 M reagent grade HCl (Sigma Aldrich, UK). The acceptor solution was made by 

volumetric dilution of a 0.1 M NaOH (Sigma Aldrich, UK) working solution to reach a 7 mM 

concentration. The acid was injected into the sample loop using a syringe pump (Nanomite, 

Harvard Apparatus UK) via an inline septum (Thistle Scientific, Glasgow).  Both the acceptor and 

donor solutions were re-circulated for 15 minutes at ~1 mL min-1 by a peristaltic pump (100 series, 

35 rpm, 12v DC, with Viton® tubing, Williamson Manufacturing Company UK). The tubing material 

Peristaltic 

Pump 

Gas Exchange Unit 

Acceptor Loop Donor loop 

Detector 

 

Acid Injection port 

A 

B 

Peristaltic 

Pump 

Detector 

Gas Exchange Unit 
Acid Injection port 
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used for the donor and acceptor loops was Viton® tubing with 1/16” (1600 µm) ID and 1/8” 

(3175 µm) OD (Cole-Palmer, UK) which was chosen due to its low permeability for CO2. The CO2 

permeability for Viton® was 77 barrer compared to 360 barrer for Tygon® tubing, or 20,000 barrer 

for PDMS, from their respective manufactures datasheets (1 barrer = 1 
g cm

s cm2 bar
). 

The conductivity of the acceptor solution was recorded by a custom conductivity detector 

produced by eDAQ Pty Ltd, Australia, which logged voltage proportional to the conductivity of the 

acceptor solution for the duration of each run, this system is fully described in Chapter 3. The 

experiment was conducted in a constant temperature water bath (Grant TX150, UK) held at 25 oC, 

to prevent temperature fluctuations influencing the conductivity measurements, as detailed in 

section 3.1.1. Before and after each run the membrane was checked for leaks by acidifying a 

sample of Milli-Q® water (Merck Sigma, USA) and ensuring the acceptor conductivity and pH did 

not change. The pH of the acceptor solution was checked after the addition of acid using simple 

pH test strips (Sigma Aldrich, UK).  

Over the course of the measurement the conductivity of the acceptor solution dropped as the CO2 

reacted with the NaOH solution. The CO2 flux density was estimated by comparing the recorded 

conductivity changes to a calibration of the detector. The flux density was estimated when the 

diffusion was not limited by concentration gradients, which was when the change in conductivity 

was linear as seen in Figure 2.3. This prevents the calculated diffusion coefficient being limited by 

a reduction in the concentration gradient. The diffusion coefficients are summarised in Table 2.2. 

 

Figure 2.3 Conductivity voltage data from the eDAQ detector for the four membranes tested. The 

time where diffusion was not limited by the concentration gradient is the initial drop 

in voltages between 0.5 and 4 minutes after acidification, where the conductivity 

drop is approximately linear. 
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Table 2.2: Summary of results from diffusion coefficient testing combined with physical 

membrane properties. 

 
Diffusion Coefficient 

(cm2 s-1) 
Porous Geometry 

Surface Area to 

Volume Ratio 

(µL mm-1) 

Accurel® PP 

Q3/2 
4.7E-05 Yes Tube in a tube 2.9 

Teflon™ 

AF2400 
9.1E-06 No Tube in a tube 10.8 

Asos™ Zeus 

ePTFE 
9.8E-07 Yes 

Clamped Planar 

Membrane 
0.8 

PermSelect® 

Tinymodule 

(PDMS) 

5.8E-06 No 

Multi-core tube in a 

tube (commercially 

available) 

3.6 

Table 2.2 shows the diffusion coefficients calculated for the membranes tested. The membrane 

with the optimal diffusion coefficient, facilitating the most rapid gas exchange, was the porous 

membrane Accurel® PP Q3/2. Despite this performance the material was not considered further 

in the GEU design process due to uncertainties about how the pores would perform at high 

pressure, such as in the deep ocean. There was a concern that the pores could either rupture or 

collapse. If the pores ruptured it would result in mixing of the donor and acceptor solutions, 

leading to a failure of the sensor. If the pores collapsed the gas exchange would be less efficient, 

or halted completely, resulting in failed measurements. This membrane could be considered if the 

system was for surface oceanic measurements only, however as the goal for this sensor was to be 

rated for full ocean deployment both porous membranes were removed from consideration. 

Future testing could be carried out to determine if the pores do deform and then used to define a 

depth limit for membrane style.  

The experimentally determined value of the diffusion coefficient for PermSelect® Tinymodule 

(PDMS) was within one order of magnitude of the results from the literature for other PDMS 

membranes, detailed in Table 2.3 (Merkel et al., 2000; Kanehashi et al., 2014; Mäki et al., 2015). 

The value for Teflon™ AF2400 was close to that of PDMS and both were incorporated in to 

modelling as described in section 2.3.1. This result is interesting as the gas permeability data for 

PDMS and Teflon™ AF2400 from the literature and the manufactures specifications show that 
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Teflon™ AF2400 has a higher gas permeability, with a value of 2800 barrer, according to the 

manufactures datasheet, compared to 200 − 1800 barrer depending on PDMS composition 

(Lamberti, Marasso and Cocuzza, 2014) . 

Table 2.3 Diffusion coefficients for PDMS from the literature. 

 Diffusion Coefficient 

cm2 s-1 
Reference 

4.2 × 10-5 Mäki et al. (2015) 

2.0 × 10-5 Kanehashi et al. (2014) 

2.2 × 10-5 Merkel et al. (2000) 

The Asos™ ePTFE had the lowest calculated gas diffusion coefficient and also took the longest 

time to reach equilibrium. This planar membrane was clamped between two blocks, one with a 

channel for the donor and the opposite channel for the acceptor. These channels were relatively 

deep, ~3 mm, which may have limited cross channel mixing. This combined with the low surface 

area to volume ratio may have impacted the efficiency of this unit. For these reasons this 

calculated diffusion coefficient may be an underestimation. Altering the channel design, to reduce 

the channel volumes and encourage mixing, could improve the efficiency of the design and would 

be testable in the future. The clamped membrane rig experienced more leaks than the TIAT 

systems, which once assembled were robust enough to stand up to multiple months of testing. 

This finding highlighted an advantage of using a TIAT GEU. 

Previous research (Bresnahan and Martz, 2018) has suggested that TIAT systems can be used to 

increase the surface area to volume ratio (or “aspect ratio”) however the surface area to volume 

ratio can also be enhanced by designing shallow, wide microfluidic channels which can be 

manufactured reproducibly using micro-milling. Section 2.3.2 provides details of a bonding 

technique that was developed with the aim of using wide shallow channels to create a planar 

membrane with the same surface area to volume ratio as the TIAT.  

2.3 Planar Membrane Investigation  

Section 2.2 details experimentally determined diffusion coefficients for PDMS and Teflon™ 

AF2400. Both of these materials are available in thin sheets, so could potentially be used as a 

membrane in a planar GEU. This section details work that investigated whether planar 

membranes had the potential to be integrated in to the DIC LOC sensor.  
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2.3.1 Planar Membrane Modelling 

Modelling of a planar membrane system was carried out to confirm that the gas exchange times 

for a PDMS or Teflon™ AF2400 planar membrane were of an appropriate order of magnitude 

before a GEU was designed and fabricated. To maximise the sensor’s measurement frequency the 

gas exchange needs to be of the order of seconds to minutes.  

COMSOL Multiphysics® 5.2 Software was used to model gas exchange across a planar membrane, 

the system’s geometry is shown in Figure 2.4. The system was modelled as two ‘U’ shaped 

channels separated by a 100 µm thick membrane. The channel dimensions were based on the 

channel size that could be milled by the Datron Neo (Datron, Germany) micro-milling machine 

used for LOC fabrication. The surface area to volume ratio for this system was 4 mm−1, 

comparable to the 2.8 mm-1 for one of the TIAT systems tested and five times greater than that of 

the first planar system tested in section 2.2. One channel contained the donor fluid with the 

concentration set to 1 arbitrary unit at the inflow, and the other contained the acceptor whose 

concentration was set to 0. The concentration measured at the outlet of the acceptor after 15 

seconds was used to assess the gas exchange.  

 

Figure 2.4 Overview of the COMSOL Multiphysics® model. Warm colours show high 

concentrations and cool colours show low concentrations. The arrows indicate the 

fluid flow directions and illustrate the counter circulating flow. 

The COMSOL model used the laminar flow module to describe the fluid flow in the channels and 

the transport of diluted species module to describe the diffusion across the membrane. As 

described in section 1.5.2 the flow within microfluidic channels is laminar, which reduces the 

modelling complexity. Previous studies have found that relative direction of the acceptor and 

donor flow impacted the time taken for gas exchange, finding that flowing the fluids in opposite 

Donor 

Flow 

Acceptor 

Flow 
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directions maintained a maximum concentration gradient so encouraged rapid gas exchange 

(Wang, Chu and Hoering, 2013). For this reason the model was setup to drive the fluids’ flow in 

opposite directions to give a counter circulation. 

Two values for the diffusion coefficient (D) of the membrane were used in the modelling. The 

lower D was the lowest from the membrane characterisation experiment for Teflon™ AF2400 

(Table 2.2) and the higher D for PDMS was taken from the literature (Table 2.3). This covered the 

range of options that were identified as potential materials in section 2.2. The model estimated 

that using the value of D for PDMS from the literature this GEU would achieve 99.5% gas 

exchange in less than 15 seconds. Using the value of D for the Teflon™ AF2400 gave 97.8% 

exchange in less than 15 seconds. This result compared well to 2D modelling carried out within 

OTEG, which predicted ~15 seconds for gas exchange in a similar set up.  

A limitation of this basic model was that the CO2 was not consumed on the acceptor side. In the 

real system the CO2 rapidly reacts with the NaOH, maintaining the maximum concentration 

gradient possible, provided there is an excess of NaOH. This means the model may have reached a 

state where the exchange rate was reduced as the concentration gradient was reduced; the result 

of this limitation is that the model may estimate a longer gas exchange time or lower efficiency. 

The rapid gas exchange predicted by this modelling confirmed that a planar membrane had the 

potential to provide the fast gas exchange required by this sensor. Following on from this result 

work was carried out to investigate suitable bonding methods for sealing a PDMS sheet into a 

planar GEU. 

2.3.2 Planar Membrane Bonding  

A planar GEU can be visualised as a sandwich with a membrane as the filling between two layers 

that contain the fluid channels, as shown in the diagram in Figure 2.5. For a planar membrane to 

be readily incorporated into a GEU it needs to be bonded to seal the unit and prevent leaks 

(Temiz et al., 2015). The initial modelling results demonstrated that a planar sheet of PDMS could 

be a viable membrane, capable of facilitating a rapid gas exchange. Poly(methyl methacrylate) 

(PMMA) is a popular material for LOC systems as it is easily machined and forms good seals when 

layers are bonded together (Ogilvie et al., 2010; Temiz et al., 2015).  
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Figure 2.5 Cross section of a planar membrane with channels. The clear area represents the 

PMMA chip; the grey layer with a dashed outline is the PDMS; the coloured 

rectangles show the fluid channels, and the gas exchange is represented by the white 

arrows. 

PMMA and PDMS do not readily bond, which presents a challenge for integrating a PDMS 

membrane into a PMMA LOC, however several studies have developed techniques for altering the 

surface chemistry of both PDMS and PMMA to achieve robust bonding (Kim, Park and Yang, 2010; 

Tang and Lee, 2010; Johnston et al., 2014). 

These methods all followed similar steps to alter the surface chemistry of the PMMA and PDMS in 

order to chemically bond the two materials. The first step is to activate the PMMA to generate 

hydroxyl groups on the PMMA surface. These are then exposed to, and react with, the amine 

groups of either aminopropyltriethoxysilane (ATPES) or 3-Glycidoxypropyltriethoxysilane (GPTES) 

to form amide bonds. Before the PDMS is mated with the PMMA, the surface of the PMMA is also 

activated to generate hydroxyl groups on its surface. The activation of the PMMA was achieved by 

exposure to oxygen plasma or to UV-Ozone.  

Initial work was conducted to compare three published bonding methods by bonding PDMS to 

laser cut squares of PMMA. After an initial method was selected, more complex proto-chips were 

manufactured by cutting channels into 6 × 10 cm PMMA chips using a laser cutter. These proto-

chips were bonded by modifying the initial technique and their surfaces were analysed with a 

profilometer.  

2.3.2.1 Initial Bonding Technique Comparison 

The methods for bonding PDMS to PMMA described in three papers were tested and summarised 

in Table 2.4. To test each method a 50 mm square of PDMS was bonded to a 30 mm square of 

PMMA. To test whether bonding was achieved a peel test was used. The peel test involved using 

the overhanging PDMS tab to attempt to peel the PDMS off the PMMA (Figure 2.6, Panel B). If the 
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tab ripped without removing the membrane the bond was demonstrated to be stronger than the 

tear strength of the PDMS. 

Thin sheets of PDMS were purchased (SILEX Silicones Ltd, UK) and bonding was tested using 

50 μm, 100 μm and 250 μm thick sheets. The thickest sheets were tested initially and the thinner 

sheets were used for further testing. The APTES and GPTES reagents listed in Table 2.4 were from 

Sigma Aldrich, UK. 

Table 2.4 Summary of the PDMS – PMMA bonding methods trialled from the literature. 

Author and 
Year 

Method Steps 

Tang and Lee 
(2010) 

 

1. Oxygen plasma treat the PDMS and PMMA (1 min, 50-60 W) to generate 
hydroxyls on both surfaces 
2. Apply 1%(v/v) aqueous APTES to PDMS and GPTES to PMMA for 20 min 
to generate surface amine and epoxy functions  
3. MQ rinse and dry both the PDMS and PMMA 
4. Bond by bringing surfaces together for one hour at room temperature to 
form an amine-epoxy bond 

Kim, Park 
and Yang 

(2010) 

1. PMMA cleaned with IPA 
2. Oxygen plasma treat the PMMA (1 min, 200 W) 
3. PMMA submerged into 5% 3-APTES (heated to 85 oC for 1 min, and dried 
with N2 gas) 
4. Hold PMMA at 65 oC for 10 min in atmosphere to stabilise the self-
assembled layer 
5. PMMA and PDMS surface treated by oxygen plasma treatment  
6. Surfaces mated and held together in oven at 65 oC for 2 hours 

Johnston et 
al. (2014) 

1. IPA to clean the PMMA 
2. Dry the PMMA with N2 gas 
3. UV-Ozone treat the PMMA for 30 minutes, using a PSD-UVT system 
(Novoscan, USA) 
4. Expose the PMMA to APTES vapour at 60 oC for 1.5 hours (Figure 2.6, 
Panel A) 
5. Rinse the PMMA with MQ and N2 dry 
6. Ozone treat the PDMS for 15 minutes 
7. Mate the PDMS and PMMA and clamp at 60 oC for 12 hours minimum 

Of the three tested methods only the method described by Johnston et al. (2014) achieved a bond 

that passed the peel test for the 250 µm membrane. After passing the peel test a PMMA – PDMS 

– PMMA sandwich was fabricated using the same method to ensure that the bonding method 

would be stackable and verify that repeating the process did not cause the initial bond to fail. This 

also passed the peel test. Following this the thinner PDMS sheets (50 µm and 100 µm thick) were 

successfully bonded using the same method. 
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Figure 2.6 Photos highlighting two steps in the bonding process. Panel A shows a test chip being 

exposed to APTES vapour on a hot plate at 60 oC. Panel B shows a partially bonded 

test square. Approximately 75% of the square achieved bonding, this was classified 

as a failure to bond. 

The PMMA – PDMS – PMMA sandwich test confirmed that the 50 µm sheets of the PDMS 

material were a potentially viable membrane material. During the testing it was observed that 

some of the attempts failed at the edges of the PMMA but were more successfully bonded in the 

centre. This failure suggested that the PMMA squares potentially had imperfections along the 

edges that prevented a proper bond from forming. Upon visual inspection it appeared that the 

top surfaces of the laser cut chips had ridges, or burrs, which impeded the bonding. The burrs, 

and how to limit them, was further investigated and discussed in the following section.  

2.3.2.2 Optimising Laser Cutting of Test Chips for Bonding 

After the initial bonding technique was selected further tests were carried out on larger PMMA 

chips to ensure that the technique was scalable. Some of the initial failures appeared to be the 

result of burrs that were formed as an artefact of the laser cutting preventing the clamped PDMS 

from being held flush against the PMMA. Several different laser-cutting powers were trialled to 

minimise the formation of these burrs, which were measured using a profilometer.  

To optimise the bonding technique laser cut test chips were cut and bonded. These were used in 

place of micro-milled chips as these could be rapidly produced. One laser cut chip could be 

produced in a minute, faster than a chip produced by the precision mill. While the milled chips are 

more accurate and repeatedly manufactured, the laser cut chips provided a quick test material. A 

laser cutter (Speedy 400, Trotec Laser, UK) was used to engrave channels on 60 × 100 mm clear 

PMMA chips. Clear PMMA was chosen to allow visual inspection of the bond. Various power and 

speed combinations were tested to cut chips and engrave channels. The channels were 

investigated using a Zeta-20 profilometer (KLA-Tencor, USA) to ensure that the chosen settings 

A 

A 

B 

A 
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would create channels deep and wide enough to be analogous to the channels created using the 

micro-milling machine, while also ensuring that the edges of the cuts were smooth (without 

ridges that could interfere with bonding). The profilometer was also utilised to assess the chip 

surface before and after bonding, an example of the data collected is shown in Figure 2.7. 

 

Figure 2.7 Example images from the profilometer showing an example of a burr on the corner of a 

laser cut chip. Panel A shows a plan view of the chip corner, with burr along the chip 

edge. Panel B shows the same corner viewed at an angle, with the burr raising up to 

the corner. 

In order to minimise the burrs caused by laser cutting 13 different power and frequency settings 

were used to make straight and circular cuts in PMMA. These cuts were then viewed using a 

profilometer to assess the height of any burrs formed. Burrs were measured at two corners and 

averaged to assess the laser settings and the burr around the circular cut was also measured. The 

results of these measurements are presented in Table 2.5. 
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Table 2.5 Laser cutter settings tested to reduce burr formation. 

 

Laser Settings Result 

Power 

% 
Speed Passes 

Frequency 

kHz 

Cut 

Success 

Straight Cut Edge 

Burr Notes 
Hole Cut Burr Height 

1 100 0.35 2 1 Yes 
600 μm wide 

50 μm height 

Circular hole – up to 100 

μm burr 

2 100 0.6 3 10 Yes 
600 μm wide 

50 μm height 
35 μm 

3 50 0.6 3 
10 

Partially 
600 μm wide 

50 μm height 
80 μm 

4 40 0.8 4 
10 

No - - 

5 30 0.6 4 
10 

No - - 

6 100 0.35 2 
10 

Yes 
500 μm wide 

40 μm height 
Elliptical cut 

7 50 0.5 3 
10 

Yes 
560 μm wide 

35 μm height 
90 μm 

8 40 0.5 3 
10 

No - - 

9 40 0.5 4 
10 

Yes 
540 μm wide 

45 μm height 
95 μm 

10 40 0.45 4 
10 

Yes 
540 μm wide 

35 μm height 
110 μm 

11 50 0.65 4 
10 

Yes 
540 µm wide 

630 µm height 
110 µm 

12 80 0.6 4 
10 

Yes 
580 µm wide 

35 µm height 
50 µm 

13 40 0.4 4 
10 

Yes 
580 µm wide 

40 µm height 

60 µm ridge, elliptical 

hole 

Each of the settings tested to cut the chips produced a burr to some extent; however setting 

group 2 (power 100%, speed 0.6, passes 3, frequency 10 kHz) produced the smallest ridge around 

the hole and low corner burrs so this setting was used for future testing. To test whether a 

deburring tool could remove the burr and improve the bonding a chip was cut, and its burrs 
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measured on the profilometer, shown in Figure 2.8 Panels A and B. Then the burrs were removed 

using a Noga 1003 deburring tool (RS Components, UK) and the surface was measured again. The 

deburring tool removed the 40 μm burr and an extra 200 μm of material, shown in Figure 2.8 

Panels C and D. This deburred chip was then successfully bonded to a thin PDMS membrane, 

using the method from section 2.3.2.1. 

 

Figure 2.8 Profilometer images from before and after deburring. Panel A shows the profile of a 

laser cut PMMA chip. Panel B shows an image of the corner with the burr rising to 

the right. Panel C shows the profile after deburring. Panel D shows an angle image 

taken after the burr was removed. 

To study the effect the laser settings had on the laser engraved channels five different power 

settings were tested. Each setting produced a channel, with an example shown in Figure 2.9. The 

settings tested are detailed in Table 2.6, along with the results of the measurements taken with 

the profilometer.  
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Figure 2.9 Laser cut channel profile example. Panel A shows the cross section of a channel. Panel 

B shows a view of the channel, with the white line marking the position the cross 

section is taken from. 

 

Table 2.6 Laser cutter settings and measured channel dimensions. 

 

Laser Settings Results 

Power Speed 
DPI or 

Frequency 
Passes 

Engrave 

or Cut 

Channel 

Depth 

Channel 

Height 
Notes 

1 55% 1000 500 PPI 1 Engrave 63 µm 190 µm 
Slightly Stepped 

Channel 

2 10% 0.9 10 kHz 1 Cut 324 µm 300 µm 
Smooth Symmetric 

Channel 

3 5% 0.9 10 kHz 1 Cut 28 µm 165 µm Rougher Channel 

4 10% 2 10 kHz 1 Cut 150 µm 270 µm 
Asymmetric 

Channel 

5 10% 0.9 1 kHz 1 Cut 510 µm 340 µm 
Rough Channel and 

Burr on Edge 

The laser settings that gave the smoothest channels, and with dimensions close to those achieved 

with the micro-mill, were group 2 (power 10, speed 0.9, 1 pass, frequency 10 kHz). These settings 

were used to cut multiple test chips that were then bonded while the method was modified.  

2.3.2.3 Optimising the Bonding Technique 

Multiple pairs of PMMA chips were cut using the optimal settings found in section 2.3.2.2. These 

were bonded using variations on the Johnston et al. (2014) method. The optimisation focused on 

the way the PMMA was exposed to the APTES. In initial tests the chips were submerged into 
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diluted APTES. This technique failed to bond consistently, and it was suspected that submerging 

the PMMA was not resulting in an even coating. In the next tests the APTES was applied to the 

PMMA using a cotton bud. This application technique also produced a high failure rate, 

potentially due to contamination from particles shed from the cotton bud. For the next 

application technique the PMMA chip was exposed to APTES vapour. In the initial test the PMMA 

chip was placed in a glass dish and 200 µl of APTES was pipetted around the dish, which was then 

sealed and placed on a 60 oC hotplate (Electronic Micro Systems Ltd, UK) for 90 minutes. This 

method produced more successful bonds than the previous methods. A further modification to 

the method was to raise the PMMA chip off the glass dish by placing it on six stainless steel M6 

nuts. Raising the chip prevented any of the APTES from being drawn under the chip, in a capillary 

action. This application method produced the most repeatable bonding so was used to bond six 

pairs of micro-milled GEU chips (Figure 2.10). These had a bonding success rate of 50%. The 

typical failure was that one side would fail to bond fully. The chips that bonded successfully were 

used for multiple months before the bonds failed. One of the successfully bonded planar GEUs 

was utilised in a benchtop instrument. This benchtop instrument is described further in sections 

3.5.2 and 4.2.  

Further work is being undertaken to improve the bonding success rate. One area under 

investigation is whether improved clamping during the bond formation stage might aid the 

formation of a uniform bond. Another area being investigated is whether a more thorough 

cleaning of the PMMA before the APTES application impacts the strength of the bond. 

 

Figure 2.10 A successfully bonded milled chip. One pence coin for scale. 
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2.4 Tube in a Tube Gas Exchange Unit 

Many of the previously developed DIC sensors in the literature utilised a TIAT design for a GEU 

(Byrne et al., 2002; Wang et al., 2007, 2015; Pencharee et al., 2012; Wang, Chu and Hoering, 

2013; Bresnahan and Martz, 2018). There are many advantages to using a TIAT, which is most 

likely why the design has been widely used. As described in the introduction it is possible to 

achieve high surface area to volume ratios using TIATs. Over the course of the initial testing 

described in section 2.2 the TIAT was found to be more robust than the planar membranes. The 

initial testing also demonstrated that a TIAT system can be constructed more simply and rapidly 

than a planar bonded system. A TIAT can be fabricated in less than 30 minutes, without the 

complex bonding steps which leads to the fabrication of a planar system taking over two days 

(section 2.3.2). Over the course of the testing TIATs suffered far fewer failures than the bonded 

GEU. Depending on the failure method the TIAT could also be repaired, which was a clear 

advantage over the bonded GEU system, which could not be repaired. A further advantage of a 

TIAT is that simply varying its length can alter its volume, allowing the volume of the TIAT to be 

matched to the volume of the detector. Altering the diameter of the inner tube also allows the 

volume ratio of acceptor to donor to be easily modified. Due to these many benefits, a TIAT was 

selected as the GEU for the final version of the DIC LOC sensor, described fully in Chapter 5. 

A cross section of the TIAT is shown in Figure 2.11. For the outer tubing and fittings Polyether 

ether ketone (PEEK) was selected as it has a low CO2 diffusion coefficient, 1.3 x 10-8 cm2s-1 as listed 

in the material datasheet. For the initial characterisation work the Teflon™ AF2400 had a 

membrane thickness of ~300 µm, with tube dimensions of 810 µm Outer Diameter (OD), 200 µm 

Inner Diameter (ID). The PEEK outer tubing had dimensions of ~1600 µm OD and ~1400 µm ID, 

this gave a volume ratio of the outer to inner tube of 9 : 1. This ratio alters the relative flow rates 

of the acceptor and donor, which could have been a potential way to increase the time for gas 

exchange, however this PEEK was found to kink if too great a bend was applied to it, so a more 

robust PEEK with thicker walls was selected for the final version. 
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Figure 2.11 Cross sectional schematic of a TIAT. The purple line represents the acidified sample 

donor solution. The green line represents the NaOH acceptor solution, inside the 

Teflon™ AF2400. The pale orange areas represent the PEEK fittings and the brown 

section shows the outer PEEK tubing, not to scale.  

Reducing the thickness of the membrane would reduce the time taken for gas exchange to occur 

so two thinner Teflon™ AF2400 membranes were investigated. The thinnest tested had a wall 

thickness of ~70 µm, with dimensions of 740 µm OD and 610 µm ID. As noted in the modelling 

work in section 2.3.1, previous studies had stated that flowing the acceptor and donor in opposite 

directions reduced the time taken for gas exchange (Wang, Chu and Hoering, 2013). For this 

reason a quick investigation was conducted into the impact of the relative flow direction of the 

acceptor and donor using this membrane. A 1500 mm long TIAT was constructed with a PEEK 

outer tubing with an ~1600 µm OD and ~1400 ID µm, this gave a volume ratio of 4 : 1 for the 

outer to inner tubes. For this test a 2000 µmol kg−1 sodium bicarbonate solution was used as a 

sample, which was acidified using 1 M HCl in the inner tube. The acceptor solution was 7 mM 

NaOH and flowed in the outer tube. The conductivity of the acceptor solution was measured an 

early version of the detector, described in section 3.2. The length of time between the beginning 

of the acidification and the time of the minimum conductivity recorded by the detector was used 

to assess the rate of the gas exchange. Four replicate measurements were taken for both fluids 

flowing in the same direction (parallel flow) and in the opposite direction (counter flow), and the 

results are presented in Table 2.7. This found that counter circulation of the acceptor and donor 

fluids reduced the time for gas exchange by one third. For this reason, counter circulation of the 

acceptor and donor was used in all of the work described in this work.  



Chapter 2 

49 

Table 2.7 Results from investigation into impact of relative flow direction on gas exchange time. 

 

Time from sample acidification to minimum conductivity recorded,  

minutes 

1 2 3 4 Average 

Parallel Circulation 20.0 21.5 23.6 20.3 21.4 

Counter Circulation 14.8 12.5 15.6 13.0 14 

The 70 µm thin walled Teflon™ AF2400 was found to be much less robust, and would easily bend 

and buckle, so was not used in the final sensor. This thin membrane could be used in a future 

design, provided a more resilient holding system for the TIAT was used. For the final sensor more 

robust Teflon™ AF2400 was selected which has a thickness of 100 µm (810 µm OD, 610 µm ID). 

The outer PEEK tubing selected for the final version has dimensions of ~1600 µm OD and 

~1000 µm ID. This PEEK was more robust and also gave the TIAT a volume ratio of 1:1 for the 

outer and inner tubes. The length of the TIAT used for the final version of the DIC LOC sensor was 

300 mm, which gave the acceptor and donor volume inside the TIAT of ~100 µL. Whether the 

acceptor or the donor was on the inside had little impact as both inner and outer tubes had the 

same volume; ultimately the acceptor was chosen as the inner tube because it made assembling 

the three modules of the sensor simpler. The final TIAT is shown in Figure 2.12. 

 

Figure 2.12 Photograph of the final version of the TIAT. 

The time taken for a full gas exchange to occur was tested using the final version of the TIAT and 

the first prototype DIC LOC sensor, detailed in Chapter 5. For this test a 2500 µmol kg−1 sodium 
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bicarbonate solution was used as a sample, which was acidified using 1 M HCl. The acceptor 

solution was 7 mM NaOH. The conductivity of the acceptor solution was measured using the final 

version of the detector, described in section 3.3. The pumping and mixing of the solutions was 

controlled by the DIC LOC sensor, which is fully described in section 5.2.1. Two methods were 

used to alter the residence times of the solutions in the GEU. For the first method the acidified 

sample was stopped in the TIAT for between 1 second and 15 minutes. After the period of 

stopped flow the pumping was resumed and the detector recorded the conductivity drop. The 

data plotted in Figure 2.13 shows that for the stopped flow method the magnitude of the 

measured signal reached its maximum after a residence time in the TIAT of 60 seconds. In the 

second test the flow rate of the solutions was varied to alter the residence time from 15 seconds 

to 6 minutes. This method produced similar results as the first, with the maximum signal reached 

when the flow rate was 100 µL min-1, with a residence time of 60 seconds. Further increases to 

the residence time produced no further increase in the signal, demonstrating that full exchange 

had occurred.  

 

Figure 2.13 Plot showing influence of residence time in the TIAT on the relative conductivity signal 

recorded by the detector. 

Both tests demonstrated that full exchange was reached with a residence time of 60 seconds so 

for the final version of the sensor described in chapter 5 the flow rate of the donor was selected 

to ensure that a residence time of 60 seconds was reached in the TIAT.  
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2.5 Conclusions  

This chapter described the work to design and optimise a GEU. Both planar and TIAT geometries 

were tested, with both demonstrating potential, facilitating rapid gas exchange. While the 

bonded planar GEU was not selected for the final sensor it was used in a benchtop instrument 

where it performed well, this is described in sections 3.5.2 and 4.2. Due to the longer fabrication 

process and the high failure rate a bonded planar GEU was not selected for the final version of 

this sensor. 

2.5.1 GEU Selected for the DIC LOC Sensor 

For the final version of the DIC LOC sensor a TIAT was selected as the GEU, as there were many 

benefits to using this system over the bonded planar unit. The TIAT system was found to have a 

lower failure rate than the bonded planar system and could also be easily repaired. Another 

advantage was that the donor and acceptor volumes could be modified simply, adding flexibility 

to the system. The TIAT performed well and gave a complete gas exchange within 60 seconds; this 

finding was used to determine the flow rate for the final sensor.  

2.5.2 Future GEU Developments  

The vision for future versions of the DIC LOC sensor is to have the membrane bonded into the 

main PMMA chip, and a longer-term goal is to integrate the detecting electrodes directly into the 

PMMA so that the GEU and detector are fully integrated, as described in section 6.1.4. Combining 

the detector and the membrane in this way would reduce the required sample volume, which in 

turn would also reduce the waste produced. This would mean a lower total volume for the sensor, 

which would improve the flushing of the sensor. 
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Chapter 3 Detector Design and Optimisation 

3.1 Introduction  

The two most commonly applied detection techniques that have been used to develop 

experimental oceanic DIC sensors are spectrophotometry and conductometry, as described in 

section 1.4. In both techniques a sample is acidified, and the DIC in this acidified donor solution is 

converted to CO2, which then diffuses across a gas permeable membrane into an acceptor 

solution where a signal is monitored. In the spectrophotometric method the monitored signal is a 

colour change, resulting from the CO2 lowering the pH of the acceptor solution. This is detected 

optically by measuring a colour change in a pH sensitive dye, at a constant salinity and total 

alkalinity. In order to make high quality repeatable measurements of the pH change 

spectrophotometrically, a purified dye is required but currently there are no commercial sources 

of purified dye (Ma et al., 2019). Spectrophotometric measurements are sensitive to staining or 

fouling on the optical windows of the light source and detector, as well as misalignment of the 

light source and detector. The signal measured using the conductimetric method is the 

conductivity change caused as the CO2 reacts with the acceptor solution, altering the ionic 

composition of the acceptor. Conductimetric measurements are not affected by the issue of 

optical staining but are sensitive to changes in the cell detector volume and temperature, as 

detailed in the following sections. Conductimetric detection was chosen for this sensor as 

previous studies have shown that there is a wide range of designs for electrodes that can enhance 

the measured signal, and more readily available acceptor reagents can be used. The electrodes 

can also be fabricated and modified simply, allowing potential for rapid optimisation.  

This chapter will first describe the theory behind conductivity measurements using both 

contacting and contactless electrodes, and then outline work done to optimise two different 

electrode configurations.  

3.1.1 Acceptor Reagent Selection 

Previous work developing DIC instruments and sensors based on the conductimetric technique 

have utilised either NaOH or ultra pure water as the acceptor fluid (Hall and Aller, 1992; Kubáň 

and Dasgupta, 1993; Sayles and Eck, 2009; Martinotti, Balordi and Ciceri, 2012). One study 

comparing ultra pure water and NaOH as acceptor solutions found that the NaOH solution 

improved sensitivity of the system by a third, by reducing the limit of detection, and also 

improved the relative standard deviation a replicate measurement by 20% (Pencharee et al., 
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2012). A benefit of using NaOH as the acceptor solution is that the CO2 reacts with the OH− and is 

consumed; this maintains the maximum concentration gradient across the membrane, ensuring 

the maximum diffusive flux of CO2 across the membrane. Sayles and Eck (2009) demonstrated 

there are three potential reactions that the addition of CO2 to OH− can take: 

 𝐶𝑂2 + 2𝑂𝐻− 𝐶𝑂3
= + 𝐻2𝑂 (3.1) 

 𝐶𝑂2 + 𝑂𝐻−𝐻𝐶𝑂3
− (3.2) 

 𝐶𝑂2 + 𝐶𝑂3
= + 𝐻2𝑂2𝐻𝐶𝑂3

− (3.3) 

Each of these chemical reactions result in a drop in conductivity in the acceptor, but when the 

reaction shown in equation 3.1 dominates the largest conductivity drop occurs, as the specific 

conductance of the OH− is greater than that of the CO3
=. This is because the individual ionic molar 

conductivity (at 25 oC) of OH− is 197 mS kg cm-1 mol-1, HCO3
− is 44 mS kg cm-1 mol-1 and CO3

= is 

139 mS kg cm-1 mol-1 (McCleskey et al., 2012). Sayles and Eck (2009) went on to determine that 

7 mM NaOH was the optimal concentration of NaOH to ensure that the reaction shown in 

equation 3.1 dominated for typical seawater DIC concentrations. For this reason 7 mM NaOH was 

selected as the acceptor solution in this work.  

To determine what range of conductivities the detector should be optimised for the change in 

molar conductivity of 7mM NaOH was calculated over a range of temperatures. This was repeated 

for the 7 mM NaOH after the equivalent addition of 2500 µmol kg-1 DIC. These calculations were 

based on a method developed for calculating the conductivity of natural waters (McCleskey et al., 

2012). The results show that the detector should be focused on the range of 0.5 – 2 mS cm-1, as 

shown in Figure 3.1. The conductivity of a solution is dependant on the concentration of ions and 

their average velocity which is a function of temperature (Gray, 2005). Previous studies have 

found conductivity of NaOH is altered by ~1.5 - 2% per oC (McKee, 2009). 
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Figure 3.1 Theoretical conductivity calculated for 7 mM NaOH before and after the addition of 

2500 µmol kg−1 DIC, over a range of temperatures. 

3.1.2 Design Considerations 

The rate-limiting factor in determining the measurement frequency is the gas exchange step. 

Chapter 2 focused on optimising the gas exchange unit. Reducing the sample volume is one way 

to reduce the gas exchange time but ultimately the volume of the detector determines the 

volume of sample required. Minimising the detector volume can result in a smaller sample 

volume that can increase the sampling frequency. By combining microfluidics and small 

electrodes the sensor developed in this work aimed to minimise the sample volume while 

maintaining high quality conductivity measurements. 

3.1.3 Conductivity Measurement Theory 

Electrical conductance is a measure of how easily an electric current can pass through a material 

and is equivalent to the inverse of its resistance. The relationship between conductance (G in 

Siemens, S) and resistance of a solution (R in ohms, Ω) can be expressed as: 

Resistance, and therefore conductance, are extensive properties, i.e. they depend on the 

dimensions of the materials being measured. The conductivity of a solution (σ in Siemens per 

0.00

0.50

1.00

1.50

2.00

0 5 10 15 20 25 30 35 40

C
o

n
d

u
ct

iv
it

y,
m

S 
cm

-1

Temperature, oC

7 mM NaOH

7 mM NaOH + 2500 µM DIC

 
𝐺 =  

1

𝑅
 (3.4) 



Chapter 3 

56 

meter, S m-1) is a material property of a solution, independent of the material dimensions, and 

can be expressed as: 

 
𝜎 =  𝐾𝑐

1

𝑅
= 𝐾𝑐 . 𝐺 (3.5) 

In this equation Kc is the cell constant, which is the ratio of the area to length of the conductivity 

cell, which is discussed further in the following section. Kc can be calculated but experimental 

determination provides a more accurate value (Ciobotaru et al., 2016). 

There are two main electrode array designs that can be used to measure the conductivity of a 

solution. These can be divided into contacting and contactless electrodes; both have been 

investigated over the course of this study. Both contacting and contactless electrodes allow rapid 

measurements of conductivity to be made, and by altering their design high quality conductivity 

measurements can be achieved. The following sections briefly describe the theory of operation 

for each design, then summarises their benefits and limitations.  

3.1.3.1 Contacting Electrodes 

In a conductivity detector system based on contacting electrodes the electrodes are in direct 

contact with the measured solution; the simplest of these systems consist of two electrodes, as 

shown in Figure 3.2. In these systems the resistance of the fluid between the two electrodes is 

measured and the conductivity is derived using equation 3.5 (Brom-Verheijden, Goedbloed and 

Zevenbergen, 2018). The cell constant (Kc) in this equation depends on the electrode geometry 

such that:  

 
𝐾𝑐 =  

𝑑

𝐴
 (3.6) 

In this equation d is distance between the electrodes and A is the effective electrode area. 

Adjusting the cell geometry, by altering the electrode area and separation, is a method for 

optimising the electrodes to measure the target conductivity (Gong et al., 2008; Ramos et al., 

2008; Fouletier and Fabry, 2013). Benefits of this system are that it is simple to manufacture and 

easy to modify. 
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Figure 3.2 Diagram of contacting two-electrode array. 

Previous studies have found the optimal cell constants for different conductivity ranges, shown in 

Table 3.1. These values were considered to determine approximate electrode design dimensions 

for the testing and development described in section 3.5. 

Table 3.1 Cell constants and optimal conductivity ranges, modified from Fouletier and Fabry 

(2013). 

Cell Constant 

cm-1 

Optimum Conductivity Range 

mS cm-1 

0.1 4×10-4 to 0.4 

1 0.01 to 2 

10 1 to 200 

Two-electrode systems have several limitations. Applying a current to the electrodes can lead to 

polarisation effects which result in an accumulation of ionic species near the electrodes causing 

chemical reactions to occur at the electrode surfaces, which impact on the conductivity 

measurements (Jones, 2002; Gong et al., 2008; Brom-Verheijden, Goedbloed and Zevenbergen, 

2018). This can lead to errors in measurements taken at conductivities lower than 10 mS cm-1 

(Gong et al., 2008). Polarisation effects can be removed by using a four-electrode system (Ramos 

et al., 2008; Huang et al., 2011). A second limitation of contacting two-electrode systems is that 

measured resistance also includes the electrode impedance, which reduces sensitivity and 

accuracy of the system. Previous studies have found that this is exacerbated when miniaturised 

cell configurations are used (Laugere et al., 2003). 
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In a four-electrode system an extra pair of electrodes, located between the input electrodes, 

measures the voltage output, effectively function as a voltmeter, as shown in Figure 3.3. No 

current flows through this inner electrode pair because of the high impedance of the voltmeter 

circuitry, this prevents the build up of ions at the electrode. The benefit of this is that the 

polarisation effects can be eliminated, allowing a greater range of conductivities to be measured. 

It also allows the system to compensate for any fouling or scale build-up on the electrodes (Gong 

et al., 2008). 

  

 

Figure 3.3 Diagram of contacting four-electrode array. 

3.1.3.2 Contactless Electrodes 

In a contactless electrode system the electrodes are insulated, so they are not in direct contact 

with the measured solution. This prevents the polarisation effects described in the preceding 

section and also reduces the potential for the electrodes to become fouled over time. The 

insulating layer thickness can vary from 10’s of µm to mm scale thick depending on the insulation 

type and application.  

Capacitively Coupled Contactless Conductivity Detection (C4D) was initially developed in the 

1980s by groups interested in electrophoresis (Gaš, Demjanenko and Vacík, 1980). The initial 

interest was driven by the aim to minimise the interference of the AC detection voltage with the 

electrophoretic DC voltage. More recently C4D has been used in a wide range of applications, as 

detailed in various review papers (Kubáň and Hauser, 2004, 2008, 2013; Pumera, 2007; Coltro et 
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al., 2012) and has also been commercialised by eDAQ Pty Ltd, Australia, in collaboration with 

Hauser. 

C4D detectors operate by applying an AC current to an input electrode and then detecting the 

induced current in a second pick up electrode (J. Liu et al., 2013). Both electrodes are isolated 

from the fluid and the insulating layer behaves as a capacitor (Laugere et al., 2003). As the 

insulation layer has lower capacitance than the double layer capacitance of contacting electrodes, 

higher working frequencies are required by C4D systems (Kubáň and Hauser, 2008). In order to 

prevent cross talk, or stray capacitance, between the two electrodes a faradaic shield can 

separate the electrodes (as shown in Figure 3.4).  

 

Figure 3.4 C4D schematic, where the blue represents the fluid flowing through a tube, the brown 

rectangles show the electrodes, and the grey rectangle represents the shield to limit 

cross talk between the electrodes. 

Various studies using C4D have demonstrated the flexibility of the system and the degree to 

which sensitivity can be increased. Using thin-walled tubing to isolate the measured solution from 

tubular electrodes has been shown to improve measurement sensitivity at low concentrations 

(Hoherčáková, Opekar and Štulík, 2005; Míka et al., 2009; Tůma, Samcová and Štulík, 2009). 

Varying the distance between the electrodes alters the volume of fluid, which alters the 

resistance between the electrodes and is one way to improve the sensitivity of the detector 

(Tůma, Opekar and Štulik, 2002; Pencharee et al., 2012). The input frequency can also be 

optimised to ensure the maximum signal is recorded (Baltussen et al., 2002; Kubáň and Hauser, 

2004; Novotný, Opekar and Štulík, 2005).  

The theory behind these optimisations can be understood if the system is visualised as an 

equivalent electrical circuit as shown in Figure 3.5. In this model, R is the resistance of the 

solution, and the capacitance between the electrode and the solution is represented by C. The 
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value of this capacitance is dependant on the insulator thickness in addition to the area of the 

electrodes (Laugere et al., 2003; Kubáň and Hauser, 2004). The stray capacitance (Cstray) or cross 

talk between electrodes can be removed using a faradaic shield. The presence of the capacitances 

can result in nonlinear output, but by optimising the insulation thickness and input frequency the 

output can be approximated to a linear response over the conductivity range of interest (Coltro et 

al., 2012). 

 

Figure 3.5 Equivalent circuit diagram of a C4D detector. 

In this circuit model, the resistance is related to the conductivity (G) being measured, the area of 

the insulating tube (A), and the length separating the electrodes (L). This is detailed in the 

following equation: 

 
R =  

𝐿

𝐺𝐴
 (3.7) 

The coupling capacity is given by: 

 
C =  

2𝜋𝜀0𝜀𝑟𝑙

ln(
𝑂𝐷
𝐼𝐷 )

, (3.8) 

where OD and ID are the outer and inner diameter of the insulating tubing respectively, l is the 

electrode length, ε0 is the permittivity of the vacuum, and εr is the relative permittivity of the 

tubing. To achieve the most linear results, the coupling capacity should be as high as possible with 

the total impedance for the circuit lower than the value of the measured R.  

For the initial work optimising a detector for the DIC LOC sensor a contactless C4D system was 

selected as it isolated the electrodes from the acceptor solution and was predicted to give the 

system improved stability over long deployments.  
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3.2 Initial C4D Optimisation: Insulation Thickness and Input Signal 

Frequency  

The objective of initial testing was to optimise the C4D conductivity measurement over the range 

0.5 −2 mS cm-1, calculated to be of interest based on initial estimates in section 3.1.1. Altering the 

thickness of the insulation and the input signal frequency are two parameters that can be used to 

optimise a C4D detector to ensure a linear output. For the initial testing and optimisation a 

customised C4D board was manufactured by eDAQ Pty Ltd, Australia.  

The eDAQ C4D-SPL unit consists of a circuit board with two tubular brass electrodes, through 

which a fluidic tube runs so the acceptor fluid can flow through the electrodes, insulated by the 

tubing wall, shown in Figure 3.6. The electrodes and insulating tubing are on the right of the 

board. The input electrode is visible in the lower right corner and the pick up electrode is in the 

top right corner inside a small metal cage, which acts as a faradaic shield. The eDAQ C4D-SPL was 

designed so that both the fluidic tubing (which governs the insulating wall thickness) and input 

signal frequency could be manipulated so that the optimal combination could be found for 

measuring the conductivity range of interest. The circuitry to the left of the image has jumper pins 

that can be used to set the input frequency to one of four values (200 kHz, 400 kHz, 870 kHz, and 

1070 kHz). 

 

Figure 3.6 Annotated photograph of the custom eDAQ C4D-SPL board. Ruler for scale. 

The electrodes are made of brass tubes 10 mm long with an internal diameter (ID) of 1600 µm 

(1/16”), which allows for the use of an insulating tube of equivalent outer diameter (OD). By 

varying the ID of the fluidic tubing the insulation thickness was varied. The input electrode applies 

an AC current to the fluid and the induced current is detected by the shielded pick up electrode. 

This current is converted to a voltage by a current to voltage converter and the voltage recorded 

is proportional to the conductivity of the fluid between the electrodes. The data logging was 
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achieved using a PC running the Chart Software (eDAQ Pty Ltd, Australia) interfaced with the 

C4D−SPL by an eCorder 410 (eDAQ Pty Ltd, Australia). 

To determine the optimum input frequency and insulation thickness for measuring the 

conductivity target range of 0.5 – 2 mS cm-1 three PTFE tubes (OD 1600 µm) were tested. These 

had an ID of 300 μm, 500 μm and 800 μm, which gave the insulation thicknesses of 650 µm, 550 

µm, and 400 µm respectively.  

A working stock of NaOH was diluted to give seven solutions with conductivities of 

0.4 − 2.5 mS cm-1.  The conductivity of each solution was measured using a HI-8733 conductivity 

probe (HANNA Instruments, UK) before taking measurements with the eDAQ C4D-SPL. For each 

NaOH solution, replicate measurements were taken for each input frequency and PTFE tube ID. 

The optimal combination of input frequency and PTFE tube ID would maximise the sensitivity of 

the detector by providing a linear response over the range of target conductivities. 

To dampen the impact of laboratory temperature fluctuation on the conductivity measurements, 

detailed in section 3.1.1, the C4D-SPL unit was submerged in mineral oil while the measurements 

were made. The temperature of the oil was monitored using a precision thermometer (RT1-

PS503J2, US Sensor Corporation, USA) built into the C4D-SPL board. This thermometer had a 

precision of 0.1 oC. 

The results of comparing the three insulation thicknesses, over four different input frequencies, 

are presented in Figure 3.7. The thickest insulating layer, of 650 µm, shows the lowest response 

over the range of conductivities, in Panel A. The 550 µm thick insulation showed an increased 

signal response, in Panel B, but the thinnest insulation of 400 µm had the greatest response over 

the range of target conductivities, shown in Panel C. For the 400 µm thick insulation both the 

200 kHz and 400 kHz input frequency had nonlinear responses over the range of conductivities. 

The nonlinear response is likely the result of the capacitances (Coltro et al., 2012). The 870 kHz 

and 1070 kHz input signals were both linear but the 870 kHz had the largest signal range so was 

selected as the optimum setup for the C4D-SPL. 
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Figure 3.7 Comparison of signal response for different insulation thicknesses and input signal 

frequencies. Panel A shows the thickest insulation of 650 µm, Panel B 550 µm thick 

insulation and Panel C 400 µm thick insulation. 

This investigation demonstrated that the optimum insulation thickness and input signal frequency 

combination to determine conductivity in the range of interest using the eDAQ C4D-SPL system 

was 400 µm and 870 kHz respectively. This setup gave a linear response over the largest range of 

conductivities. These settings were then used for the initial work carried out to develop a 

benchtop DIC instrument, described in Chapter 4. This C4D-SPL unit functioned adequately for a 

benchtop instrument, reaching TRL 4 as defined in section 1.5.4, with data logged on a PC. To 

reach higher TRL levels an autonomous sensor required a detector that can run independently of 

a PC. This stand-alone unit was developed and is described in the following section.   

3.3 Development of a Stand-alone C4D 

To operate as an autonomous DIC sensor, a conductivity detector that runs as a stand-alone unit 

is a key requirement. For the development of the DIC LOC sensor eDAQ Pty Ltd, Australia, 

developed the C4D-EPU359 from the earlier C4D-SPL version. The C4D-EPU359 runs without the 

need for an eCorder unit or PC, and was optimised for the conductivity range of 0.5 - 2 mS cm-1, 

with improved precision compared to the C4D-SPL unit described in section 3.2. This stand-alone 

detector board, shown in Figure 3.8, requires a 5 V supply (<500 mA) to run and can communicate 

via a serial line to the processing board used in the DIC LOC sensor, further described in section 

5.2.1.  



Chapter 3 

64 

 

Figure 3.8 Annotated photograph of EPU-359 detector.  

In this version of the C4D detector PEEK tubing was selected as the insulating tube as it has a 

lower diffusion coefficient for CO2 (1.4×10-7 cm2 s-1) than the PTFE (7×10-7 cm2 s-1) used in the C4D-

SPL work. The initial testing with the C4D-SPL had confirmed the theory that thinner insulation 

improved the detector performance. Therefore for the EPU359 the PEEK tubing selected had an 

ID of 1400 µm, giving an insulation thickness of 100 µm. 

The performance of the EPU359 was assessed by measuring different NaOH concentrations with a 

range of conductivities of 0.5 – 3.0 mS cm-1. Each concentration was measured for one minute 

and was compared to the data recorded by the C4D-SPL. 

The initial testing of the EPU359 board demonstrated that this unit had an improved sensitivity 

over the previous C4D-SPL. The new board had a greater signal range, and achieved improved 

precision. The result of these improvements was the new board achieved an improved relative 

standard deviation, shown in Table 3.2. The improved relative standard deviation was a result of 

an increased signal over the range and reduced noise, resulting in better precision. 
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Table 3.2 Comparison of the EPU359 and C4D-SPL detectors over the target conductivity 

measurement range. 

 

Signal Range Over 

Conductivity Range 

0.5 – 2mS cm-1 

 V 

Standard Deviation 

Over One Minute 

Measurement of 

7 mM NaOH 

 V 

Relative Standard 

Deviation 

C4D-SPL 1.3 0.0005 3.8×10-4 

EPU359 1.7 0.0003 1.8×10-4 

Following the initial testing phase, the board was tested at a pressure of 200 dbar and continued 

to perform well. These assessments confirmed that the EPU359 was suitable for the development 

of the deployable LOC DIC sensor so this board was used in the final sensor, described fully in 

Chapter 5. 

3.4 Testing a Novel Application of a Brass Lacquer as an Insulator for C4D 
Electrodes 

The findings of section 3.2, and previous studies of C4D electrodes, have shown that decreasing 

the thickness of the insulation between the electrode and the fluid resulted in an increased 

sensitivity of the electrodes at lower conductivities (Tůma, Opekar and Štulik, 2002). Thinly 

insulated wires have been successfully used as C4D electrodes (Hoherčáková, Opekar and Štulík, 

2005). Building on this background, a brass lacquer was trialled as a possible insulator coating, 

less than 100 μm thick. Incralac (Rylard, UK) has been used by the Navy to limit corrosion to brass 

shell cases and has also been used to prevent corrosion on bronze monuments (McNamara et al., 

2004). An initial comparison between a coated and an uncoated brass rod, which were exposed to 

seawater over a period of several months, visibly demonstrated the potential for the coating to 

reduce corrosion, Figure 3.9.  
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Figure 3.9 Incralac-coated (left) and non-coated (right) brass rods following exposure to seawater 

over a period of several months. 

A prototype coated electrode C4D system was fabricated from 20 mm lengths of brass rod, bored 

out with a 1 mm through hole and then dip coated in Incralac. The coated electrodes were 

connected using PEEK tubing (1400 µm ID, 1600 µm OD). The PEEK tubing passed through an 

earthed metal plate, which functioned as a Faradaic Shield removing stray capacitance between 

the two electrodes. These components were all mounted to PMMA for structural integrity, shown 

in Figure 3.10.  

 

Figure 3.10 In-house built prototype C4D electrodes consisting of Incralac coated brass rods. Ruler 

for scale. 

A comparison of the prototype coated C4D electrodes built in-house and a SBE 4 conductivity 

sensor (Sea-Bird Scientific, USA) was carried out by measuring the conductivity of different 
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concentrations of potassium chloride (KCl) solutions to give a conductivity range of 

0.5 − 2.0 mS cm-1. This initial test demonstrated that the coated electrodes were capable of 

resolving conductivity changes down to sub 0.01 mS cm-1. To determine whether this coating was 

stable over months of exposure to NaOH a long term stability test was conducted.  

3.4.1 Long Term Stability Test of the Novel Coating 

A long term stability test was conducted to verify whether the coating was stable over extended 

periods when in contact with the chosen acceptor solution. To carry out the stability test six pairs 

of identical electrodes, each with an ID of 0.3 mm, were fabricated from brass rod. Three pairs 

were dip coated with Incralac to achieve an insulating layer estimated to be ~20 μm thick and the 

remaining three pairs were left uncoated, shown in Figure 3.11. The uncoated electrodes 

functioned as a contacting two-electrode conductivity detector (as described in section 3.1.3.1) 

while the coated electrodes functioned as a contactless detector (as described in section 3.1.3.2). 

Each pair of the coated and uncoated electrodes were stored containing a 7 mM NaOH solution 

for 60 days to investigate the stability of the electrodes after long term immersion and exposure 

to the acceptor solution. Conductivity measurements on 7 mM NaOH were made 11 times over 

the 60 days. 

  

Figure 3.11 Photograph of the coated electrode test rig used for the long term stability test. 

An Ivium CompactStat (Ivium Technologies, Netherlands) was used to provide the current 

injection and data recording. The CompactStat was used in scanning mode, providing a constant 

current input of 10 µA, over the input frequency range of 1 Hz to 1.5 kHz. The CompactStat 

recorded the resistivity of the solution, which is the inverse of its conductivity, at each frequency. 

Monitoring the change in the resistivity data over the input frequencies would show whether the 

contacting or contactless electrodes were more stable. The pairs with the lowest variance over 

the test would be demonstrated to be the most stable. To reduce the thermal impact on the 

measurements, readings were conducted on a constant temperature of 7 mM NaOH, pumped 
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from a 25 oC water bath (Grant TX150, Cambridge, UK) by a peristaltic pump (100 series, 

Williamson Manufacturing Company, UK).  

The gradient of the resistivity divided by the input frequency is plotted over the 60 days in Figure 

3.12. This data show that the three pairs of uncoated electrodes, in blue lines, had two orders of 

magnitude less variation than the coated electrodes. 

 

Figure 3.12 Gradient of resistivity against the frequency over the course of the 60 days the 

electrodes were stored in 7mM NaOH. 

 

The change in the response of the coated electrodes over time suggested the coating was not 

stable. Following from this experiment nine brass blocks 10 mm × 20 mm × 5 mm were coated in 

Incralac. Three of the blocks were stored in air, three were stored in Milli-Q ™ water (Merck 

Sigma, USA), and the final three were stored in 7mM NaOH. The blocks were stored in their 

medium for a month and were visually inspected before and after storage. After one month the 

blocks stored in Milli-Q ™ and NaOH had both developed a white precipitate not seen on the 

coating stored in air, Figure 3.13. 
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Figure 3.13 Brass block coated in Incralac and stored in 7mM NaOH for one month. Panel A shows 

three blocks stored in air, with no physical change. Panel B shows a block stored in 

7 mM NaOH, with visible fluid ingress beneath the coating. 

This demonstrated that the Incralac coating used to insulate the electrodes was not stable when 

stored in either pure water or a strong electrolyte solution. This suggested that fluid had 

ingressed into the space between the brass and coating. For this reason, despite the good 

sensitivity achieved in initial testing and its performance after exposure to seawater, the novel 

coating was no longer investigated as a potential coating for the electrodes in this system. This 

also demonstrated that the uncoated contacting electrodes had good stability, so these were 

further investigated through the development of contacting electrode arrays, described in the 

following section.  

3.5 Contacting Electrode Array Development 

The stability tests of the brass electrodes described in the preceding section demonstrated that, 

despite being adversely affected by the seawater, uncoated contacting electrodes did not display 

signs of corrosion when exposed to 7 mM NaOH over the long term test. This demonstrated the 

potential of contacting electrodes to be used in the conductivity detector for the DIC LOC sensor. 

Following this, further work was carried out to optimise the contacting electrode design. To 

determine experimentally whether a contacting two-electrode or four-electrode array would 

provide more accurate conductivity measurements over the relevant conductivity range, arrays of 

both electrode configurations were fabricated and tested.  

3.5.1 Comparison of Contacting Two and Four-Electrode Arrays 

Both the two and four electrode arrays were constructed using brass tubes with an ID of 0.3 mm, 

connected by PTFE tubing with an 0.7 mm ID and 1.6 mm OD, shown in Figure 3.14. The 

electrodes were separated by ~1 mm, giving a cell constant of ~50 cm-1. To minimise the impact of 

temperature fluctuations on the measurements these electrodes were housed in a box containing 
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mineral oil and then submerged in a water bath at 25 oC (Grant TX150, Cambridge). An Ivium 

Compact Stat (Ivium Technologies, Netherlands) was used to provide the input current of 1 µA at 

1.6 kHz and record resistivity data. The input frequency was selected after running the 

CompactStat in scanning mode to determine the input frequency with an angular phase of zero.  

A stock solution of 0.1 M NaOH (Sigma Alridch, UK) was diluted to give a range of solutions with 

concentrations of 1 − 8 mM. The conductivity of these solutions was determined at 25 oC using a 

HI-8733 conductivity probe (HANNA, UK).  

  

Figure 3.14 Prototype contacting four-electrode array. The separation between the electrodes is 

visible. One pound coin for scale. 

The Ivium CompactStat and eDAQ C4D-SPL record conductivity data in different ways. The Ivium 

system, used to record data for the contacting electrodes array, records the fluids resistivity 

whereas the eDAQ Pty Ltd system, used for the contactless C4D, records a voltage which is 

proportional conductivity. To enable direct comparison, for both systems their responses were 

normalised to their response to a 1.5 mS cm-1 solution. Over the target range of conductivities the 

contacting four-electrode array had the best performance of the three systems, shown in Figure 

3.15.  
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Figure 3.15 Comparison of the contactless C4D and the contacting two and four-electrode arrays. 

A linear regression of the normalised conductivity signal against the conductivity of the solution 

as measured by the HI-8733 conductivity probe (HANNA, UK) was carried out for each of the 

electrode arrays, and the results of these are presented in Table 3.3. The four-electrode array had 

a linear response over the widest range of conductivities, and also had the best R2. The four-

electrode system also had the steepest gradient, showing it had the potential to improve the 

detector’s performance by increasing the signal range. 

Table 3.3 Comparison of the contactless and contacting electrodes. 
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Signal = 0.54 × ConductivityProbe + 0.121 0.992 <0.001 7 0.02 

The improved performance of the contacting four-electrode system over the two-electrode array 

would be expected from the theory described in section 3.1.3.1, as the four-electrode array would 

gain increased sensitivity at low conductivities and show reduced polarisation effects. Based on 
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this result a benchtop DIC instrument was assembled to carry out a direct comparison of the 

contacting four-electrode and the C4D-SPL from section 3.2.   

3.5.2 Comparison of Contacting Four-Electrode Detector and C4D Detector in a Benchtop 

DIC Instrument  

The preceding section demonstrated that the contacting four-electrode array out performed both 

the contacting two-electrode system and the eDAQ C4D-SPL; following this an improved four-

electrode array was constructed and sealed by potting in Polyurethane (Soudal, Belgium). The 

four electrodes were fabricated from brass tubes (6 mm length, 0.5 mm ID, 0.7 mm OD) and were 

connected by PEEK tubing (bored out to 0.7 mm ID, 1.6mm OD). A prototype unit was fabricated 

to optimise the construction and potting technique. The potting used in the prototype was 

confirmed not to leak so a second unit was constructed. The second version had electrodes with 

sub mm separation, which gave an approximate cell constant of 5 cm-1. The aim of reducing the 

cell constant from ~50 cm-1 in the initial version was to enhance the performance of the system, 

following the theory described in section 3.1.3.1 and Table 3.1. The final potted version of the 

four-electrode system, shown in Figure 3.16, was demonstrated not to leak over several months 

of testing in a water bath at 25 oC.  

 

Figure 3.16 Photograph showing a potted four-electrode array at the top of the image, the 

separation of electrodes was approximately 100 µm, but this is not visible through 

the PU potting. Below that is the bonded GEU used in this benchtop instrument 

fabricated from clear PMMA. 

A benchtop instrument, similar to that described fully in section 4.2, was constructed with two 

detectors. This enabled direct comparison of the same sample signal detected using both the 

contacting four-electrode array and the contactless eDAQ C4D-SPL. For this benchtop instrument 

the Gas Exchange Unit (GEU) was a bonded 100 µm thick PDMS planar GEU (as described in 
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section 2.3.2). Acidifying different concentrations of NaHCO3 with 1M HCl in the GEU and 

measuring the conductivity drop in the NaOH acceptor generated the measured signal. The 

NaHCO3 concentrations used were 1000 µM to 2500 µM in 500 µM steps. The wide range of DIC 

equivalent samples was used to establish how the detectors would perform over the target range 

of potential oceanic DIC concentrations.  

Both the acceptor and acidified donor solutions were pumped at 20 µL min-1 with a PHD ULTRA™ 

(Harvard Apparatus, USA) syringe pump. The flow rate was chosen to give the sample a residence 

time in the GEU of 4 minutes, more than triple the residence time modelling predicted to ensure 

full gas exchange occurred. Each sample measurement was made on 200 µL of sample pumped at 

50 µL min-1 with a syringe pump (New Era, USA). The mixing of the acid and sample was enhanced 

with an inertial microfluidic mixer on the GEU chip, further described in section 5.2.1. Each 

bicarbonate sample was measured in duplicate.   

To reduce the impact of laboratory temperature fluctuations on the conductivity measurements 

both detectors were submerged in mineral oil. This dampened the temperature changes, and as 

both detectors were recording the conductivity of the acceptor at the same time, both systems 

recorded the same thermally induced conductivity variation.  

The Ivium CompactStat (Ivium, Netherlands) used to drive the contacting four-electrode array 

recorded a voltage proportional to the resistivity of the acceptor fluid, which is the inverse of the 

conductivity. The C4D-SPL system recorded a voltage proportional to the conductivity. To 

calculate the measured signal step each sample had an associated blank measurement. The blank 

voltage was recorded over 30 seconds when only acid in the donor and NaOH in the acceptor 

were pumped through the GEU. Following the blank, a sample was injected into the GEU. The 

sample was acidified and the CO2 diffused across the membrane, which resulted in the signal in 

the recorded data. For the contacting four-electrode detector the recorded data were a voltage 

proportional to resistivity, so the signal was a peak. The C4D-SPL recorded a voltage proportional 

to the conductivity, so the signal was a trough. The measured signal for each sample was the step 

between the blank voltage and the peak or trough. To enable comparison of the two, the absolute 

step was used.  

The contacting four-electrode array recorded the wider range of step voltages, with a range of 

334 mV compared to 156 mV for the eDAQ C4D-SPL, shown in Figure 3.17. This is equivalent to 

4.5 µM DIC mV-1 for the four-electrode system and 9.6 µM DIC mV-1 for the eDAQ C4D-SPL. For 

the eDAQ C4D-SPL the linear regression of the signal step (StepeDAQ) against the range of sample 

concentrations (Sampleconcentration) is described by StepeDAQ = 0.107 × Sampleconcentration − 50.35, 

(R2 = 0.98, p < 0.01, n = 4, SEregression = 11.84 mV). For the contacting four-electrode the linear 
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regression of the step (StepContacting4) against the range of sample concentrations (Sampleconcentration) 

is described by StepContacting4 = 0.286 × Sampleconcentration − 90.55, (R2 = 0.99, p < 0.005, n = 4, 

SEregression = 13.82 mV).  

 
Figure 3.17 Comparison of measurement step signal as recorded by the contacting four-

electrodes and the C4D-SPL.  

The four-electrode detector recorded the largest range of step voltages over the measured DIC 

concentration range. This resulted in the contacting four-electrode array having a finer resolution 

of 4 µmol kg−1 mV−1 compared to 10 µmol kg−1 mV−1 achieved with the eDAQ C4D-SPL. By having a 

larger signal range the contacting four-electrode array has potential to enhance the signal to 

noise ratio to improve the accuracy of the sensor.  

This section found that the contacting-four electrode system has demonstrated it has the 

potential to be the conductivity detector in this application. To become a deployable system this 

detector requires further development work, as currently the electrodes are controlled by a 

potentiostat connected to a PC. This would need to be miniaturised before the system could be 

deployed as part of an autonomous sensor.  

3.6 Detector Conclusions 

This chapter has described the work carried out to optimise a conductivity detector. Both 

contacting and contactless electrodes were assessed and shown to be capable of measuring the 

range of conductivities determined to be relevant in section 3.1.1.  

Work carried out to optimise a C4D system was described in section 3.2, this configuration was 

then used to construct a benchtop DIC instrument and this is detailed in section 4.2. Following 
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from this a standalone C4D EPU-359 unit was developed by eDAQ Pty Ltd, Australia. The initial 

work using the C4D-SPL confirmed the theory that thin insulation between the electrode and fluid 

enhanced the signals, which led to a novel lacquer coating being tested as a potential electrode 

insulator. Long term stability testing of the coating demonstrated that the coating was stable in 

seawater but not in 7 mM NaOH. However the uncoated contacting electrodes were stable in the 

7 mM NaOH acceptor solution. Despite the contacting electrodes achieving a larger signal over 

the relevant conductivity range, this system was not chosen as the detector in the deployable 

sensor due to time constraints, which prevented the extra work needed to miniaturise the control 

electronics.  

3.6.1 Detector Selected for the DIC LOC Sensor 

For the deployable DIC LOC sensor eDAQ Pty Ltd developed the contactless C4D EPU359 detector. 

This system was shown to work well during the testing described in section 3.3 and was found to 

be stable when tested at pressures of 200 dbar, equivalent to double the depth of the initial field 

deployments of the DIC LOC sensor, the results of which are described further in Chapter 5.  

3.6.2 Future Detector Developments 

Based on the success of the contacting tubular four-electrode system it is being further developed 

into a planar four-electrode system. Initial modelling has shown that planar electrodes require a 

lower sample volume, an advantage for increasing the measurement frequency. A reduced 

sample volume would also aid the flushing of the device, requiring a lower volume to flush the 

system. Planar electrodes have been used previously in microfluidics (Denuault, 2009; Temiz et 

al., 2015) and may also prove to be easier to integrate into the LOC platform. The planar 

electrodes could have the potential to reduce the power requirements of the detector, which 

would increase the endurance of the sensor.  
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Chapter 4 Optimisation of a Benchtop Analyser for 

Seawater DIC Measurements 

4.1 Introduction 

The Technology Readiness Level (TRL) framework, introduced in section 1.5.4, provides both a 

metric for assessing the maturity of a technology in development and highlights developmental 

milestones. As such it provides an approximate roadmap for the development of new technology. 

In order to progress from the conceptual stage (TRL 1) to a final deployable sensor (TRL 8/9), the 

technology needs to be validated in a laboratory environment (TRL 4). For the DIC sensor to reach 

TRL 4, the gas exchange unit (Chapter 2) and the conductivity detector (Chapter 3) were 

integrated and tested as a benchtop instrument. This chapter presents an initial integration and 

then details optimisation experiments conducted using a similar benchtop instrument using the 

simplex optimisation technique.   

4.2 Benchtop Instrument 

4.2.1 System Description 

The integrated benchtop instrument operated following the same general principle as detailed in 

section 1.5.3. First a discrete seawater sample was acidified, converting the DIC to CO2. The CO2 

from the donor solution then diffused across a membrane into a NaOH acceptor solution, which 

was then pumped to the detector that measured the resultant decrease in conductivity due to the 

reaction of NaOH and CO2, as described in 3.1.1.  

For the initial benchtop instrument, shown in Figure 4.1, a TIAT was used as the Gas Exchange 

Unit (GEU), as described in section 2.4. This was selected because the TIAT GEU was shown to 

offer flexibility for easily changing the acceptor and donor solution volumes, and was also 

mechanically robust and facilitated rapid gas exchange. The membrane tube material was Teflon 

AF2400 (Biogeneral, USA). The membrane had a wall thickness of ~270 µm, from the tubing 

dimensions of 890 μm Outer Diameter (OD), 350 μm Inner Diameter (ID). The TIAT was 2 m long, 

the length selected to yield an acceptor volume in the TIAT double that of the tubing connected 

to the detector. The outer tube of the TIAT was PEEK tubing (1600 µm OD, 1400 µm ID). This 

yielded an acceptor solution volume of ~1800 µL and donor solution volume of ~200 µL. This TIAT, 

therefore, had an acceptor to donor volume ratio of 9 : 1, ensuring there would be an excess of 
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NaOH. The excess of NaOH ensured that the rate of diffusion would not be limited by a drop in 

the concentration gradient across the membrane.   

 

Figure 4.1 Annotated photograph of the initial benchtop instrument. 

The conductivity of the acceptor solution was measured using the eDAQ C4D-SPL connected to an 

eDAQ eCorder and PC. Section 3.2 described fully the initial optimisation work conducted to 

determine the optimal input frequency and insulation thickness of this unit. The settings 

established in the initial work were used for the benchtop instrument. Specifically, the input 

frequency used was 870 kHz and the wall thickness for the C4D insulation was 400 µm, using a 

PTFE tube with 1600 µm OD and 800 µm ID. The selected insulating tubing gave the conductivity 

cell a volume of 5 µL and the total volume of tubing connecting the Tube In A Tube (TIAT) to the 

detector was ~100 µL. 

For the initial trials, described in section 2.2, a peristaltic pump was used to drive the fluid flow 

and as part of the integration work three different types of pump were investigated. To select the 

optimum pump, comparison conductivity measurements were made on a 7 mM NaOH solution 

pumped through the eDAQ C4D-SPL detector at 1 mL min-1. The pumps tested were a peristaltic 

pump, a High Precision Liquid Chromatography (HPLC) pump and a syringe pump. Peristaltic 

pumps operate by compressing a flexible tube using rotating rollers; the rollers pinch the tube 

and as they turn the rollers displace fluid to drive flow. This mechanism gives the flow a surging 

action, or pulsing flow (Klespitz and Kovács, 2014). The peristaltic pump tested used Viton® tubing 

for the flexible tubing, selected for its low CO2 permeability (100 series, Williamson 

Manufacturing Company, UK). The HPLC pump operates with a piston used to a fill a chamber that 

drives the flow. This can reduce the pulsing flow and can be designed to give a continuous flow. 

The HPLC pump tested was a Series 3 (Fox Scientific Inc., USA). In a syringe pump, a plunger 
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withdraws to load the fluid into the barrel, which then injects to drive the flow. This is a popular 

pump design in microfluidic applications as the pulse free flow can be readily controlled. The 

model tested was a PhD Ultra (Harvard Apparatus, UK). 

The conductivity voltage recorded for ten seconds of pumping with each of the pumps is shown in 

Figure 4.2 for this plot the voltages were normalised so the initial reading was 1, then offset so 

the lines were not overlapping. The peristaltic pump had the largest standard deviation over the 

10 seconds of 2.6 mV and the syringe pump had the lowest at 0.1 mV. The displacement of the 

tubing used by peristaltic pumps to generate flow results in the flow pulsing, which may be the 

cause of the noise seen here. The syringe pump had the lowest noise so it was selected for use in 

the benchtop instrument.  

 

Figure 4.2 Comparison of pump-induced noise on conductivity measurements. 

4.2.2 Benchtop Instrument Operation  

The benchtop instrument measured discrete samples. A sample was loaded into the 1 mL syringe 

and the acid and NaOH acceptor solutions were loaded into two 10 mL syringes, as illustrated in 

Figure 4.3 Panel A. The acid and NaOH acceptor solutions were pumped by a PhD Ultra syringe 

pump (Harvard Apparatus, UK) with 10 mL gas-tight glass syringes (1000 series, Hamilton 

Company, USA), which were selected to prevent the solutions being affected by atmospheric CO2. 

The sample addition was controlled by a Nanomite syringe pump (Harvard Apparatus, UK), with a 
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1 mL gas-tight glass syringe (1000 series Hamilton Company, USA). Initial modelling, described in 

section 2.3.1, predicted that the gas exchange would take less than 30 seconds, so the flow rates 

of the solutions was selected to give a residence time in the TIAT of ~1 minute to ensure complete 

diffusion of the CO2.  

The measurement cycle is shown in the flow diagram in Figure 4.3 Panel B. For each 

measurement the system was flushed with 4 mL of acid and NaOH at a flow rate of 1 mL min–1 

which was then reduced to 200 µL min–1.  A blank measurement was taken before the sample 

addition, when only acid and NaOH were pumped through the GEU. To add the sample, the valve 

was opened and 1 mL of sample was injected while the acid flowed, to enhance the mixing of the 

sample and acid. The sample valve was then closed while the acid and NaOH solutions continued 

to flow.

 

Figure 4.3 Overview of the benchtop instrument. Panel A shows a schematic of the benchtop 

instrument. Panel B illustrates the measurement cycle with a flow diagram. 

Each measurement resulted in a conductivity drop, associated with the acidification of a sample 

or CRM. The magnitude of that conductivity drop was calculated by subtracting the minimum 

voltage from the blank voltage; this is referred to as the signal step. 
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4.2.3 Benchtop Instrument Calibration and Initial Results 

For the initial calibration and testing, the system was run at a constant temperature of 25 oC in an 

environmental chamber (Discovery My, ACS, Italy). When the system was operated in the 

laboratory the temperature of the detector was found to vary by ~0.5 oC over the course of a run, 

which would cause a 0.75% change in the conductivity of the acceptor solution, as detailed in 

section 3.1.1. Initial trials in an environmental chamber reduced the temperature variation over 

the course of a sample measurement to 0.02 oC, reducing the variability between replicates.  

For the calibration a stock solution of 0.5 M sodium bicarbonate (Fisher Scientific, UK) was 

volumetrically diluted using Milli-Q® water (Merck Sigma, USA) to give four calibration solutions 

with different DIC concentrations across the range of 1800 - 2400 µmol kg–1. The DIC 

concentration of the four calibration solutions was determined using an Apollo DIC analyser 

(SciTech, USA). Each standard was measured in duplicate on the Apollo, and a description of the 

operation of Apollo is given in section 1.2.1. Each of the calibration solutions was measured in 

triplicate on the benchtop instrument to generate a calibration curve, shown in Figure 4.4. 

 

Figure 4.4 Calibration of the benchtop instrument, where the y axis is the signal response 

recorded by the C4D and is related to the DIC concentrations from standards 

measured using an Apollo DIC analyser such that [DIC] = 9037.6 × ΔV + 989.1, 

(R2 = 0.93, p < 0.001, n = 12, Standard Error = 59.9 µmol kg–1). 

The accuracy and precision of the benchtop instrument was assessed by taking five replicate 

measurements of a Certified Reference Material (CRM, Scripps Institution of Oceanography, 

University of California, San Diego, USA). The CRM was Batch 151, [DIC] = 2033 µmol kg–1. The 

results of the benchtop instrument measurements are shown in Table 4.1. The replicate 
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measurements show that the system ran repeatedly with a low standard deviation between runs, 

with an overall precision of ± 17 µmol kg–1 calculated from the standard deviation of the five 

replicates. The first replicate showed the largest estimated DIC concentration, which may have 

been effected by carry-over of the previous sample. If the final four replicates are used, the mean 

is 2067 µmol kg–1 and the precision is 9 µmol kg–1, which is within the range of weather quality 

measurements as defined by the Global Ocean Acidification Observing Network (Newton et al., 

2014). The accuracy, defined as the difference between the mean concentration of the four 

replicates and the certified concentration value, was + 34 µmol kg–1. This could have been caused 

by the length of time the CRM bottle was open during the measurements, as once exposed to the 

atmosphere the CRM can become compromised. However, to have more confidence in this 

conclusion the uncertainty associated with the measurement was calculated.  

Table 4.1 Replicate measurements of CRM 151 with a benchtop DIC system. 

Repeat 
Signal Step, 

V 
DIC from Calibration, 

µmol kg-1 

1 0.123 2101 

2 0.120 2074 

3 0.119 2065 

4 0.118 2056 

5 0.120 2074 

   

Mean 0.120 2074 

Standard 
Deviation (1σ) 

0.002 17 

As described in section 1.2.4 precision calculated from the standard deviation of a measurement 

alone can result in an overestimation of the sensor’s performance, and calculating uncertainty is a 

more appropriate metric for assessing the performance of a measurement technique. To calculate 

the analytical uncertainty the approaches can be broadly categorised as either “bottom-up” or 

“top-down” (Worsfold et al., 2019). In the bottom-up approach the measurement procedure is 

broken into steps and the error estimated for each step can be added together for a combined 

uncertainty. This method of error propagation can be used to highlight which steps in the 

analytical process are contributing the most uncertainty to the final measurement. A top-down 

approach, such as the Nordtest™, uses measured data to estimate the uncertainty in the system 

(Magnusson et al., 2012). In this approach the data should be collected over several months to 

fully capture the range of possible errors (Birchill et al., 2019). For the benchtop system there is 
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insufficient data for a top-down approach and the utilisation of a bottom-up approach allowed for 

the identification of the main sources of uncertainty in the measurement.  

For the benchtop system running in the environmental chamber the three main identified sources 

of uncertainty are those stemming from the calibration, variations in the sample volume in the 

syringe, and the temperature influence on the conductivity measurement. The uncertainties are 

shown in Table 4.2. The uncertainty from the calibration (u(c0)) can be estimated by: 

 
𝑢(𝑐0) =  

𝑆

𝐵 √
1

𝑝
+

1

𝑛
+

(𝑐0 − 𝑐̅)2

∑ (𝑐𝑗 − 𝑐̅)
2𝑛

𝑗=1

 (4.1) 

Where S is the standard error of the fit (in µmol kg–1), B is the gradient of the linear fit, p is the 

number of measurements used to determine c0, c0 is the determined DIC concentration, 𝑐̅ is the 

mean of the concentration of the calibration standards, n is the number of measurements made 

for the calibration, and j is the index for the number of measurements used in the calibration 

(Ellison and Williams, 2012). For the calibration this equates to: 

 

𝑢(𝑐0) =  
0.006318

0.000102
√

1

4
+

1

12
+

(2067 − 2046)2

4700990.3
 

= 35.7 µ𝑚𝑜𝑙 𝑘𝑔−1                          

(4.2) 

The uncertainty from the syringe volume (u(VL)) consists of the calibration errors from the 

manufacturer and the errors when reading the syringe. For the 1 mL gas-tight glass syringe 

(1000 series Hamilton Company, USA) the calibration error provided by the manufacturer is 

1 ml ± 1%. From the manufacturer stated calibration error the standard uncertainty is given using 

a triangular distribution. Assuming the reading error when filling the syringe is also ± 1% with 

triangular distribution (Csavina et al., 2017) results in:  

 
𝑢(𝑉𝐿) =  √(

0.01

√6
)

2
+ (

0.01

√6
)

2
= 0.006 𝑚𝑙 g. (4.3) 

The uncertainty from the temperature effect (u(ƒtemp)) can be estimated using the relationship 

found in previous studies, which identified that the conductivity of NaOH is altered by 

~1.5 − 2% per oC (McKee, 2009). The temperature recorded in the chamber was found to be 

25 ± 0.02 oC, combining the 2% value with the temperature variations in the chamber, using a 

rectangular distribution (Csavina et al., 2017) gives:  

 
𝑢(ƒ𝑡𝑒𝑚𝑝) =  

0.02 × 0.02

√3
= 0.0002 

(4.4) 
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Table 4.2 Uncertainty values for each step in the benchtop system measurements. 

 Description Value 

Standard 

Uncertainty 

u(x) 

Relative 

Uncertainty 

u(x)/x 

c0 
Measured DIC mean 

concentration in CRM replicates 
2067 µmol kg–1 35.7 µmol kg–1 0.0173 

VL Sample syringe volume 1.0 ml 0.006 ml 0.0060 

ƒtemp Influence of temperature 1.0 0.0002 0.0002 

To calculate the combined uncertainties the relative standard uncertainties are combined using: 

 
𝑢𝑐(𝐷𝐼𝐶)

[𝐷𝐼𝐶]
=  √(

𝑢(𝑐0)

𝑐0
)

2

+ (
𝑢(𝑉𝐿)

𝑉𝐿
)

2

+ (
𝑢(ƒ𝑡𝑒𝑚𝑝)

ƒ𝑡𝑒𝑚𝑝
)

2

  

𝑢𝑐(𝐷𝐼𝐶)

[𝐷𝐼𝐶]
=  √0.01732 + 0.00602 + 0.00022 

𝑢𝑐(𝐷𝐼𝐶) = [𝐷𝐼𝐶]  ×  0.0182 = 37.6 µ𝑚𝑜𝑙 𝑘𝑔−1 g. 

(4.5) 

The calculated uncertainty shows that the calculated DIC concentration from the CRM (Batch 151, 

[DIC] = 2033 µmol kg–1) replicate measurements of 2067 µmol kg–1 is within the uncertainty of this 

system. This also demonstrated that the largest contributor to the uncertainty was the 

uncertainty from the calibration. The following section details optimisation completed to increase 

the magnitude of the signal step, with the aim of improving the signal to noise ratio, ultimately 

with the goal of reducing the uncertainty from the calibration. This optimisation focused on the 

solution flow rates and volumes. The benchtop instrument that was optimised used a planar 

membrane rather than a TIAT as part of the evaluation of the planar system; this is described fully 

in section 4.3.2. This benchtop instrument demonstrated good initial potential, as shown in the 

weather quality precision. This system could provide useful information in areas of high daily CO2 

flux, such as areas with high respiration rates or areas with large DIC gradients. 

4.3 Simplex Optimisation 

In traditional analytical methods, optimising the response of a system requires several variables 

to be altered individually. This technique, known as univariate optimisation, is an iterative process 

and in complex systems is slow and labour intensive, relying on running experiments multiple 

times while changing one variable at a time. During the 1960s simplex optimisation was 

developed, which allows multiple variables to be altered in each optimisation experiment, while 
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the algorithm presents future test parameters based on the response of the system. The simplex 

method achieves this without the need for complex statistical tools, as described in section 4.3.1. 

For the DIC sensor there are several factors that can be adjusted to increase the magnitude of the 

response signal step. In this system, the signal is the conductivity drop resulting from the CO2 

reacting with the OH-, as described section 3.1.1. Once a detector and GEU have been selected, 

the two main ways to alter the signal are to vary the volume of sample that is acidified and to vary 

the length of time the acidified solution remains in the GEU where diffusion takes place.  

This section will give a more detailed introduction to simplex optimisation and present results of 

the simplex optimisation carried out using the second version of the benchtop DIC sensor.   

4.3.1 Simplex Optimisation Theory 

The term simplex, from simplex optimisation, is a geometric figure that is used to represent the 

experimental variables as a surface (Walters et al., 1991). The simplex has one more side than the 

number of variables (N + 1) used in the system. For example, a line would represent a single 

variable system; a two variable system would be represented by a triangle and a three variable 

system by a tetrahedron. To carry out a basic simplex optimisation this surface is displaced 

around the experimental region to find the optimal variables to maximise the signal. Early work 

detailed the initial version of simplex optimisation (Spendley, Hext and Himsworth, 1962).  

In this version of simplex optimisation the simplex is reflected across the plain opposite to the 

lowest response, with no modification to the simplex form. This can be visualised in Figure 4.5 

which shows the initial simplex, in this case a triangle, being reflected across the variable region 

multiple times to find the optimal variables. The initial experimental variables used are illustrated 

by the triangle in bold, with the vertices numbered 1, 2, 3 and the optimal response region 

denoted by the darkest ellipsoid. Of the initial variables tested vertex 1 showed the lowest 

response so the simplex was reflected across the plane formed between vertices 2 and 3. This was 

repeated until the optimal response was found. 
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Figure 4.5 Schematic illustrating the basic simplex optimisation. The bold triangle represents the 

initial test conditions and the darkest ellipse represents the optimal response. 

Modified from Walters et al. (1991). 

The basic simplex optimisation was further optimised with the algorithm developed to allow the 

shape of the simplex to be modified (Nelder and Mead, 1965). This change allowed the method to 

find the optimal solution more rapidly as the simplex was not only reflected but could also be 

contracted or expanded as illustrated by the comparative Figure 4.6.  

 

Figure 4.6 Comparison of basic simplex (Panel A) and modified simplex (Panel B). See Table 4.3 for 

explanation of abbreviations. Modified from Walters et al. (1991). 
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In the earlier version of simplex optimisation, shown in Figure 4.6 Panel A, the vertex B is the best 

response, N is the next best response and W is the worst value. The simplex optimisation 

equation, shown in Table 4.3, then predicts the reflected parameters denoted by R. R stands for 

the reflection and is effectively the point W reflected across the plane BN, which is equivilant to 

the mid point (M) of B and N, offset from BN by the distance to W, shown by the letter d. The new 

variable R is tested and then vertices are reasessed and the process repeated. 

The modified simplex optimisation, demonstrated in Figure 4.6 Panel B shows the three extra 

vertices that may be generated, allowing the potential for the simplex to be altered. The simplex 

maybe expanded to point E, or contracted to point Cr. If the response of the predicted variable 

performs worse than W it indicates that it is necessary to carry out a contraction in the opposite 

direction, Cw. 

Table 4.3 Definitions and formulas used in simplex optimisation. 

Symbol Definition Basic Formula Modified Formula 

B Best Response - - 

N Next Best Response - - 

W Worst Response - - 

M Mid-point on Plane BN - - 

R Reflected R = M + d R = 2M - W 

d Distance from W to Plane BN d = M - W - 

E Expansion - E = 3M – 2W 

Cr Contraction - Cr = 1.5M - 0.5W 

Cw Contraction and Direction Change - Cw = 0.5M + 0.5W 

Simplex optimisation has been used to improve a wide range of analytical chemistry methods and 

more information on these applications can be found in various review papers (Deming, Jr and 

Denton, 2008; Bezerra et al., 2016). 

A potential limitation of simplex optimisation is that the system may only find local maxima, and 

has the potential to miss the optimal solution. To minimise this the initial variables should be 

selected after preliminary testing (Walters et al., 1991). 
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4.3.2 Simplex Optimisation Implementation 

Simplex optimisation was used to increase the signal step of the benchtop DIC instrument. The 

benchtop instrument that was optimised this way used the eDAQ SPL-C4D as the detector, set-up 

as described in section 4.2. The GEU was a bonded planar membrane, which consisted of a 

100 µm Silex membrane bonded between two PMMA chips using the method described in section 

2.3.2. This GEU was used as part of the assessment of the bonded GEU. This planar GEU had an 

acceptor and donor volume of 95 µL. The fluid flow was controlled using the same syringe pumps 

as described in section 4.2. A single concentration of 2000 µmol kg–1 NaHCO3 was used as the 

sample, with its flow controlled by a Nanomite syringe pump (Harvard Apparatus, UK). The 7 mM 

NaOH and 1 M HCl flows were controlled by a PhD Ultra syringe pump (Harvard Apparatus, UK). 

The response of the system has to be carefully defined for simplex optimisation to be utilised. For 

the DIC sensor the response for the optimisation work is not simply the conductivity step resulting 

from the reaction of CO2 from the acidified sample with NaOH as recorded by the C4D, as used in 

section 4.2. The response required more careful definition than simply the signal step, as without 

a caveat to account for the length of time of the signal the simplex optimisation could offer 

solutions taking too long to be of practical use for the sensor, an issue known as peak band 

broadening. To account for this the response was taken as the area of the peak representing the 

conductivity drop, divided by the peak width at mean height (PWMH). This is illustrated in Figure 

4.7. Using the metric of peak area divided by PWMH ensured that the simplex tended towards a 

maximised signal step, without the peak becoming too diffuse or taking too long to be useful in 

the final sensor.  

 

Figure 4.7 Schematic illustrating the response used as the assessment for the simplex 

optimisation.  
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The input variables identified to maximise the response were the volume of the NaHCO3 solution 

added, the flow rate of the sample, and the flow rate of the acid and NaOH. The predication was 

that increasing the sample volume would increase both the peak height and the peak area as 

more CO2 would be available to react with the acceptor. Altering the flow rates would adjust the 

residence time for the donor and acceptor solutions in the GEU, impacting the length of time 

available for gas exchange. It was predicted that decreasing the flow rates would increase the 

length of time available for gas exchange, which would increase the peak area but also increase 

the peak width, potentially broadening the peak.  

The optimisation experiments were carried out at room temperature, so fluctuations in the 

laboratory temperature would have had an impact on the conductivity measurements, with each 

1 oC change being equivalent to ~ 1.5% change in conductivity. An initial experiment was 

conducted to test the repeatability of this system, to verify that the results were stable at 

laboratory temperature. For this test a standard of 100 µL of 2000 µmol kg–1 NaHCO3 was used at 

a flow rate of 35 µL min–1, and both the 7 mM NaOH and 1 M HCl were at a flow rate of 

50 µL min–1. These flow rates were selected to give the standard a residence time in the GEU 

three times longer than the time required for gas exchange predicted by modelling from section 

2.3.1. The results of these 3 replicate measurements are presented in Table 4.4. The signal step 

shows good repeatability and a low standard deviation, less than 10 mV, despite the laboratory 

temperature variations, however this was greater than the initial benchtop instrument achieved 

in the chamber (section 4.2) so for this reason the signal step was reported at 10 mV resolution 

for this work. The peak area also shows good repeatability, with a relative standard deviation of 

3.7%. The PWMH had a standard deviation of 12 seconds. As a result of this test each vertex of 

the simplex optimisation was run twice and the average used to determine the response of the 

system.  

Table 4.4 Reproducibility of benchtop instrument measurements using bonded GEU. 

Replicate 
Step 

V 
Peak Area 

PWMH 

minutes 
Area/PWMH 

1 0.107 0.480 4.2 0.113 

2 0.103 0.503 4.5 0.112 

3 0.095 0.468 4.6 0.102 

Mean 0.102 0.484 4.4 0.109 

Standard 

Deviation (1σ) 
0.006 0.018 0.2 0.006 
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Before the simplex optimisation commenced, initial experiments were carried out to establish the 

first vertices; this tested a range of sample volumes from 35 to 200 µL and altered the flow rates 

such that the residence time in the GEU ranged from 1 minute to 20 minutes to ensure the 

simplex was carried out over a range likely to find the optimal solution. From these experiments 

the initial vertices were selected, as shown in the first five rows of Table 4.5. 

4.3.3 Simplex Optimisation Results 

A total of eleven runs were carried out as part of the simplex optimisation. The results of these 

are presented in Table 4.5. For vertices 6 and 9 the contracted and reflected (Cw) were tested as 

the reflected (R) vertices gave negative flow rates, which would be experimentally meaningless. 

For vertex 11 the Cw was also selected as the R was close to zero. 

Table 4.5 Details of simplex optimisation experiments. 
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1 50 35 50 0.21 0.290 8 B  

2 35 35 35 0.14 0.184 8 …  

3 200 50 35 0.17 0.181 14 …  

4 100 50 35 0.16 0.177 9 N  

5 50 100 50 0.07 0.082 4 W  

 

6 70 70 44 0.09 0.091 7  Cw* 

7 122 15 33 0.44 0.460 19  R 

8 100 17 42 0.43 0.489 17  R 

9 140 40 40 0.25 0.252 10  Cw* 

10 170 20 50 0.50 0.519 16  R 

11 125 40 30 0.37 0.387 11  Cw** 

 *Reflected rejected as proposed flow rates were negative 

** Reflected rejected as proposed flow rates were close to zero 
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The results of the simplex optimisation are also presented visually in Figure 4.8. This shows that 

the biggest improvement in response was between the vertices 6 and 7. The drop in response on 

vertices 9 and 11, relative to the preceding vertices, indicates the simplex had moved in the 

wrong direction. Vertex 10 had the greatest response, increasing the step signal to 0.50 V from an 

initial low value of 0.14 V. 

 

Figure 4.8 Simplex optimisation response for each of the vertices tested. 

4.3.4 Discussion 

The simplex optimisation demonstrated that within 11 iterations of testing the response of the 

sensor, defined as the peak area divided by the PWMH, the response was improved by 80%. This 

also resulted in a greater than doubling of the signal step, from 0.14 V to 0.5 V. This was achieved 

using a sample volume of 170 µL at a flow rate of 50 µL min–1 and a flow rate of 20 µL min–1 for 

the NaOH and acid. These settings resulted in a longer time to the peak minimum, from 8 minutes 

for the initial settings compared to 16 minutes for the optimised settings although this increase in 

time led to a significantly larger signal step. This increased time for each sample would still allow 

the sensor to function at a similar rate to the current benchtop instruments measuring DIC.  

This optimisation found that to maximise the signal step the optimum ratio of the sample to acid 

flow rates was 1:2.5. However this ratio is currently unobtainable with the current LOC v3 

hardware (Beaton et al., 2012; Clinton-Bailey et al., 2017; Grand et al., 2017). In the current 

LOC v3 system a single stepper motor drives all three syringe pumps’ barrels simultaneously, 

which is a potential limitation of the system. One method to vary the flow rate is to alter the 

barrel diameters on the pump. In the current hardware there are two barrel sizes which can be 

used to set a 1:9 flow ratio. To be able to adjust the flow rates to the desired ratio, independently 
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controlled pumps are required and are currently being developed for a new version of the LOC 

hardware. Once this improved pump has been tested, its application in the DIC sensor would 

allow the use of varying flow rates, which this optimisation work has demonstrated as a potential 

method to increase the signal step. 
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Chapter 5 Lab On Chip: Miniaturisation of Dissolved 

Inorganic Carbon Sensor  

5.1 Introduction  

Historically, all oceanographic data collection involved taking a water sample and either 

measuring it on a ship or returning it to a laboratory for measurement. Early temperature 

measurements, for example, involved collecting a bucket of seawater and measuring its 

temperature back on the ship (Carella et al., 2017) while early salinity measurements involved 

making a titration of the collected sample (Pawlowicz et al., 2015). Today, there are a wide range 

of sensors capable of making high quality, high frequency, measurements of physical water 

properties (temperature, salinity) but the technology to enable biogeochemical measurements to 

be taken in situ is still developing. Some biogeochemical sensors now exist, such as the SeaFET pH 

sensor (Sea-Bird Scientific, USA), which are capable of delivering high frequency measurements 

but often have issues with measurement stability or precision (Bresnahan et al., 2014; Rérolle et 

al., 2016; Miller et al., 2018). To achieve the high precision measurements required to study the 

marine environment, many parameters still require samples to be collected and run in specialist 

facilities. One solution to this challenge has been to miniaturise laboratory techniques using 

microfluidics, which can then be deployed in situ. These miniaturised laboratory instruments 

became known as “Lab on Chip” (LOC) sensors.   

5.1.1 Lab On Chip 

Researchers have been using microfluidics to miniaturise laboratory systems since the 1980s. 

Initially those early systems were used for biomedical applications, allowing researchers to 

conduct trials on single cells, but their use has spread wider into chemistry (Convery and 

Gadegaard, 2019). The term microfluidics generally refers to systems operating on channels with 

width/height scales of the order of 100s nm to 100s µm and sample volumes measured in µL. By 

utilising small channels, fluids move in laminar flow, which is more easily modelled than turbulent 

flow, allowing systems to be accurately modelled before fabrication. There is no convective 

mixing in laminar flow, and so molecular diffusion dominates solute transport.  

The requirements for a miniaturised DIC sensor were outlined in section 1.5.1. In summary, the 

sensor needs to make precise and accurate measurements, have small physical dimensions (or 

form factor), operate autonomously with low power requirements, have low reagent 



Chapter 5 

94 

consumption and be capable of measurement at depth. Utilising a microfluidic LOC platform for 

developing a DIC sensor can satisfy these requirements. Applying microfluidics inherently gives 

the LOC platform a small form factor and low reagent consumption. Pumping low volumes can 

also reduce the amount of power required to operate the sensor.  

This chapter will detail the work carried out to design a microfluidic DIC LOC sensor. First an 

overview of the sensor is introduced. Then data from laboratory characterisation and field 

deployments of the sensor Version One are presented, along with details of the modifications 

made to the second version. The final section of the chapter details the characterisation and field 

deployments of the sensor Version Two.  

5.1.2 STEMM-CCS 

The development of the DIC LOC sensor was funded, in part, as a component of the European 

Union Horizon2020 project Strategies for Environmental Monitoring of Marine Carbon Capture 

and Storage (STEMM-CCS). The focus of the STEMM-CCS project was to increase understanding of 

Carbon Capture and Storage (CCS) in the marine environment. The aim of CCS is to mitigate 

anthropogenically emitted greenhouse gases in the atmosphere by trapping and storing them in 

geological systems (Turley et al., 2009; Blackford et al., 2014, 2015). For STEMM-CCS key goals 

were to establish a baseline for the environmental conditions around a potential site for CCS and 

then to test novel techniques to detect a simulated leak, induced by injecting CO2(g) into the 

surface sediment.  

The development of the DIC sensor was a component of to two aspects of the project. The first 

was the aim to develop new tools and techniques to identify potential emissions of CO2 in marine 

systems and the second was to establish geochemical baseline conditions. The project presented 

two opportunities for field deployments of the sensor in the North Sea. The first deployment was 

a cruise in 2018; its goal was to carry out an environmental baseline study. The second 

deployment in 2019 was during the gas release experiment phase of the project focused on the 

detection of the simulated leak.  

5.2 Design of the DIC LOC Sensor 

The DIC LOC sensor design was based on that of the benchtop instrument described in section 

4.2, with each measurement consisting of three main steps: acidification of sample, gas diffusion 

into the acceptor solution, and finally the measurement of the conductivity drop, shown in Figure 

5.1. 



Chapter 5 

95 

 

Figure 5.1 Flow diagram showing an overview of the DIC LOC sensor operation. 

For the prototype DIC LOC sensor flexibility was a key objective to facilitate optimisation, so for 

this reason a modular design was utilised. This design consisted of three modules, each 

corresponding approximately to one of the three measurement steps as shown in Figure 5.1. The 

LOC Fluid Manipulation Module, described in section 5.2.1 and shown in Figure 5.2, controlled the 

fluid pumping and manipulation. The gas exchange module, selected following the work outlined 

in chapter 2, was a Tube In A Tube (TIAT) Gas Exchange Unit (GEU) as described below in section 

5.2.2. The conductivity measurement was carried out using a Capacitively Coupled Contactless 

Conductivity Detector (C4D) module as described in section 5.2.3 and visible in Figure 5.2. 

 

Figure 5.2 Photograph of DIC LOC sensor to illustrate the three modules. 
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5.2.1 DIC LOC Fluid Manipulation Module 

The fluid manipulation module is based on the LOC v3 platform (Beaton et al., 2012; Rérolle et al., 

2013; Clinton-Bailey et al., 2017; Grand et al., 2017), an example of which is shown in Figure 5.3. 

The LOC v3 sensors share a similar design and fabrication technique but they have different flow 

paths and external components. The function of the LOC fluid manipulation module in the DIC 

sensor is to control the manipulation of the sample and reagent fluids, and also to record data. 

 

Figure 5.3 Annotated photograph of Generic LOC v3 hardware. Credit: OTEG Stock Image. 

The microfluidic chip is fabricated from 3 layers of Poly(methyl methacrylate) (PMMA) with 

channels 150 µm wide and 300 µm deep micro-milled, using a Datron Neo (Datron, Germany) into 

one layer, before the layers are sealed by a solvent bonding process (Ogilvie et al., 2010). The CAD 

design for the DIC sensor is shown in Figure 5.4. The chip forms one of the two end caps for the 

cylindrical pressure housing. The pressure housing is made from 125 mm diameter plastic tube 

and is filled with mineral oil (Sigma Aldrich, UK). The housing uses O-rings at either end to create a 

watertight seal with the chip at one end and a pressure-balancing cap at the other end. This 

pressure compensating design gives the housing its depth rating of at least 6000 m. The pressure 

tolerant electronic hardware, which provides the automation and control of the valves, pumps 

and data logging, is within the pressure housing. The firmware controlling the sensor is 

programmed using a bespoke application developed in-house to run on a PC.  
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When designing the layout for the microfluidic channels a key consideration was to build a system 

that maximised flexibility to allow various sample and acid pumping scenarios to be tested. A 

syringe pump, driven by a stepper motor, controls the fluid pumping on the LOC v3 platform. The 

stepper motor drives a plate with up to four syringe pump plungers attached to it, shown in 

Figure 5.3. There are two potential syringe barrel size options, a large one with 9.68 mm diameter 

and a small barrel with 3.29 mm diameter, giving syringe volumes 720 µL and 80 µL respectively. 

This pump design, therefore, has a fixed volume ratio of large to small barrels, and, hence, a fixed 

flow rate ratio of 9:1. The volume of the C4D detector dictated that the sensor required a large 

NaOH acceptor barrel. A second large barrel was added to the chip, which was designed with four 

potential fluid inlets. The first inlet is for the acid. The remaining three inlets were kept flexible. 

Depending on the deployment, the sensor could be configured with either one or two sample 

inlets, as for certain deployment scenarios it was a requirement that the sensor should be able to 

take measurements from two spatially distinct locations. To allow the sensor to carry out in situ 

calibrations, the remaining inlets can be used for DIC standards, which, throughout this study, 

were batches of CO2 in Seawater Certified Reference Materials (CRMs; Scripps Institution of 

Oceanography, University of California, San Diego, USA). A small barrel was added to test whether 

the acid or sample could be added in a smaller volume.  

 

Figure 5.4 The CAD design used to mill the chip, created using Autodesk® Inventor® software.   

To control the flow in the microfluidic channels two different types of valve were used; on chip 

solenoid valves and off chip check valves. The on chip vales were micro-inert solenoid vales 

(LFN125032H, The Lee Company, USA). The valves have been widely used in other LOC v3 sensors 

(Beaton et al., 2012; Rérolle et al., 2013; Clinton-Bailey et al., 2017; Grand et al., 2017) as they 

have low internal volume, zero dead volume, low power consumption, small form factor and are 

chemically compatible. On the schematic of the sensor presented in Figure 5.5 these are 

illustrated by red circles with red crosses inside. To control the acceptor NaOH fluid flow two 
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check valves were used, shown in Figure 5.5 as black circles with a green V (CI-5V, Bio-Chem 

Fluidics, New Jersey, USA,). These were not mounted on the chip but were connected to a PEEK 

Tee connector that links the reagent bag to the chip, and the chip to the GEU. One valve 

functioned as an inlet allowing the reagent to be pumped into the chip from the bag and the 

second as an outlet allowing the reagent to be pumped to the GEU. These check valves were 

selected as this channel did not require complex control and the check valves offer a low cost 

solution, no power requirement and low internal volume.  

 

Figure 5.5 Line diagram of sensor showing the two Large Barrels (LB), Small Barrel (SB), valves (red 

circles with crosses), and check valves (black circles with green V denoting flow 

direction). Above the orange line are the components that make up the LOC fluid 

manipulation module, and below the orange line are the Off Chip components, 

including the GEU, detector and check valves. 



Chapter 5 

99 

An inertial microfluidic mixer was incorporated into the chip design to enhance mixing of the 

sample fluid and the acid. This was developed in-house and utilises the secondary flow of a fluid 

in a curved microfluidic channel to aid mixing (Di Carlo, 2009). The enhanced mixing of the acid 

and sample reduces the time taken for complete acidification to occur, increasing the potential 

sampling frequency.  

The reagents were stored in either blood bags or gas sampling bags, depending on their sensitivity 

to CO2. The 1 M HCl was made by volumetric dilution of 12 M reagent grade HCl (Sigma Aldrich, 

UK). As the acid is not sensitive to the effects of gas exchange with the atmosphere, it was stored 

in a 1 L Flexboy™ bag (ThermoFischer Scientific, USA). The 7 mM NaOH was diluted volumetrically 

from a stock solution of 0.1 M NaOH (Sigma Aldrich, UK). Because both the acceptor solution 

(7 mM NaOH) and the CRM are sensitive to exposure to the atmosphere, they were stored in 1 L 

Gas Tight Multilayer Foil Lined bags (Restek, USA). These bags were selected because their CO2 

permeability (0.0078 cm3 m−1 day−1) was several orders of magnitude lower than the CO2 

permeability of the Flexboy™ bags (19.830 cm3 m−1 day−1). The multilayer foil bags were filled by 

syphoning the fluid into the bags using Viton® tubing (Cole-Palmer, USA), to reduce the exposure 

of the fluids to the atmosphere. The reagent bags were connected to the chip and TIAT with PEEK 

tubing with 500 µm ID and 1600 µm OD. PEEK tubing was selected because it has a lower 

diffusion coefficient for CO2 (1.4×10-7 cm2 s-1) compared to the diffusion coefficient of CO2 for 

PTFE (7×10−7 cm2 s-1) tubing that is widely used for other LOC v3 sensors (Beaton et al., 2012; 

Rérolle et al., 2013; Clinton-Bailey et al., 2017; Grand et al., 2017). Waste was collected in two 

separate 5 L Flexboy™ bags (ThermoFischer Scientific, USA), allowing the waste containing the 

CRM with trace mercuric chloride levels to be disposed of safely.  

To prevent suspended sediment, or biology, blocking the channels in the sample a disposable 

13 mm 0.45 µm pore size Millex-HP filter (Sigma Aldrich, UK) was used on the sample inlet.  

5.2.2 DIC LOC Gas Exchange Unit Module 

A TIAT was selected for the GEU of the prototype DIC LOC, following the work described in 

Chapter 2. While several membrane materials were tested, Teflon™ AF2400 (Biogeneral, USA) 

was selected for the prototype and initial versions of the sensor. The Telfon™ AF2400 tubular 

membrane selected had a wall thickness of 100 µm (810 µm OD, 610 µm ID). The outer PEEK 

tubing selected for the final version had an ~1600 µm OD and ~1000 µm ID. This PEEK gave the 

TIAT a volume ratio of 1 : 1 for the outer and inner tubes. The length of the TIAT used for the final 

version of the DIC sensor was 300 mm, which gave the acceptor and donor volume inside the TIAT 

of ~100 µL.  
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By selecting a standalone TIAT instead of integrating the GEU directly into the fluid manipulation 

module the sensor gained flexibility, as the ratios of acceptor and donor volumes could be easily 

adjusted without having to refabricate an entire chip. Another benefit of the standalone TIAT is 

that it is physically accessible, allowing easy replacement and repair in the event of leaks during 

operation. The TIAT also acted as the fluidic link between the microfluidic chip module and the 

detector module, providing the connection between the pump in the LOC module and the 

detector module.  

5.2.3 DIC LOC Conductivity Detector Module 

As a result of the work described in Chapter 3, a custom-made conductivity detector was selected 

as the detector for the DIC LOC sensor. Specifically, eDAQ Pty Ltd, Australia, manufactured the 

C4D-EPU359 unit optimised for the relevant range of conductivities, determined to be 

0.5 − 2 mS cm-1 in section 3.1.1. This board was housed in a pressure-balanced oil filled housing, 

similar to the housing of the fluid manipulation module described in section 5.2.1. To make 

temperature corrections to the conductivity data accurate temperature measurements of the 

acceptor fluid are required, therefore a thermistor (Ampenol NTC P60BB203K, Pennsylvania, USA) 

was mounted directly in the acceptor fluid flow of each sensor. The thermistor was positioned 

immediately after the C4D electrodes, highlighted in Figure 5.6. These thermistors were selected 

due to their rapid response time, allowing accurate temperature measurements to be made of 

the NaOH acceptor fluid. The thermistors were calibrated against a precision thermometer (F250 

mk2, Automatic Systems Laboratories, UK) which itself was calibrated against a SBE35 RT (Sea-

Bird Scientific, USA), which is accurate to ± 1 mK. The thermistors were calibrated by taking 

reference readings over the range of 5 oC to 35 oC in a constant temperature water bath 

(7009 model Fluke, USA). A unique cubic relationship was established between the thermistor 

voltage and F250 mk2 temperature for each thermistor. Using the standard error of the 

regression fit of the voltage vs. temperature data as a metric, thermistor temperature uncertainty 

was better than 0.06 oC. 
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Figure 5.6 Annotated image of the C4D EPU359 board used in the LOC sensor. 

The conductivity and thermistor temperature data were passed from the detector module to the 

processing board housed in the fluid manipulation module via an IE-55 cable, where the data 

were recorded to a micro SD card (SanDisk, USA). The C4D-EPU359 recorded a voltage 

proportional to the conductivity of the fluid between its electrodes; this voltage was used as the 

raw data. Each measurement resulted in a conductivity drop, associated with the acidification of a 

sample or CRM. The step of that conductivity drop was calculated by subtracting the minimum 

voltage from the blank voltage, where the blank voltage is measured when there is only acid and 

NaOH flowing in the GEU. This drop is referred to as the signal step and is illustrated in Figure 5.7. 

Various calibrations were trialled to convert the signal step (in V) to DIC concentration (in 

µmol kg−1). These calibrations are described further in the following sections. 
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Figure 5.7 Illustration of the measured conductivity signal. The signal step is shown by the orange 

arrow and is calculated by subtracting the minimum voltage of the sample peak from 

the blank voltage. The text in the box above the graph illustrates which fluids are in 

the GEU. 

The raw conductivity data were smoothed during processing to reduce noise. A Savitzky-Golay 

filter of 4th order and window length of 33 was selected as it preserves peaks with less rounding 

than a simple moving average filter (Press and Teukolsky, 1990). Following the filtering, the data 

were normalised to a reference temperature using a temperature correction factor. This is 

because the conductivity of a solution is dependent on both the concentration of ions and also 

their average velocity, which is a function of the temperature of the solution (Gray, 2005). 

Temperature correction of raw conductivity data is widely used in handheld conductivity 

instruments, so that readings taken at different temperatures can be directly compared 

(Mäntynen, 2001; Mettler Toledo, 2012). The temperature correction factor (α) can be expressed 

as follows (Mäntynen, 2001; Gray, 2005; Mettler Toledo, 2012):  

𝛼 =
𝑉𝑡−𝑉𝑟𝑒𝑓

𝑉𝑟𝑒𝑓×(𝑇𝑡−𝑇𝑟𝑒𝑓)
, (5.1) 

where Vt is the conductivity measurement at a temperature (Tt) and Vref is the reference 

conductivity (Vref) at a reference temperature (Tref). Re-arranging equation 5.1 gives: 

𝑉𝑡 =  𝛼 × 𝑉𝑟𝑒𝑓 × (𝑇𝑡 − 𝑇𝑟𝑒𝑓) + 𝑉𝑟𝑒𝑓 (5.2) 
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The α factor for each sensor was determined based on equation 5.2 by linear regression of the 

smoothed sensor conductivity measurements (Vt) in 7 mM NaOH against (Tt − Tref) across a range 

of internal thermistor temperatures (Tt) with Tref = 25 °C. Based on this, Vref is equal to the 

regression intercept and α is found by dividing the slope of the fit by the intercept. The standard 

error (SE) of α was calculated by propagation of the standard error (SE) of the regression slope 

and intercept. The normalised conductivity measurement (Vnormalised) can then be calculated from: 

𝑉𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 =
𝑉𝑡

1 + 𝛼 × (𝑇𝑡 − 𝑇𝑟𝑒𝑓)
    (5.3) 

To determine α, sensor conductivity measurements were taken in 7 mM NaOH in a constant 

temperature environmental chamber (Discovery My, ACS, Italy) set to temperatures from 

5 to 25 oC. The temperature recorded by the internal thermistor in the detector module was ~4 oC 

warmer than the chamber temperature, so Vt was measured at Tt = 9 to 28 oC. The smoothed data 

from this experiment can be described by the linear regression fit, Vt = 1.506 + 0.03676 (Tt – 25), 

(R2 = 0.99724, p < 0.001, n = 21, SEregression = 0.004 V), from this α was calculated to 

be 0.0244 ± 0.0032. This α was used to normalise the data, which are plotted in Figure 5.8. This 

has removed the temperature influence from the data as indicated by the non-statistically 

significant linear regression fit to the normalized data (Vnormalised = 1.508 + 0.00039 (Tt – 25), 

(R2 = 0.01931, p = 0.548, n = 21, SEregression = 0.017 V). 

 

Figure 5.8 Chamber data used to calculate alpha. The solid blue and dashed red lines represent 

the linear fit to the data as described in the main text. 

The change in conductivity due to the temperature change can be converted into an equivalent 

DIC change per oC, using the calibrations detailed in Table 5.6. For the smoothed data the voltage 
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step over the 19 oC is 0.65 V, converting this to a DIC concentration gives a value of 

13.8 µmol kg−1 oC-1. For the temperature normalised data the step is 0.008 V over 19 oC, which 

equates to 0.2 µmol kg−1 oC−1. 

This method of temperature normalisation relies on a linear relationship between temperature 

(Tt) and conductivity (Vt) across the expected operational temperature range of the sensor and 

should not be extrapolated outside the experimental temperature range. 

5.3 DIC LOC Version One 

Two units of DIC LOC Version One were fabricated for the target deployment during the 2018 

STEMM-CCS cruise. The goal of this cruise was to establish the baseline conditions at the North 

Sea location before the gas release experiment in 2019 (Achterberg and Esposito, 2018). Prior to 

the cruise, the sensors were calibrated in the laboratory and then field-tested for two days with 

deployment in an estuarine environment. The objective of these tests and deployments was to 

assess sensor performance and calibration techniques, as well as to highlight potential design 

modifications for the second version of the DIC LOC sensor, which would be deployed on multiple 

platforms for the STEMM-CCS gas release experiment in 2019.  

5.3.1 DIC LOC Version One Overview 

One goal of the field test was to evaluate the measurement cycle protocol that had been 

developed in laboratory testing. In this protocol, first the blank measurement was recorded when 

only acid and NaOH flowed in the GEU. Then the system was flushed with the sample to be 

measured, before the sample was loaded and acidified using the small barrel, and the signal step 

in conductivity (Figure 5.7) was recorded. The system was then flushed before a CRM was 

measured in the same way as the sample. The measurement cycle took 48 minutes, giving a 

sampling frequency of 1 sample per hour, with details shown in Table 5.1. In the Version One 

deployments, a single CRM was used on the sensor, and the spare inlet channel was plugged with 

a ¼−28 blanking plug. 
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Table 5.1 The DIC LOC Version One sensor measurement cycle. 

Step  Process Action 
Flow Rate 

(µL min-1) 

Time  

(min) 

1 

Load acid for blank 

Load Large Barrel 1 (LB1) with acid, Small 

Barrel (SB) with acid and Large Barrel 2 

(LB2) with NaOH  

850 1 

2 
Inject to measure blank 

Inject LB1 acid to mixer, SB acid to mixer, 

LB2 to GEU 
100 7 

3 Load sample for flush Load LB1 sample, SB acid and LB2 NaOH  850 1 

4 
Inject for sample flush 

Inject LB1 sample to mixer, SB acid to 

bag, LB2 to GEU 
100 7 

5 Load sample for 

measurement 
Load LB1 sample, SB acid and LB2 NaOH 850 1 

6 Inject sample and acidify 

with small barrel 

Inject LB1 sample to mixer, SB acid to 

mixer, LB2 to GEU 
100 7 

7 Load acid for flush Load LB1 acid, SB acid and LB2 NaOH  850 1 

8 
Inject for acid flush 

Inject LB1 acid to mixer, SB acid to mixer, 

LB2 to GEU 
100 7 

9 Load CRM for 

measurement 
Load LB1 CRM, SB acid and LB2 NaOH  850 1 

10 Inject CRM and acidify 

for measurement 

Inject LB1 CRM to mixer, SB acid to mixer, 

LB2 to GEU 
100 7 

11 Load acid for flush Load LB1 acid, SB acid and LB2 NaOH  850 1 

12 
Inject for acid flush 

Inject LB1 acid to mixer, SB acid to mixer, 

LB2 to GEU 
100 7 

 Total 48 

Repeat steps 1 to 12, starting so that each seawater sample is loaded on the hour. 

5.3.2 Calibration 

For the DIC LOC Version One, three calibration methods were evaluated to determine the most 

reliable way to convert the smoothed, temperature-corrected voltage step to DIC concentration. 

The first calibration method was established by measuring three CRMs (batch 154 

[DIC] = 2037.68 µmol kg-1; batch 162 [DIC] = 2177.27 µmol kg-1; batch 164 

[DIC] = 2238.89 µmol kg−1) in an environmental chamber (Discovery My, ACS, Italy) set to 15 oC. 

The range of the CRM certified values covered the likely range of DIC concentrations at the field 
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site in the North Sea. Five replicate measurements were made for each CRM and the voltage 

versus certified DIC concentration data were used to determine a calibration curve for the sensor, 

shown in Figure 5.9. The calibration in equation 5.4 was used as the initial calibration and is 

referred to from here as the chamber calibration.  

𝑆𝑎𝑚𝑝𝑙𝑒 𝐷𝐼𝐶 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (µ𝑚𝑜𝑙 𝑘𝑔−1) = 4727 ×  𝑆𝑎𝑚𝑝𝑙𝑒 𝑆𝑖𝑔𝑛𝑎𝑙 𝑆𝑡𝑒𝑝 (𝑉) + 300.88  

(R2 = 0.991, p < 0.0001, n = 3, SEregression = 0.003 μmol kg-1) 
(5.4) 

 

Figure 5.9 Chamber calibration using CRMs. Error bars represent one standard deviation of the 5 

replicate measurements for each CRM. 

Two further calibration methods were also carried out and evaluated based on the in situ 

measurements of the on-board CRMs measured during the field-testing. The first in situ 

calibration was a single point calibration based on the CRM measured following each sample 

(paired CRM), with the sample DIC concentration given by:   

𝑆𝑎𝑚𝑝𝑙𝑒 𝐷𝐼𝐶 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (µ𝑚𝑜𝑙 𝑘𝑔−1)

= 𝑆𝑎𝑚𝑝𝑙𝑒 𝑆𝑖𝑔𝑛𝑎𝑙 𝑆𝑡𝑒𝑝 (𝑉)
𝑃𝑎𝑖𝑟𝑒𝑑 𝐶𝑅𝑀 𝑉𝑎𝑙𝑢𝑒 (µ𝑚𝑜𝑙 𝑘𝑔−1)

𝑃𝑎𝑖𝑟𝑒𝑑 𝑂𝑛𝑏𝑜𝑎𝑟𝑑 𝐶𝑅𝑀 𝑆𝑡𝑒𝑝 (𝑉)
 

(5.5) 

The second in situ calibration method was also a single point calibration, but based on the 

average of all on-board CRM measurements taken during each deployment, with the sample DIC 

concentration given by: 

𝑆𝑎𝑚𝑝𝑙𝑒 𝐷𝐼𝐶 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (µ𝑚𝑜𝑙 𝑘𝑔−1)

= 𝑆𝑎𝑚𝑝𝑙𝑒 𝑆𝑖𝑔𝑛𝑎𝑙 𝑆𝑡𝑒𝑝 (𝑉)
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑅𝑀 𝑉𝑎𝑙𝑢𝑒 (µ𝑚𝑜𝑙 𝑘𝑔−1)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑙𝑙 𝑂𝑛𝑏𝑜𝑎𝑟𝑑 𝐶𝑅𝑀 𝑆𝑡𝑒𝑝 (𝑉)
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To assess the accuracy and precision of the sensor performance, two metrics were used. The 

sensor accuracy was determined by finding the mean difference between the sensor-measured 

DIC concentration of the on-board CRMs and the certified CRM concentration, described by 

equation 5.7. One standard deviation of the mean of these differences was taken as the 

reproducibility of the measurement and used as a measure of the precision, as in equation 5.8.  

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 𝐶𝑅𝑀(µ𝑚𝑜𝑙 𝑘𝑔−1) =  𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑐𝑒𝑟𝑡𝑖𝑓𝑖𝑒𝑑  (5.7) 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 𝐶𝑅𝑀(µ𝑚𝑜𝑙 𝑘𝑔−1) =  𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛(𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑐𝑒𝑟𝑡𝑖𝑓𝑖𝑒𝑑) (5.8) 

The in situ calibrations were based on the measurements of the on-board CRMs, and so, in order 

to assess the accuracy and precision of these calibrations independently, the same process was 

applied using bottled sample concentrations, such that: 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 𝐵𝑜𝑡𝑡𝑙𝑒𝑑(µ𝑚𝑜𝑙 𝑘𝑔−1) =  𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝐵𝑜𝑡𝑡𝑙𝑒𝑑 𝐶𝑜𝑛𝑐. (5.9) 

 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛𝐵𝑜𝑡𝑡𝑙𝑒𝑑  (µ𝑚𝑜𝑙 𝑘𝑔−1)

=  𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛(𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝐵𝑜𝑡𝑡𝑙𝑒𝑑 𝐶𝑜𝑛𝑐) 
(5.10) 

The DIC concentrations in bottled samples were independently determined using either a VINDTA 

3C (Marianda, Germany) or Apollo (SciTech, USA) following the method described in the SOP 02 

(Dickson, Sabine and Christian, 2007). In this case, the precision given by equation 5.10 

aggregates any potential errors from the bottle sampling and measurement process, as well as 

the sensor error so does not reflect the precision of the sensor alone.   

5.3.3 Dock Deployment 

The initial field-testing for the Version One sensor took place over two days in August 2018 in the 

estuarine environment of the docks in front of the National Oceanography Centre, Southampton. 

The sensor was deployed suspended from the dockside at 1 m depth. The sensor measurement 

cycle was timed so that the sensor would draw in the sample on the hour, which could then be 

easily matched to the corresponding bottled samples. The bottled samples were taken manually 

from the same depth as the sample inlet of the sensor using a Niskin bottle and were processed 

following the SOP 01 in (Dickson, Sabine and Christian, 2007). Following the SOP, 250 mL 

borosilicate glass bottles were used and the samples were preserved with 100 µL of saturated 

mercuric chloride solution. The bottled samples were stored for less than one month before being 

analysed in the Carbonate Laboratory, University of Southampton, on a VINDTA 3C (Marianda, 

Germany), as described in 1.2.1 and the SOP 02 in (Dickson, Sabine and Christian, 2007). 
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 The aims of the field-testing were to evaluate the: 

- sensor endurance 

- filtering and temperature correction steps of the raw data processing protocol 

- performance of the sensor in terms of accuracy and precision 

Six D Cell lithium batteries (LSH20, Saft, France) housed in a titanium battery tube provided the 

sensor with power. The batteries were replaced after 18 hours, and then allowed to run until fully 

drained, taking ~24 hours.  

The data processing steps of filtering and temperature correction applied to the raw conductivity 

data, described in 5.2.3, were investigated by examination of the 45 in situ measurements of the 

bagged on-board CRM. The standard deviation of the signal step for the CRMs calculated using 

the unsmoothed, uncorrected (raw) voltages was 5.5 mV, equivalent to a precision of 

26 µmol kg−1 based on the chamber calibration. Smoothing the data using the Savitzky-Golay filter 

(4th order and window length of 33) reduced the standard deviation to 5.4 mV, equivalent to 

25 µmol kg−1. The final step of temperature normalisation, using the α factor, improved the 

standard deviation further to 3.8 mV, equivalent to 16 µmol kg−1. This provided confidence that 

the data processing routine developed during the laboratory characterisation stage of this study 

was appropriate for use in the field.  

The chamber calibration and in situ calibrations were used to process the data recorded over the 

two days and are presented in Table 5.2. During the two days of deployment, the on-board CRMs 

were measured 45 times and there were 14 bottled samples with corresponding sensor 

measurements. 
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Table 5.2 Comparison of the accuracy and precision from the three calibration methods for the 

dock field test. 

 

On-board CRM 

Batch 161  

2037 µmol kg-1 

n = 45 

Bottled Samples 

n = 14 
Range 

 µmol kg−1  

 
Accuracy 

 µmol kg−1 

Precision 

 µmol kg−1 

Accuracy 

 µmol kg−1 

Precision 

 µmol kg−1 
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Chamber 

 Calibration 
280 ± 17 38 ± 42 52 

In
 s

it
u

 C
al

ib
ra

ti
o

n
s All CRM 

Measurements  

Averaged 

0 ± 17 -249 ± 33 56 

Paired CRM  

and Sample 
- - -255 ± 40 66 

The chamber calibration overestimated the DIC concentration in the on-board CRMs by 

280 ± 17 µmol kg−1 and in the bottled samples by 38 ± 42 µmol kg−1. The in situ calibration based 

on the average of all the measured CRMs had a similar precision performance, with a precision 

from the CRMs of ± 17 µmol kg−1; this calibration underestimated the DIC concentration in the 

bottled samples by 249 ± 33 µmol kg−1. The in situ calibration based on the paired CRM 

measurements performed similarly, underestimating the DIC concentration in the bottled 

samples by 255 ± 40 µmol kg−1. 

This demonstrated that, for the dock field-test, the three calibration methods had similar 

precision performance. For the two calibrations where the precision could be calculated from the 

in situ CRM measurements (using equation 5.8), the precision was lower than that of the precision 

estimated from the bottled samples (equation 5.10). This is to be expected as the precision 

calculation based on the bottled samples also aggregates any sampling and laboratory instrument 

error.  

Each of the calibrations have one accuracy value of approximately 250 µmol kg-1. As the chamber 

calibration estimated sample concentrations close to the bottled sample data and it is likely that 

the bagged CRM had increased in DIC concentration. This would account for the underestimation 

of the bottled samples by the calibrations based on the in situ CRM measurements. Previous 
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studies have used different foil-lined bags and found that the CRM drifted during deployments, 

suggesting that the bags may have been damaged, exposing the aluminium foil, which could be 

reacting with the CRM (Wang et al., 2015).  

Plotting the sensor data from the deployment, using the in situ calibration based on the average 

value of all CRM measurements, showed no obvious sign of the sensor measured CRM 

concentration increasing steadily over the course of the deployment, Figure 5.10. However the 

CRMs were loaded shortly before the deployment, so were not exposed to the bags for any great 

length of time. This suggests that the change in the CRM may have occurred when the bag was 

filled.  

 

Figure 5.10 Sensor data from the dock deployment processed with the chamber calibration. 

In summary, the initial field-testing in the dock demonstrated that smoothing and temperature 

normalisation of the data improved the precision of the measurements by 10 µmol kg−1. The 

comparison of the three calibration techniques demonstrated that the methods achieved a 

similar performance; so all three were tested again using the lander data.  

5.3.4 STEMM-CCS 2018 Lander Deployment  

The DIC LOC Version One was deployed on a lander as part of a cruise establishing the baseline 

biogeochemical characteristics of a site in the North Sea in 2018. The RV Poseidon sailed to the 

North Sea to conduct a range of water column measurements and also to deploy a trial seabed 

lander carrying a suite of sensors, on cruise number POS527. The DIC LOC sensor was mounted to 
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the lander, shown in Figure 5.11. The sensor recorded data over the course of two deployments, 

each time recording for ~24 hours before its batteries were depleted. Bottled samples were 

collected throughout the water column and processed according to SOP 01 before being returned 

to Kiel for analysis using an Apollo instrument. These data are available on the Pangea database 

(Esposito, Martinez-Cabanas and Achterberg, 2019). 

 

Figure 5.11 Photograph showing the lander. Panel A shows the suite of LOC sensors, with the DIC 

LOC sensor denoted by the white dashed line. Panel B shows the lander being 

deployed. Photograph credits to M. Arundell. 

The DIC sensor operated following the same measurement cycle as in the dock testing, detailed in 

Table 5.1. The DIC data were processed and analysed using the same three calibration methods as 

described in section 5.3.3. During the two deployments, 47 pairs of seawater and CRM 

measurements were recorded and the accuracy and precision results are shown in Table 5.3. Due 

to the timings of the sample collection and the battery life of the DIC sensor, there were only two 

bottled samples with a corresponding sensor measurement. 
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Table 5.3 Comparison of the accuracy and precision of the three calibration methods for the 

lander deployments. 

 

On-board CRM 

Batch 161  

2037 µmol kg-1 

n = 47 

Bottled Sample 

n = 2  Range 

µmol kg−1 

Accuracy 

µmol kg−1 

Precision 

µmol kg−1 

Accuracy 

µmol kg−1 

Precision 

µmol kg−1 

La
b

o
ra

to
ry

 

C
al

ib
ra

ti
o

n
 

Chamber 

Calibration 
3 ± 83 27 ± 8 208 

In
 s

it
u

 C
al

ib
ra

ti
o

n
s All CRMs 

Averaged 
0 ± 10 -54 ± 11 64 

Paired CRM 

and Sample 
- - -52 ± 9 52 

During the lander deployments, the chamber calibration achieved an accuracy and precision of 

3 ± 83 µmol kg−1 compared to the on-board CRMs. It also recorded the largest range in measured 

concentrations of 208 µmol kg−1 which was more than triple the range from the in situ 

calibrations. The reason for the poor precision is clear when the data are plotted, in Figure 5.12, 

which shows that, for the first deployment, the chamber calibration was consistently 

underestimating the CRM DIC concentration by ~70 µmol kg−1 and also underestimating the 

sample DIC concentration by ~140 µmol kg−1 relative to the bottled samples taken during the 

second deployment. The fact that both the CRM and the sample measurements were 

underestimated suggests this was a systemic error. Investigating this revealed that the blank 

voltages were stable across both days, with a blank voltage of 1.158 ± 0.006 V, and it was the 

magnitude of the peak which had altered between the two deployments. The cause of this is not 

apparent but a suggested mechanism for this could be a reduced gas exchange efficiency caused 

by a temporary blockage in the GEU, which was cleared by flushing the sensor before the second 

deployment. When the accuracy based on the CRMs is assessed for the second deployment alone, 

this calibration was overestimating the DIC concentration by 87 ± 8 µmol kg−1.  
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Figure 5.12 Sensor data from the lander deployment processed with the chamber calibration. 

The two calibration methods based on the in situ CRMs accounted for the reduced peak that 

affected the chamber calibration on the first deployment so performed better than the chamber 

calibration over the two lander deployments. Both in situ calibration methods achieved a 

precision of approximately ± 10 µmol kg−1. Neither of the calibrations presented evidence of drift 

in the CRM. The comparison of the calibration methods based on the two bottle data points is of 

limited use due to the low number of samples. However, when all the data from the 72 bottled 

samples collected from greater than 100 m depth over the course of the cruise are plotted versus 

time, it shows the range of DIC concentrations near the seafloor was 65 µmol kg−1 during the 

cruise, as shown in Figure 5.13. This range matches closest to the ranges of the calibration 

methods based on the in situ CRM measurements. 
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Figure 5.13 Sensor data from the lander deployment processed with the average CRM calibration 

alongside the Apollo measured bottled sample data from depths greater than 100 m, 

from POS527, Esposito, Martinez-Cabanas and Achterberg (2019). 

Further analysis of the bottle data deeper than 100 m from the cruise revealed a relationship 

between the DIC and nitrate concentrations (R2 = 0.7, p < 0.001, n = 68). The lowest DIC 

concentration was recorded at 0600 on 29th August 2018, which corresponds to a low nitrate 

concentration, shown in Figure 5.14 Panel A. The temperature and salinity data shows that for 

this time the water mass was the warmest and most saline recorded during the cruise, Figure 5.14 

Panel B. Previous work has stated that warmer saline water found north of 55oN are likely to be 

the result of North Atlantic water entering the North Sea (Omar et al., 2019) suggesting the 

source for this water mass with lower DIC and nitrate concentrations could be the North Atlantic.  
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Figure 5.14 Bottle sample data from below 100 m depth, from the cruise POS527. Panel A shows 

the DIC and nitrate concentrations. Panel B shows the temperature and salinity data. 

All data from Esposito, Martinez-Cabanas and Achterberg (2019). 

In summary, the lander data demonstrated that the chamber DIC calibration method had worse 

performance due to an issue in the first deployment, which the calibrations based on the in situ 

CRM measurements adjusted for. The calibrations based on the in situ CRM measurements had 

better performance, reaching a precision of approximately ± 10 µmol kg−1 over the 47 CRM 
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measurements. Based on these data the sensor was performing at a level required to measure 

DIC at the weather quality level as defined by GOA-ON (Newton et al., 2014). This level of 

performance would provide useful data in areas with large DIC fluxes over short time periods. 

One area this could be useful would be in enclosed water bodies with calcifying organisms, where 

diurnal fluxes of ~300 µmol kg−1 have been reported (McMahon et al., 2013).   

5.3.5 Summary of Version One Testing and Modification for Version Two 

The testing of the initial prototype demonstrated that the sensor had the potential to make 

weather quality measurements. The objective for the final sensor was to make climate quality 

measurements, requiring a precision of ± 2 µmol kg−1. To achieve this, the C4D board was 

returned to eDAQ for further fine-tuning, to improve the signal to noise ratio by lowering the 

noise in the measurement.   

The deployments also highlighted that the power consumption was a limiting factor. The 

C4D−EPU359 was found to require a high power when recording data. In the DIC LOC Version One 

the C4D board was constantly powered, resulting in a current draw of 480 mA. To reduce this, a 

custom electronic board was designed within OTEG to enable the C4D to be turned off when not 

recording data. This resulted in a saving of 100 mA and was an addition incorporated into the 

sensor Version Two.  

The sensor Version One had a sample measurement cycle that took 48 minutes. A target 

application for the Version Two sensors was to integrate the sensor on to an ROV, which would 

require a faster sampling-measurement cycle. This was achieved by altering the measurement 

cycle. Integrating the sensor on the ROV also required an additional communications port to be 

added to the DIC LOC Version Two, which was the only physical change made to the design.   

5.4 DIC LOC Version Two 

A total of five DIC LOC Version Two sensors, incorporating the changes outlined in the previous 

section, were fabricated for deployment during the STEMM−CCS gas release experiment. One 

sensor was set up to measure seawater pumped by the underway system on the ship. Another 

sensor was mounted on the ROV Isis and two sensors were mounted on the seabed landers to be 

deployed close to the gas plume site, the final sensor remained as a spare. This section will focus 

on data from the underway and ROV systems. 
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5.4.1 LOC Version Two Overview 

The Version Two sensor had the same microfluidic channel layout as the Version One design. The 

only physical difference was the addition of a third IE-55 communications port, to allow the 

sensor to interface with the ROV, sending real-time data through the ROV tether back to the ship. 

The C4D detector was modified by eDAQ Pty Ltd with components altered to reduce the 

measurement noise and to fine-tune the range of conductivities the C4D board was optimised to 

measure. The GEU remained the same as in Version One.  

The testing of Version One demonstrated that the paired CRM calibration (equation 5.6) did not 

offer improved accuracy or precision compared to the calibration based on the average of all the 

CRMs (calculated using equation 5.7 and 5.8). For this reason, combined with the need to reduce 

the length of time taken for each measurement cycle, the paired CRM was dropped in the 

measurement cycle of the sensor Version Two. Instead, two CRMs were mounted on the sensor, 

one with a low DIC concentration and the other with a high DIC concentration. The CRMs were 

selected to give a range of ~200 µmol kg−1 covering the range of concentrations measured close 

to the seabed on the preliminary cruise in 2018, shown in Figure 5.13, allowing two point 

calibrations to be made in situ.  

Replicate measurements of the high and low CRMs were made alternately, with a set of samples 

measured between them, as illustrated in Figure 5.15 Panel A. Two in situ calibration methods 

were trialled using the CRM data. In the first calibration method, the average of all the high DIC 

CRM and the average of all the low DIC CRM were used to generate a single two-point calibration, 

which is illustrated in Figure 5.15 Panel B, with the orange ellipse highlighting the average of the 

high DIC CRM and the blue ellipse highlighting the average of the low DIC CRM. This calibration 

equation was then applied to all the sample measurements. The second in situ calibration method 

involved generating a rolling calibration based on the high DIC and low DIC CRM that bookended 

each set of sample measurements. This rolling calibration gave a different two-point calibration 

for each sample set, illustrated by the colour-changing ellipse in Figure 5.15 Panel C. Post 

deployment calibrations were also developed based on the bottled sample data from the 

underway system and ROV deployments, and are further described in the following sections.  
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Figure 5.15 On-board calibrations for the DIC LOC Version Two. Panel A illustrates the cycle of low 

CRM, followed by a set of samples, then high CRM measurements. Each CRM was 

measured in duplicate. The ellipses in Panel B show the CRMs averaged to create the 

single calibration for all the samples. The colour-changing ellipses in Panel C show the 

rolling CRM calibration applied to all the samples bookended by the CRMs. 

The altered measurement cycle for sensor Version Two is shown in Table 5.4. The cycle was 

altered such that the blank measurement came after the sample measurement, instead of before. 

The modified cycle dropped the paired CRM which removed a step from the Version One 

measurement cycle and reduced the time taken for each measurement to ~16 minutes, 

equivalent to 3 samples per hour. 
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Table 5.4 The DIC LOC Version Two sensor measurement cycle. 

Step Process Action 

Flow 

Rate 

(µL min-1) 

Time 

(min) 

1 Load low CRM 

Load Large Barrel 1 (LB1) low CRM, 

Small Barrel (SB) acid and Large Barrel 

2 (LB2) NaOH  

850 1 

2 
Inject to measure low CRM 

and acidify with small barrel 

Inject LB1 low CRM to mixer, SB acid to 

mixer, LB2 to GEU 
100 7 

3 
Load acid for flush and blank 

measurement 
Load LB1 acid, SB acid and LB2 NaOH  850 1 

4 
Inject for acid flush and blank 

measurement 

Inject LB1 acid to mixer, SB acid to 

mixer, LB2 to GEU 
100 7 

Repeat 1 to 4 for second low CRM measurement, after the second CRM measurement move to 

step 5 and start measuring seawater samples 

5 Load sample for measurement 
Load LB1 sample, SB acid and LB2 

NaOH 
850 1 

6 
Inject sample and acidify with 

small barrel 

Inject LB1 sample to mixer, SB acid to 

mixer, LB2 to GEU 
100 7 

7 
Load sample for flush and 

sample measurement 
Load LB1 acid, SB acid and LB2 NaOH  850 1 

8 
Inject for acid flush and 

sample measurement 

Inject LB1 acid to mixer, SB acid to 

mixer, LB2 to GEU 
100 7 

Repeat 5 to 8 for five seawater samples, then proceed to step 9 to measure two high CRM 

9 Load high CRM 
Load LB1 high CRM, SB acid and LB2 

NaOH  
850 1 

10 
Inject to measure high CRM 

and acidify with small barrel 

Inject LB1 high CRM to mixer, SB acid 

to mixer, LB2 to GEU 
100 7 

11 
Load acid for flush and blank 

measurement 
Load LB1 acid, SB acid and LB2 NaOH  850 1 

12 
Inject for acid flush and blank 

measurement 

Inject LB1 acid to mixer, SB acid to 

mixer, LB2 to GEU 
100 7 

Repeat 9 to 13 for second high CRM, then measure 5 samples before looping back to step 1 for a 

low CRM 
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5.4.2 Laboratory Characterisation 

Prior to the deployments, the measurement cycle was tested in the environmental chamber set 

to 10 oC (Discovery My, ACS, Italy). For this test three CRM batches were run at least 5 times and 

the standard deviation of the signal step for these measurements was found to be ≤ 0.0004 V 

(Table 5.5). This value was then used with the calibrations described in the following section to 

establish the laboratory precision. 

Table 5.5 Laboratory precision testing of the Version Two sensor. 

Batch Number 
Certified Concentration 

µmol kg-1 

Standard Deviation of Signal Step 

V 
Replicates 

172 2038.99 0.0003 6 

162 2177.27 0.0004 6 

164 2238.89 0.0004 5 

5.4.3 STEMM-CCS Gas Release Experiment 2019 

The STEMM-CCS project culminated in a six-week cruise in the North Sea in spring 2019 to carry 

out a controlled gas release, simulating a sub seabed CO2 leak. The experiment consisted of three 

phases. During phase one gas tanks were deployed and positioned on the seafloor, and a release 

pipe was drilled into the sediment, 100 m from the tank. In phase two, the gas flow was started 

and a plume was generated. During this phase, the gas flow rate was increased from 2 LSTP min-1 to 

50 LSTP min-1. The ROV Isis was deployed as a work horse to manoeuvre various sensor platforms 

into the plume site, as well as being a platform for a suite of LOC sensors. The third phase dealt 

with the removal of the tank system. The experiment involved the coordination of two 

international research vessels; further details of this experiment are currently being prepared for 

publication.  

5.4.3.1 Underway System 

Over the course of the experiment, a suite of OTEG designed LOC sensors were set up on board 

the RRS James Cook to measure the sea surface water autonomously. This suite of sensors 

consisted of a DIC, pH, TA, nitrate and phosphate sensor. The RRS James Cook has an underway 

system which pumped water from a depth of 5.5 m through a SBE45 Thermosalinograph. The 

seawater flowed out of a tap into a 1 L bottle, passing through Tygon® tubing via two inverted Y 

connectors that functioned to remove bubbles from the water. The water flowed at a rate of 
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~2 L min-1. The sensors took samples from the overflowing bottle, shown in Figure 5.16. Of the 

carbonate sensors, the DIC and TA sensors were programmed to sample every 20 minutes and the 

pH sensor every 10 minutes. During the two-day transit from Aberdeen to Southampton 31 

bottled samples were collected for sensor evaluation and calibration. Bottled samples were 

preserved with saturated mercuric chloride solution following SOP 01 in (Dickson, Sabine and 

Christian, 2007). The bottled samples were analysed using a VINDTA 3C (Marianda, Germany) at 

the Bermuda Institute of Ocean Sciences, within one month of the cruise.   

 

Figure 5.16 Photograph showing the set-up of the sensors taking measurements from the 

underway system. Panel A shows the full set up, and Panel B focuses on the 

overflowing sample bottle the sensors sampled from. 

Alongside the two in situ calibrations described in section 5.4.1, post deployment calibrations 

were developed for the DIC LOC Version Two. The post deployment calibrations were based on 

the bottled samples. The first post deployment calibration was based on all 31 of the bottled 

samples. As this calibration was based on all of the bottled data the calculated accuracy and 

precision (equations 5.7 and 5.8) were effectively self referential, and therefore of potentially 

limited value. To solve this issue, two further post deployment calibrations were developed, 

which used half and quarter of the bottled samples, respectively. The bottled data not used to 

generate these further calibrations were then used to assess the accuracy and precision of the 

sensors, using equations 5.9 and 5.10. These calibrations, and their precision based on the 

chamber characterisation described in section 5.4.2, are detailed in Table 5.6. All three of the post 

deployment calibrations had a laboratory precision of < 0.2 µmol kg−1, which demonstrated that 

the sensor was capable of making precise measurements, of the level required to monitor to 

climate precision as defined by GOA-ON, detailed in section 1.2.3 (Newton et al., 2014). 
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Table 5.6 Post deployment calibrations and precisions from chamber characterisation.  

 Calibration Equation 

Laboratory 

Precision 

µmol kg−1 

P
o

st
 D

e
p

lo
ym

e
n

t 
C

al
ib

ra
ti

o
n

s 

All Bottled 

Data 
𝐷𝐼𝐶 (µ𝑚𝑜𝑙 𝑘𝑔−1) = 𝑆𝑖𝑔𝑛𝑎𝑙 𝑆𝑡𝑒𝑝 (𝑉) × 402.1 + 1710.3 0.2  

Half Bottled 

Data 
𝐷𝐼𝐶 (µ𝑚𝑜𝑙 𝑘𝑔−1) = 𝑆𝑖𝑔𝑛𝑎𝑙 𝑆𝑡𝑒𝑝 (𝑉) × 341.8 + 1769.9 0.1  

Quarter 

Bottled Data 
𝐷𝐼𝐶 (µ𝑚𝑜𝑙 𝑘𝑔−1) = 𝑆𝑖𝑔𝑛𝑎𝑙 𝑆𝑡𝑒𝑝 (𝑉) × 408.0 + 1713.2 0.2  

 

The field-based accuracy and precision of the two in situ and three post deployment calibration 

methods were assessed using the same metrics as the Version One sensor (described with 

equations 5.7, 5.8, 5.9 and 5.10) and the results are shown in Table 5.7. During the deployment 27 

measurements of the low CRM were taken along with 18 measurements of the high CRM. The 

difference in the number of measurements taken was due to the low CRM being measured first in 

the measurement cycle, so when the run was interrupted and restarted it resulted in more low 

CRM measurements being made.  
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Table 5.7 Comparison of the precision and accuracy of the calibration techniques trialled using the 

underway data. The grey numbers highlight the accuracy and precision calculated 

based on data used to generate that calibration.  

 

On-board Low CRM 

2022 µmol kg−1 

Batch 180 

n = 27  

On-board High CRM 

2238 µmol kg−1 

Batch 164 

 n = 18 

Bottled Samples 

 

Range 

µmol kg−1 

 

Accuracy 

µmol kg−1 

Precision 

µmol kg−1 

Accuracy 

µmol kg−1 

Precision 

µmol kg−1 

Accuracy 

µmol kg−1 

Precision 

µmol kg−1 

n 

In
 s

it
u

 C
al

ib
ra

ti
o

n
s 

All 

CRM 
-30 ±63 -39 ±54 -106 ±69 31 425 

Rolling 

CRM 
3 ±11 0 ±27 -66 ±43 18 345 

 

P
o

st
 D

e
p

lo
ym

e
n

t 
C

al
ib

ra
ti

o
n

s All 

Bottled 

Data 

78 ±9 -102 ±10 0 ±11 31 69 

Half 

Bottled 

Data 

79 ±7 -106 ±9 1 ±11 16 62 

Quarter 

Bottled 

Data 

87 ±9 -93 ±10 -10 ±10 24 74 

The in situ two-point calibration based on all CRM measurements had poorer precision than the 

rolling two-point CRM calibration, approximately by a factor of 2. This shows that there was drift 

in the on-board CRM, which was accounted for by the rolling calibration. Because of the observed 

CRM drift, both the in situ calibrations can be discounted in this deployment. As noted in section 

5.3.3, previous sensor development work found that foil-lined bags had drifted, possibly as the 

result of the foil reacting with the CRM (Wang et al., 2015). Further investigation of the drift using 

the post deployment calibration is required before conclusions can be drawn.  

As all three post deployment calibrations performed similarly, the calibration based on all the 

bottled data was selected to plot the data. In this calibration, the low CRM was overestimated by 

78 ± 9 µmol kg-1 and the high CRM was underestimated by 102 ± 10 µmol kg-1. Figure 5.17 shows 

the underway data plotted with the post deployment calibration based on all the bottled data, 

and in this plot the CRM drift is visible. The data show both the CRMs drifting over the duration of 
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the deployment and that the drift matched the trend of the sensor measured sample. This 

suggests that there was carry-over between the samples and CRMs as a result of incomplete 

flushing of the sensor between measurements. This is most apparent in the pairs of high CRM 

measurements following a seawater sample run, with the first measurement consistently lower 

than the second. This sub-optimal flushing of the system between measurements is possibly 

caused by the shortened measurement cycle and is likely the reason for the drop in precision 

performance between the laboratory characterisation in section 5.4.2 and the field-based sensor 

assessment. 

 

Figure 5.17 Underway data, showing the sensor measured sample concentrations and both sensor 

measured CRM values using the bottled sample calibration. The CRM concentrations 

are not shown because they are out of scale. 

Despite the evidence of carry-over, the calibrations show a precision of ± 11 µmol kg−1 when 

comparing the sensor measured values to the bottled sample, using equation 5.10. By the end of 

the deployment there was not enough volume of CRM in the bags to measure these using a 

benchtop instrument but a separate bag, filled prior to the cruise and taken on the deployment, 

was analysed using a VINDTA 3C (Marianda, Germany) along with the bottled samples. This 

bagged batch of CRM batch 172 was shown to have drifted during the two months between 
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bagging and measurement from its certified value of 2038 µmol kg−1 to 2078 µmol kg−1. This drift 

occurred despite the bags having the lowest possible gas diffusion coefficient. Future long term 

bag stability testing will be carried out to establish whether the drift occurred during the bag-

filling process or during storage and transit.  

The underway data are plotted in Figure 5.18. The underway system was temporarily shut down 

as the ship crossed the River Thames outflow, which is shown in the lack of data in that region. 

The regular gaps in the data correspond to sensor measurements of the on-board CRM. There is a 

general trend in the underway data of increasing DIC concentrations from the experiment site in 

the north towards the south of the North Sea. This trend, and its magnitude of ~30 µmol kg−1, is in 

agreement with various previous studies (Bozec et al., 2006; Clargo et al., 2015; Burt et al., 2016; 

Omar et al., 2019). These previous works have identified that the northern North Sea is seasonally 

stratified, with this region being characterised by water depths greater than 50 m, found 

generally north of 55oN. In spring and summer in the northern region, photosynthesis in the 

surface layer reduces the DIC concentration (Clargo et al., 2015). This is in contrast to the well-

mixed southern North Sea, which is characterised by shallower water, less than 50 m deep.  
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Figure 5.18 Map of the surface measurements made on the transit from off Aberdeen to 

Southampton on cruise JC180. 

Plotting the underway DIC concentrations on a temperature-salinity diagram, in Figure 5.19 

Panel A, shows that highest DIC concentrations are recorded at the lowest salinities, a result in 

line with a study which has shown that in the southern North Sea DIC concentrations are 

increased due to riverine inputs (Burt et al., 2016). Plotting the DIC data north of 55oN as crosses 

in Figure 5.19 Panel B confirms the lower concentrations were found to the north of the transect 

and had a limited range in temperature and salinity. The data south of 55oN were plotted as 

squares and confirms that the highest DIC concentrations were in the lower salinity water to the 

south of the transect.  
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Figure 5.19 Temperature - Salinity plots of the underway surface data. Panel A shows the DIC 

concentration overlaid on the plot. Panel B illustrates the location of the data north 

or south of 55oN. 

In summary, the underway data demonstrated that the post-deployment calibration based on the 

bottled samples was the most reliable calibration method. This calibration technique had a 

precision based on laboratory testing of ± 0.2 µmol kg−1. The field-testing demonstrated poorer 

precision, approximately ± 10 µmol kg−1, regardless of whether the precision was calculated from 

the residuals from the certified CRM data or the bottled samples. The difference in precision 

appears to be the result of insufficient flushing between samples, resulting in carry-over. Future 

work will be carried out to improve the flushing with the goal of improving the field precision. 

5.4.4 ROV Data 

The main focus of the STEMM-CCS cruise JC180 in 2019 was to assess the ability of a range of 

different techniques to detect a generated CO2 plume. The addition of CO2 from a bubble plume 

to the seawater will increase the DIC concentration through increasing the CO2(aq) in the seawater. 

In addition, the bubble plume will also lead the formation of carbonic acid, which will dissociate to 

produce bicarbonate and carbonate ions. This will produce protons, lowering the pH.  To measure 

the extent of these impacts a suite of OTEG LOC sensors were mounted on the ROV Isis. This was 

the same suite of sensors as used on the underway system, described in section 5.4.3.1, 

consisting of DIC, pH, TA, nitrate and phosphate LOC sensors. The sensors were mounted in the 

rear right quadrant of the vehicle, as shown in Figure 5.20. To ensure the sensors were measuring 

as close to the plume as possible, a sample inlet tube was run from the front of the ROV back to 

the sensors, with sample pumped continuously through this tube by a SBE-5M pump (Sea-Bird 
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Scientific, USA). This section will focus on data from four of the ROV dives during the time of the 

highest gas flow of 50 LSTP min-1. 

 

Figure 5.20 Panel A shows the location of the OTEG LOC sensors on the ROV Isis, with the sample 

tube visible in the centre of the white box. Panel B shows a plan view of the vehicle 

and illustrates the location of the sensors and Niskin bottles, relative to the front of 

the ROV. 

The DIC sensor on the ROV was programmed to operate following the same measurement cycle 

as the underway system, described previously in Table 5.4, running replicate measurements of a 

low DIC CRM followed by a set of five sample measurements, then two replicate measurements 

of the high DIC CRM. As in the underway data, the CRM measurements were used to create two 

in situ two-point calibrations, one based on the average of all the CRM data and the second on 

the rolling CRM calibration. Two post deployment calibrations were generated based on the 

bottled data collected using samples taken from the Niskin bottles mounted on the ROV.  

The ROV had six Niskin bottles mounted on the rear left quadrant of the vehicle, shown in Figure 

5.20 Panel B. On each of the four dives, bottled DIC samples were collected and preserved 

following the SOP 01 (Dickson, Sabine and Christian, 2007). The Niskin bottle samples were always 

taken towards the end of the ROV dive to reduce the potential for biological processes to alter the 

DIC concentrations. The DIC concentrations in the bottled samples were measured on an Apollo 

DIC analyser and the data are presented in Table 5.8. Samples were taken at the gas plume site 

and away from the plume by the gas tank, indicated in Table 5.8. Replicate bottle samples were 

taken at the gas plume site (n ≥ 3). The set of replicate measurements taken by the plume at 

07:05 on the 19th May showed a high standard deviation of over 200 µmol kg−1. This may have 
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been the result of the spatial heterogeneity of the plume being captured by the Niskin bottles. It 

may also have been the result of poor flushing of the Niskin bottles, because the bottles were 

located inside the ROV frame, and prior to the collection of these samples the ROV had been 

stationary on the seabed taking sediment push cores. Regardless of the cause, these data were 

excluded from the evaluation of the sensor performance and were not used in the post 

deployment calibrations.  

Table 5.8 DIC concentration of Niskin bottle samples taken from bottles mounted on ROV. 

Date 

Time 

Dive 

Number 

Average 

µmol kg−1 

Standard 

Deviation 

µmol kg−1 

Rep 1 

µmol kg−1 

Rep 2 

µmol kg−1 

Rep 3 

µmol kg−1 

Rep 4 

µmol kg−1 

Plume or 

Tank 

17/5/19 

1616 
369 2163 3 2159.2 2163.8 2164.8 - Plume 

17/5/19 

1631 
369 2159 - 2158.5 - - - Tank 

18/5/19 

0909 
370 2200 34 2238.6 2172.6 2188.6 - Plume 

18/5/19 

0923 
370 2157 - 2156.8 - - - Tank 

19/5/19 

0705 
372 2494 203 2595.7 2725.3 2371.4 2282.5 Plume 

19/5/19 

0720 
372 2152 - 2152.2 - - - Tank 

19/5/19 

1515 
373 2259 14 2265.2 2273.7 2255.1 2240.4 Plume 

19/5/19 

1528 
373 2155 - 2155.5 - - - Tank 

The bottled data were used to generate two post deployment calibrations. The first was a single 

point calibration based on an average of the bottled samples collected at the plume from each 

dive, which produced a different calibration for each dive. This reduced the number of bottled 

sample data available to assess sensors the accuracy and precision using equations 5.9 and 5.10. 
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The second post deployment calibration was a two-point calibration generated from bottled 

sample data. This calibration gave a single equation that was then utilised for all of the dives; it 

also used fewer bottled samples, and so there were five remaining sampled bottles that could be 

used to assess the accuracy of the sensor and precision of its performance using equations 5.9 

and 5.10. The assessment data for all calibrations are presented in Table 5.9. 

Table 5.9 Comparison of the precision and accuracy of the calibration techniques trialled using the 

underway data. The grey numbers highlight the accuracy and precision, calculated 

based on data used to generate that calibration. 

 

On-board Low CRM 

2039 µmol kg−1 

Batch 172 

n = 19 

On-board High CRM 

2239 µmol kg−1 

Batch 164 

 n = 19 

Bottled Samples 

 

Range 

µmol kg−1 

 

Accuracy 

µmol kg−1 

Precision 

µmol kg−1 

Accuracy 

µmol kg−1 

Precision 

µmol kg−1 

Accuracy 

µmol kg−1 

Precision 

µmol kg−1 

n 

In
 s

it
u

 C
al

ib
ra

ti
o

n
s 

All CRM 4 ±22 5 ±24 -28 ±41 7 212 

Rolling 

CRM 
5 ±17 0 ±10 -23 ±49 7 153 

 

P
o

st
 D

e
p

lo
ym

e
n

t 
C

al
ib

ra
ti

o
n

s 

Single 

Bottled 

Sample 

per 

Dive 

30 ±20 -11 ±23 -9 ±54 3 158 

Two 

Bottled 

Samples 

for all 

Dives 

90 ±25 66 ±28 43 ±42 5 297 

The in situ CRM calibrations both showed evidence of less drift than the in situ calibrations for the 

underway data, but this would be expected because the ROV data were derived from a shorter 

deployment. Because the ROV data were collected using the same measurement cycle as the 

underway data, the in situ CRM calibrations were not selected as the optimal processing method 

for the ROV data, due to the carry-over issue described in section 5.4.3.1. 
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The two post-processing calibrations both had similar precision, so the calibration based on the 

single bottled sample from each dive was selected for processing the data and as this had 

improved accuracy for the CRM and bottled measurements, this was used to plot the ROV data 

shown in Figure 5.21. This calibration method overestimated the low CRM by 30 ± 20 µmol kg-1, 

and underestimated the high CRM by 11 ± 23 µmol kg-1. For the ROV data, the selected processing 

method underestimated the high CRM by 11 µmol kg-1, an order of magnitude better than the 

processing used for the underway data, which underestimated the high CRM by 102 µmol kg-1. 

This difference is probably due to the fact that the average of the measured sample 

concentrations from the ROV was closer to the certified value for the high CRM. The average 

measured DIC concentration was 2158 µmol kg-1 over the ROV data but only 2103 µmol kg-1 for all 

the underway data. This meant that any carry-over of sample in the underway system would have 

a bigger impact on the high CRM data. 

 

Figure 5.21 DIC concentration from the ROV data, calibrated using the single bottle post 

deployment calibration method. 

The fact that the ROV sensor measured higher DIC concentrations than the underway sensor 

recorded for surface seawater corresponds well with the profiles collected in 2018, shown in 

1900

1950

2000

2050

2100

2150

2200

2250

2300

D
IC

 C
o

n
ce

n
tr

at
io

n
, 

µ
m

o
l k

g-1

Date

 Sensor Low CRM
Sensor High CRM
 Sensor Sample
Apollo Measured Bottle
Certified CRM, Batch 164, 2238 µmol/kg
Certified CRM, Batch 172, 2039 µmol/kg



Chapter 5 

132 

Figure 5.22. The plot of all the DIC profiles shows that the surface water had a concentration 

range of 2053 – 2095 µmol kg-1, and at 120 m had a concentration range of 2150 – 2210 µmol kg-1. 

This matches well with the data recorded by the DIC sensor mounted on the underway system 

and ROV, which had average values of 2103 µmol kg-1 and 2159 µmol kg-1 respectively. The 

magnitude of the difference between the surface and bottom water also compares well with 

those reported previously for previous cruises in the summers of 2001, 2005, 2008 and 2011 

(Clargo et al., 2015). 

 

Figure 5.22 DIC concentration depth profiles from August 2018, using the data from POS527 

Esposito, Martinez-Cabanas and Achterberg, (2019). 

The ROV data are further examined in the following section by comparing the DIC LOC measured 

concentrations to the DIC derived from sensor-measured pH and TA data.  

5.4.4.1 ROV DIC Derived from pH and TA 

The suite of sensors mounted on the ROV also included pH and TA LOC sensors, and so the 

collected dataset is capable of over determining the carbonate system. The pH was measured 

spectrophotometrically using a LOC sensor developed from a benchtop instrument (Rérolle et al., 

2013). The LOC pH measurement was derived from the colour change of the purified pH sensitive 

dye meta-Cresol Purple (Liu, Patsavas and Byrne, 2011) when mixed with the seawater sample. 

The pH sensor recorded a measurement every 10 minutes. The TA LOC sensor determined TA 

from a single-point open system acid titration of seawater sample (sample CO2 removal through a 

GEU), with spectrophotometric end-point pH determination using the indicator dye bromophenol 

blue. The TA sensor made a measurement every 7 minutes, with a calibration every 9 samples. 
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When both pH and TA are measured, DIC can be derived by solving the system of equations that 

describe the chemical equilibria of the oceanic carbonate system. Total alkalinity (TA) in oceanic 

water is the sum of the carbonate alkalinity (CA), borate alkalinity (BA), phosphate alkalinity (PA), 

silicate alkalinity (SiA), dissolved organic carbon alkalinity (DOCA), sulphide alkalinity (SA), and 

ammonia alkalinity (AA), such that: 

𝑇𝐴 = 𝐶𝐴 + 𝐵𝐴 + 𝑃𝐴 + 𝑆𝑖𝐴 + 𝐷𝑂𝐶𝐴 + 𝑆𝐴 + 𝐴𝐴 + [𝑂𝐻−] − [𝐻+] (5.11) 

In nutrient depleted oxic oceanic water, the two major components of TA are the carbonate 

alkalinity and borate alkalinity. The CA can be derived if TA is measured and BA is known, such 

that: 

𝐶𝐴 = 𝑇𝐴 − 𝐵𝐴  (5.12) 

The BA can be calculated from equilibrium dissociation reaction of boric acid: 

𝐵𝐴 =  
[𝐵𝑡𝑜𝑡𝑎𝑙]𝑆𝑎𝑚𝑝𝑙𝑒

1+
𝐻+

𝐾𝑏

, (5.13) 

where [𝐵𝑡𝑜𝑡𝑎𝑙]𝑆𝑎𝑚𝑝𝑙𝑒 is determined as a function of salinity as: 

[𝐵𝑡𝑜𝑡𝑎𝑙]𝑆𝑎𝑚𝑝𝑙𝑒 =  
[𝐵𝑡𝑜𝑡𝑎𝑙]𝑂𝑐𝑒𝑎𝑛,𝑆=35

35
× 𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑆𝑎𝑚𝑝𝑙𝑒, (5.14) 

The total boron concentration ([𝐵𝑡𝑜𝑡𝑎𝑙]𝑂𝑐𝑒𝑎𝑛,𝑆=35) in seawater at salinity 35 is 0.000433 mol kg−1 

(Lee et al., 2010). The equilibrium dissociation constant of boric acid (Kb) is a function of salinity 

and temperature as described in (Dickson, 1990b). Equation 5.11 can be rearranged to give DIC in 

terms of CA and pH, such that:  

𝐷𝐼𝐶 = 𝐶𝐴  
[𝐻+]2+[𝐻+]𝐾1+𝐾1𝐾2

[𝐻+]𝐾1+2𝐾1𝐾2
, (5.15) 

where K1 and K2 are the equilibrium dissociation constants of dissolved CO2 in oceanic water, 

which are functions of salinity and temperature (Dickson and Millero, 1987).  
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The DIC concentration was calculated using data from the ROV dive 370, using the CO2SYS code in 

Matlab® (van Heuven et al., 2011). This dive, taking place over the 17th − 18th May 2019, was the 

longest ROV dive of the cruise, which was at the time of the highest CO2 injection flow rate. The 

constants K1 and K2 were from (Mehrbach et al., 1973) as refitted by (Dickson and Millero, 1987) 

and the KHSO4 from (Dickson, 1990a). For the calculations the TA measurement closest 

temporally to each pH measurement was used. This data are presented in Figure 5.23. 

 

Figure 5.23 LOC sensor data from ROV dive 370, showing the DIC concentration derived from the 

pH and TA measurements. 

There was very little variation measured by the TA sensor, with an average measured TA of 

2336 µmol kg−1, with a standard deviation of 4 µmol kg−1. This is because the addition of CO2(aq) 

has no impact on the TA. The average pH for the duration of the dive was 8.023, and the pH 

sensor recorded three pH drops with magnitudes greater than 0.050 pH units during the 

deployment on 18th May 2019, as shown in the graph in Figure 5.23. The largest pH drop of 0.195 

pH units occurred at 10:35. At this time the ROV was stationary on the seabed close to the plume 

collecting sediment push cores. The derived DICcalc increased by 71 µmol kg−1, which matches well 

with the sensor DICmeasured increase of 79 µmol kg−1. The next largest pH drop was of 0.078 pH 

units at 02:25. At this time the ROV was within a few meters of the plume, deploying other 

equipment. The derived DICcalc increase had a magnitude of 35 µmol kg−1. This corresponds well 
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with the DICmeasured increase of 33 µmol kg−1. The smallest third peak at 06:50 produced a pH drop 

of 0.056 pH unit, which yielded a DICcalc increase of 21 µmol kg−1, not captured in the DICmeasured, 

potentially as the sensor had just been running a CRM. 

The derived DICcalc concentrations were ~40 – 60 µmol kg−1 higher than the DICmeasured for the first 

four hours of the deployment. This is possibly the result of the oil-filled housing coming into 

thermal equilibration with the seawater, after warming up during the time the ROV was on deck.  

Over the course of the dive when the temperature in the oil-filled housing had stabilised, the 

accuracy and precision were assessed using the same metrics as used in the preceding sections. 

This assessment demonstrated that the DICmeasured was on average 17 ± 15 µmol kg−1 less than the 

DICcalc.  

A potential limitation of using chemical equilibrium relationships to derive DIC from pH and TA, as 

used in CO2SYS, is that the relationships are only true for systems in equilibrium. In the gas 

release experiment CO2 is being added to the system and in the region closest to the plume the 

system may not be in equilibrium. Modelling work has estimated the relaxation time for carbon to 

be 15 − 30 seconds (Zeebe, Wolf-Gladrow and Jansen, 1999), which could explain some of the 

differences seen when the ROV was closest to the plume.   

5.4.5 Comparison of Underway and ROV data 

Comparing the DIC measured in the bottled samples to the sensor estimated values for both the 

underway and ROV deployments shows generally good agreement, with the linear regression 

having an R2 value of 0.75 and a standard error of 14 µmol kg−1, as seen in Figure 5.24 Panel A. 

This plot shows that the DIC concentration recorded close to the seabed by the ROV was higher 

than the surface concentration recorded by the underway sensor. The ROV dataset contains only 

three bottled samples and, as detailed in Table 5.8, the replicate bottles collected by the ROV had 

high variation between replicate measurements, up to 203 µmol kg−1. Excluding the ROV data for 

these reasons reduced standard error to 8 µmol kg−1. The deviation of the regression from the 

linear line of y = x suggests the sensor was underestimating the DIC concentration at higher 

concentrations, however as there are limited bottle samples at the higher concentrations further 

testing of the system would be required to determine whether this was the case. A potential 

reason for this could be dilution of the sample by the low CRM if the flushing was insufficient. The 

plot of the residuals in Figure 5.24 Panel B show there is no trend with an R2 < 0.4. The average of 

the residuals for both datasets is 2 ± 19 µmol kg−1, excluding the ROV dataset that is reduced to 

0 ± 11 µmol kg−1.  
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Figure 5.24 Comparison plots for the underway and ROV data. Panel A shows the bottled data 

compared to the sensor data. Panel B shows the residuals between the sensor and 

bottle measured samples. 

5.4.6 Summary of Version Two Testing 

The laboratory characterisation of the sensor Version Two gave a precision of ± 0.2 µmol kg−1. This 

precision would be an order of magnitude better than the ± 2 µmol kg−1 required to give climate 

quality level measurements as defined by GOA-ON (Newton et al., 2014). The results of the field-

testing demonstrated precision closer to ± 10 µmol kg−1, which is within the window of weather 

quality measurements as defined by GOA-ON. It is apparent in the data that there is carry-over 

between samples, which will be addressed in the next sensor version, details of which are 

presented in chapter 6. While the ROV measurements had fewer bottled samples available for 
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direct assessment of the performance of the sensor, it was possible to compare the measured 

concentrations to derived DIC concentrations from pH and TA measurements. This comparison 

confirmed that the sensor was performing close to the weather quality. The sensor mounted on 

the ROV detected the peaks in DIC caused by the plume, and these values matched well with the 

derived DIC, demonstrating that the sensor had good potential for mapping the plume.  

The level of performance achieved by the sensor would provide useful data in areas with high DIC 

fluxes over short time periods, such as tropical lagoons where calcifying organisms have been 

found to generate diurnal fluxes of ~300 µmol kg−1 (McMahon et al., 2013) or over spatial areas 

with a large range in DIC concentrations, such as marshy estuarine environments where DIC 

concentrations have been found to range by ~400 µmol kg-1 over 12 km (Wang et al., 2018). 
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Chapter 6 Conclusions  

6.1 DIC LOC Development Summary 

This work presents the developmental process undertaken to design an autonomous DIC sensor 

for oceanic measurements, based on a microfluidic “Lab On Chip” (LOC) design. The DIC LOC 

sensor was developed following the Technology Readiness Level (TRL) roadmap. Starting from an 

idea based on theory, TRL 2, the system was developed into a benchtop instrument, TRL 4. The 

system was then miniaturised and automated to reach TRL 7 as the sensor was deployed multiple 

times.  

The DIC LOC sensor operates by acidifying a water sample, converting the DIC to CO2 which then 

crosses a membrane into an acceptor solution, which is monitored for a signal that is proportional 

to the DIC concentration. The sensor can be viewed as two key constituent components; the 

module responsible for facilitating the gas exchange, and the detector module. These were 

independently optimised and then integrated to produce benchtop instrument. The benchtop 

instrument was then miniaturised and automated to produce the DIC LOC sensor.   

6.1.1 Gas Exchange Unit 

To ensure the sensor operates effectively, a rapid and efficient CO2 exchange is essential. The 

work described fully in Chapter 2 demonstrated that a Tube In A Tube (TIAT) was the optimal 

design for the Gas Exchange Unit (GEU) for the current version of the DIC LOC sensor. The TIAT 

was found to be mechanically robust and readily integrated into the sensor, while also providing a 

rapid gas exchange. The TIAT was also easily accessible, and serviceable, during the cases when it 

needed to be replaced. Testing demonstrated that the gas exchange occurred within one minute. 

Further work investigated planar membranes and demonstrated the potential of a bonded planar 

GEU. Several of the bonded planar GEUs functioned well over many months, with work presented 

in Chapter 4 detailing a benchtop instrument, which utilised a bonded planar GEU. Ultimately, the 

bonded planar GEU was not selected for the current DIC LOC sensor, which is presented in this 

work, as the TIAT was more adaptable and offered the ability to repair the GEU in case of failure. 

The TIAT was also fabricated more easily, because the bonding method for the planar GEU took 

longer and had a higher failure rate. The failure rate of the planar GEU bonding process is being 

addressed in future work.  
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6.1.2 Detector  

Conductometric detection was selected as the optimal method to measure the response in the 

acceptor solution, as this method had been demonstrated to show potential for making high 

quality measurements using readily available reagents. A Capacitively Coupled Contactless 

Conductivity Detector (C4D) design was selected for the current DIC LOC sensor. This was chosen 

as the electrodes were isolated from the acceptor measurement fluid, removing concerns over 

the electrode’s long term stability. The C4D was optimised to measure the conductivity range of 

interest.  

Contacting electrodes were also investigated as a potential design for the detector. Stability 

testing proved that the contacting electrodes were stable in 7 mM NaOH over multiple months. 

Further work then demonstrated that the four-electrode design offered improved performance 

over the two-electrode design. The contacting four-electrode design has been progressed further 

as detailed in section 6.1.4 and has demonstrated clear potential for use in future versions of the 

DIC LOC sensor.  

6.1.3 DIC LOC Sensor  

A total of seven sensors were fabricated and this work has detailed the data collected with a 

subset of these units over the course of the EU funded STEMM-CCS experiment. The fieldwork 

described Chapter 5 demonstrated that this sensor could be operated as both an underway 

instrument and an autonomous sensor. The final version of the sensor demonstrated a laboratory 

based precision of < 1 µmol kg-1 and field testing found the sensor had a precision of 

~10 µmol kg−1. The laboratory precision is an order of magnitude better than required to make 

climate quality measurements as defined by Global Ocean Acidification Observing Network 

(Newton et al., 2014). The precision from field-testing was closer to the Global Ocean Acidification 

Observing Network definition of weather quality measurements, however with modification to 

the measurement cycle precision closer to the laboratory precision should be achievable.  The 

deployments have demonstrated that the DIC LOC sensor is robust, flexible, and capable of 

making accurate measurements of the marine carbonate system.  

A recent review of carbonate measurement technology found there is currently no commercially 

available sensors or underway instruments capable of measuring DIC (Martz et al., 2015). The 

autonomous DIC LOC sensor developed in this work fills this current technological gap and 

enhances the ability to measure and monitor climate change. Since the conclusion of the 

fieldwork for the STEMM-CCS experiment, the sensor has been integrated on to the AUV Autosub 

and deployed in a Scottish loch, further highlighting the deployment potential for this sensor. 
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6.1.4 Future developments   

The reduction in precision between the laboratory and field assessment has provided evidence of 

carry-over between samples, which will require addressing for future deployments. The flushing 

system could be improved with the current hardware by increasing the number of flushes 

between samples. There are several potential future modifications to the hardware, which could 

also improve the flushing, and therefore improve the performance of the sensor.  

Following the work developing contacting tubular brass electrodes described in Chapter 3 further 

work has been started to develop planar platinum micro-electrodes. An in-house developed 

potentiostat has been tested with both tubular brass electrodes (from section 3.5) and planar 

platinum micro-electrodes, with both systems showing promising results. The planar electrodes 

have a greatly reduced volume compared to the detector used in the final version of the sensor, 

and also have the potential to be integrated with the main LOC module. This has two main 

impacts; the smaller volume will require a lower volume to flush the system, which will 

subsequently reduce the carry-over and potentially increase the sampling frequency. The micro-

electrodes are manufactured in a more easily repeatable manner than the contacting tubular 

electrodes which will reduce the variation between units. As the new electrodes can be 

integrated directly into the LOC module it will dramatically reduce the overall physical dimensions 

of the sensor. This will increase the number of platforms the sensor could be deployed on.  

The bonding technique developed in section 2.3.2 offers the potential to integrate a membrane 

directly within a detector based on planar electrodes. This would allow a reduction in the sample 

volume required, as well as offering improved flushing. This would increase the potential 

measurement frequency for future versions of the DIC LOC sensor.  

Chapter 4 presented the results of simplex optimisation work carried out on a benchtop 

instrument. This demonstrated that independently adjusting the flow rate of the sample and acid 

increased the magnitude of the recorded signal. The optimisation work found that a sample to 

acid flow rate ratio of 1:2.5 produced the maximum signal. With the current sensor pump 

hardware, it is not possible to achieve this flow rate ratio. For future DIC LOC sensors, utilising 

pumps which could be set to pump at different flow rates would allow this ratio to be used to 

increase the signal, potentially reducing the signal to noise ratio in the measurement.  

A TA LOC sensor is also in development. The TA LOC sensor operates based on a single-point open 

system acid titration of seawater, with the sample CO2 extracted through a GEU. The waste 

acidified seawater from the DIC sensor could be taken as the sample for the TA LOC sensor. The 

reciprocal is also true, with the TA LOC waste from the GEU being equivalent to the DIC sample, 
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meaning that the two sensors could be combined into one unit. In the future an integrated TA-DIC 

sensor will be designed based on the sensor described in this work. This TA-DIC LOC sensor will be 

capable of completely resolving the carbonate system. This sensor system would have the 

potential to dramatically increase the coverage of carbonate data, as this unit would be of such a 

size that it could be integrated into the full range of sensor platforms currently available. 

6.2 Future Outlook 

Historically humans have benefited greatly from the world’s oceans (Gee, 2019), viewing them as 

a limitless resource (Rock, Sima and Knapen, 2020). Now looking to the future as the world’s 

population continues to grow, the number and complexities of human interactions with the 

oceans are set to increase (Halpern et al., 2019). Temperature changes, rising sea levels and 

ocean acidification associated with global climate change (IPCC, 2014), in addition to increases in 

pollution are classic examples of marine stressors that require monitoring, but they are not the 

only ones. Marine ecosystems provide an essential source of nutrition; in 2015 fish provided 17% 

of the animal protein consumed by the global population (FAO, 2018) and aquaculture is the 

fastest growing sector producing food (FAO, 2018). Increasingly new fields are emerging which 

will impact the ocean, such as deep-sea mineral mining (Gollner et al., 2017; Van Dover et al., 

2017), offshore energy production (Garel et al., 2014) and carbon capture and storage (Turley et 

al., 2009; Blackford et al., 2014, 2015), and each of these processes will require sustained efforts 

to adequately monitor their impacts.  

Traditional ship based monitoring is expensive and not always the most appropriate method to 

monitor the large scale oceanic process (Bushinsky, Takeshita and Williams, 2019). The limitations 

of traditional monitoring techniques have led to a recent drive in the development of in situ 

biogeochemical sensing systems. The key driver behind this development has been to improve 

spatiotemporal data coverage in the ocean (Delory and Pearlman, 2019). To continue to advance, 

sensor development has been focused on two main areas: miniaturisation and reducing the cost 

of sensors, whilst maintaining high quality measurements.  

Through continued miniaturisation the range of platforms on which sensors can be mounted is 

increased, therefore improving coverage. A key example of this is the Argo program, which in 

20 years has vastly improved global data coverage of physical parameters by recording over 

2,000,000 profiles by 2018, all of which are openly accessible (Roemmich et al., 2019). More 

recently the Argo program has started to improve the coverage of biogeochemical measurements 

by adding sensors capable of measuring parameters such as oxygen, nitrate and pH to floats 

(Johnson and Claustre, 2016; Roemmich et al., 2019).  



Chapter 6 

143 

Moving forward, the price of miniaturised sensors will be leading factors in determining their 

long-term viability. Reducing the cost of sensors not only improves coverage by enabling more 

sensors to be deployed on a lower budget (Marcelli et al., 2014) but can also facilitate improved 

community engagement and education (Wong et al., 2018; Wang et al., 2019; Brewin et al., 

2020). Recently in the field of air quality measurement there has been an increase in the number 

of low cost sensors, providing data over a larger area but with higher uncertainties in each 

measurement (Snyder et al., 2013). Despite the higher uncertainties the data can be utilised 

alongside independent data to make reliable conclusions (Williams, 2019). In the future this 

approach could be applied to oceanic biogeochemical measurements in order to increase data 

coverage while maintaining a lower budget compared to traditional ship based monitoring.  

With the UN ocean decade approaching, initial planning for the 2021-2030 project has focused on 

6 objectives (Trakadas et al., 2019): 

1. A clean ocean 

2. A healthy and resilient ocean 

3. A predicted ocean 

4. A safe ocean 

5. A sustainably harvested and productive ocean 

6. A transparent and accessible ocean 

Each of these objectives will require a degree of monitoring which will be reliant on marine 

technology to effectively collect data. To meet the third objective of a predicted ocean, models 

will require access to data in as close to real time as possible (Partescano et al., 2017), presenting 

another challenge for new observing methodologies. The final of the six objectives highlights 

transparency and accessibility, and points not only to open access data but also to the potential 

use of open source technology (Cressey, 2013; Valada et al., 2014; Carlson et al., 2019). As such, 

the UN ocean decade could facilitate the democratisation of access to ocean data, while utilising 

modern technologies such as miniaturised sensors.  

A paper written in 1989 envisioning how ocean monitoring would look 25 years into the future 

imagined there would be a spread of vehicles operating across the globe, covering the traditional 

WOCE survey lines (Stommel, 1989). The Argo program has eclipsed the predicted 1,000 

platforms, deploying more than 3,800 platforms to date, however these floats do not have the 

directional control outlined in that original paper. As the cost of purchasing, operating, and 

maintaining vehicles and sensors drops the envisioned reality of deploying swarms of vehicles 

gets closer (Gregory and Vardy, 2020). Swarms of vehicles offer the potential to improve the 

efficiency of data collection by using novel tracks, rather than traditional lawn mower survey 
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lines, to map features or survey more rapidly (Hwang, Bose and Fan, 2019). Swarms of vehicles 

also offer the potential to act as a distributed network allowing efficient transfer of data back to 

end users (Jaffe et al., 2017). Increasing the density of platforms in the ocean also offers the 

opportunity to improve data quality by enabling inter calibration of sensors across vehicles (Allen 

et al., 2020), which was also visualised in the 1989 paper.  

It is apparent that there is a clear need for the continued development of ocean technology that 

can augment our understanding of global climate change, overcome the challenges presented by 

traditional data collection methods, and reliably monitor emerging fields. Innovative technology 

has the power to yield data on a diverse range of oceanic processes, supporting the sustainable 

management of marine resources that is essential for future generations. 
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