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Resumo

Um topico essencial ambos para o setor privado como para o0 setor publico é a
monitorizacao de diéxido de carbono. Diversas inddstrias como a industria alimentar e a
indastria de saude necessitam de sensores de CO. por diversas razdes. Um sensor
colorimétrico de CO; foi desenvolvido com base num sensor previamente testado. O
objetivo principal do sensor desenvolvido foi miniaturizar e compactar a versao testada
anteriormente. Ambos 0s sensores usam um transdutor colorimétrico que muda de cor
guando é exposto a CO.. O objetivo destes sensores Oticos € medir as diferengas de cor
gue originam de uma reacao quimica entre o transdutor e o CO,. Os dois sensores foram
testados para CO; gasoso, e o0 sensor desenvolvido foi testado para CO- dissolvido. Foram
obtidos resultados experimentais para CO; gasoso, onde um dos sensores foi caraterizado
numa gama entre 1% e 3% CO, com um limite de detecdo de 1.07% e um limite de
guantificacdo 1.23%. O outro sensor foi caraterizado entre uma gama de 7% e 20 % CO»
com um limite de dete¢do 1.87% e um limite de quantificacdo de 6.61%. O sensor

desenvolvido mostrou potencial para medi¢des para CO- dissolvido.



Abstract

An essential subject for both the public and business sectors is the monitoring of carbon
dioxide. Many businesses, including the food industry and the health industry, require
carbon dioxide sensors. A colorimetric CO, sensor was developed based on a previous
tested Sensor. The main objective of the developed sensor was to miniaturize and compact
the previous version. Both sensors make use of a colorimetric transducer, which changes
color because of a chemical reaction when exposed to CO.. To recognize and quantify the
color changes in the transducer, an optical sensor was built. The two sensors were tested,
for gaseous CO,. One sensor was tested for dissolved CO,. Experimental results were
obtained for gaseous CO, were one of the sensors was characterized in a range between
1% and 3% CO; with a limit of detection of 1.07% and a limit of quantification of 1.23 %.
The other sensor was characterized in a range between 7% and 20% CO- with a limit of
detection of 1.87% and a limit of quantification of 6.61%. The developed sensor also

showed promise for dissolved CO,; measurements.
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Optical Sensor; CO; sensor; dissolved Carbon dioxide; optical fiber; colorimetric sensor;
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Chapter 1 Introduction

1. Research Goals

Carbon dioxide (CO2) monitoring is used in a variety of industries, and an endeavor sought
by many governmental agencies. For industrial applications, CO2 monitoring can vary from

medical industry, food industry to aquaculture.

The main motivation for this thesis was to develop a new optical CO; sensor that can

measure both dissolved and gaseous CO- and can be applied in a few industries.

The methodology was based on previous research, with the aim to miniaturize, compact a
previously built sensor being developed around a colorimetric membrane whose fabrication

process was optimized.

The main objective was to build sensors capable of being implemented for gaseous and
dissolved CO, monitoring with high performance and providing a full characterization

regarding its measurement range, limit of detection and limit of quantification.

1.1. Thesis Structure

This thesis is divided in 6 chapters, where CO, monitoring is contextualized, a colorimetric

sensor is developed and tested.
The first chapter discusses the structure and motivation for this thesis.

The Second chapter provides an overview of CO; and its properties. The impact of high
CO; levels on the environment are discussed. A few applications are discussed, along with
the industry sectors where CO; sensor is required. Examples of CO, sensors are described

together with their basic operations, unique advantages, and downsides.

The Third chapter describes the sensing methodology, including the colorimetric
transducer, how it interacts with CO;, how that reaction is converted into a color variation,

and the gas system that was employed for measurements.

Fourth chapter presents the optoelectronic configuration in detail showing the design and

implementation with a discussion about the main advantages.

16



The experimental findings using both sensors are displayed in the fifth chapter. This data
concentrated on hysteresis effects, reversibility, and stability. For CO, gaseous
concentrations, both sensors were calibrated. One of the sensors was tested for dissolved

CO; but no calibration was performed.

The sixth chapter finishes with a characterization of each sensor for their respective range.

Potential applications for each sensor, possible further improvements.

The research described in this thesis was given as an oral presentation at the 2022
European Optical Society Annual Meeting and as a poster at the Doctoral Congress in
Engineering.
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Chapter 2 Carbon Dioxide Properties and Sensing
Methodologies

2. An overview

One of the most abundant gas on planet earth is CO, currently composing 0.04% of the
atmosphere[1]. The control of atmospheric CO:is currently one of the main topics on the
table of several governments and environmental associations [2]. Monitoring of CO is
increasingly a necessity, due to the increase of anthropogenic emissions[3]. Environmental
concerns have been growing for the last 200 years, and anthropogenic CO, emissions have
increased the atmospheric concentration from 280 parts per million(ppm) to 400 ppm[4].
Greenhouse Gases, acidification of oceans are all side effects of this phenomenon which

has caught the attention of many agencies.

Gas sensors had a market size of roughly 823.1 million dollars in 2019][5], this means that
gas sensors are sought after in both the private and public sectors. Many industries require
accurate, small, and robust sensors for real-time monitoring in a range of applications.
Sensors that can perform in extreme situations, such as high temperatures, high pressures,

and high humidity, as well as other factors, are becoming increasingly important.

2.1. Carbon dioxide Properties

Carbon is the foundation of all life on Earth, the carbon atom has a valence of four electrons,
which means it may create up to four bonds around itself. Forming these bonds is the most
stable form an atom can take, as it fills its outer shell. This property is one of the reasons
that makes it so abundant in life forms. Carbon dioxide is made up of a molecule containing

two oxygen atoms joined by a covalent link to a carbon atom.

Because of its tendency to absorb infrared radiation, CO: is classified as a greenhouse gas
with unpredictably harmful consequences on the ecosystem. Greenhouse gases have a
negative impact on the environment in many nations. The impact of greenhouse gases on
the environment drives the demand for carbon dioxide sensors. Monitoring atmospheric
carbon dioxide is currently one of the key issues sought by many government and
environmental agencies. Environmental concerns have been developing for the previous
200 years, and anthropogenic CO. emissions have increased the atmospheric

concentration from 280 parts per million(ppm) to 400 ppm. Greenhouse Gases, acidification

18



of seas are all negative consequences of this phenomena which has drawn the attention of

several agencies.

2.2. Carbon Dioxide measuring Applications

There is a great variety for uses of carbon dioxide sensors and the most common will be

presented and discussed in this section

2.2.1.0cean Acidification

Most life on Earth is dependent on the ocean, which covers the majority of the planet's
surface. It is an important contributor to the world's biodiversity, and many biodomes rely
on the ocean's stability to exist. In the last 200 years, since the beginning of the industrial
revolution, the amount of carbon dioxide in the atmosphere has increased.

According to Henrys law, the amount of gas that is dissolved inside a liquid is proportional

to the partial pressure above the liquid.
C = KyP, 2.1

Where C is the concentration of a gas, Ky is Henrys law constant and P, is the partial

pressure of the gas[6].

This suggests that the amount of dissolved carbon dioxide in the ocean rises proportionately
to the atmosphere's carbon dioxide concentration. Which caused the pH of the surface
seawater to decline by 0.1 units, that implies It resulted in a 30% spike in hydrogen ion
concentration. This detail could have adverse effects on both the environment and the

ecology and biodiversity.

Figure 1 shows the interaction between the increase of atmospheric CO», the rise in global

temperatures, and how they bring harmful environments to living organisms.



Nutrient supplies
from vertical mixing

Figure 1: Ocean acidification, Ocean deoxygenation, and global warming all increase the

amount of ultraviolet light that upper layer organisms are exposed to..[7]

Ocean Acidification describes the process by which the oceans become more acidic, and
its pH is lowered. When CO: is dissolved in water, it tends to increase the concentration of
hydrogen ions (H*), which lowers the oceans pH. One of the main effects in sea life is that
the hydrogen ions [H*] react with carbonate ions [C0%7] to form [HCO3] [8], [9]. Marine
organisms which form hard shells and skeletons by using calcium from the seawater are
impacted by these changes, which makes it harder to access carbonate ions (Which bond
with the excess hydrogen ions).This means that marine life forms such as corals, and
mollusks can't form their shells naturally[10], [11]. The absence of coral reefs leads to a lack
of coastal protection, that can have negative social and economic effects on the fishing and
leisure industries. This equation shows how dissolved CO; forms carbonic acid and acidifies

its environment. [9].
C0,+ H,0 & H,C0; & HCO; +H* & (05~ +H* 2.2.

Reversing these oceanic changes will take a very long time[12].There is currently no known
man-made solution that can stop ocean acidification during our lifetimes, and even if there
were, it would only work locally and might have ramifications that are unpredictable.
Reducing CO. emissions and maintaining an ecosystem that is stable enough to prevent
biological impacts is the only viable way to stop polluting the oceans for a problem of this

magnitude.
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2.2.2.Food Storage & packaging

An ever-increasing food supply is desired in a consumer-driven economy [13]. Quality,
guantity, and safety are now seen as being vital for consumers in the food industry, and
many businesses strive to meet these high standards [12]. To prevent product damage,

leakage, and spoiling, quality assurance mechanisms are required [14].

Bulk storage employs a controlled atmosphere where the air mixture is continuously and
systematically maintained and monitored [14]. This method has been successfully
employed to store grain, meat, fruit, and vegetables [15], [16]. The growth of insects, bugs,
and fungi tends to cause deterioration during the storage of cereal grains and oilseeds.
Heat, water, and carbon dioxide are produced in greater amounts when the grain begins to
spoil. In most situations, the presence of high CO; concentrations (over 0.03 % compared

to ambient), is considered as a signal of spoiling [17].

Carbon dioxide is an indicator for monitoring food quality and safety standards. In food
packaging, the atmosphere inside the package is usually replaced for a certain mix of gases
frequently made to slow down or stop metabolic activities preventing for example bacteria
from growing and contaminating the food. Internal processes, including breathing, might

take place during storage and alter the composition of the air[18].

Modified atmospheric packaging (MAP) is the name of this method, which is widely used in
business [19]. Food packaging must have a way to keep food appetizing, aesthetically
pleasing, and nutritive to attract customers. After being packed, fruits and vegetables
continue to undergo metabolic processes that might lead to product degradation and
microbial invasion [20]. By removing air from the packing and injecting a gas combination
containing the necessary ingredients, this process is delayed. Some aerobic bacteria may
have slower metabolic rates when food products like fruits and vegetables are kept in an
environment with high CO; levels and low oxygen levels. Post-harvest impacts must be

controlled, and CO; levels must be monitored [21].

Food shelf life is one of the key reasons for using this approach; it assesses how long a
product will maintain qualities that are suitable for consumption after the packaging.
Additionally, it guards against additional product deterioration that detracts from its appeal

to customers, such discoloration and the formation of an unpleasant odor.

There are some variations of this method, where all the air is sucked out and the product is

tightly wrapped around, this is called vacuum packaging.
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Frequently in food packaging Nitrogen (N-), and carbon dioxide are used. Nitrogen is utilized
because it is an inert gas, whereas carbon dioxide is used to prevent the growth of aerobic
microorganisms since oxygen is linked to oxidation processes and can induce this
growth[21]. These gases should ensure that the atmosphere remains low in oxygen. Leaks
may often be found by keeping food in an environment with high CO- levels inside the
packaging. Monitoring the gaseous CO, concentrations allows for the early detection of

leaks, protection of the food from air exposure, and prevention of deterioration.

In this industry gas concentrations for modified atmosphere packaging can vary from 3%

CO. to 40% depending on the product that is being packaged.[16]

2.2.3.Capnography

Exhaled carbon dioxide is a residue that results from breathing's metabolic activities. When
air is breathed in, oxygen (O) is transported and distributed into the bloodstream, where it
reaches the cells. In the circulation, CO; is one of the metabolic byproducts of this
exchange. The human body then exhales CO: as the result of this surplus being eliminated.
It is commonly understood what makes up the human respiratory cycle. An average person
breathes in 21 % oxygen, 0.04% carbon dioxide, and exhales 4 % CO- and 16% oxygen[22].
Capnography is the process of charting this cycle's partial pressure of CO; in the human
breathing gases[23]. A non-invasive method of identifying a patient with lung problems,

which leads to a reduction in airway complications.[24]—-[26]

Exhaled gas is passed through a chamber where infra-red light absorption is seen, since
CO, absorbs most strongly in the 4.26 micrometer wavelength, which is currently the case
for most sensors used in this field[27]. The necessity for CO, sensors in the lower ranges

is a result of these factors.

Figure 2 shows the typical capnography phases which is monitoring the human breath cycle
for pCO.. Phase 1 is the inhalation of CO, free gas, or dry air; phase 2 is the beginning of
CO; exhalation from the lungs until it reaches a plateau. The third phase is the most
significant it reveals if the lungs are to exhale a significant amount of air; End tidal CO; is
the name of the pressure at the peak of this phase, which is used to prevent certain
conditions including hypoxia and respiratory depression [27]. Phase 0 demonstrates that

the breathed gas is devoid of CO.,
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PCO2

Time

Figure 2: The typical capnography stages. (adapted from [28]).

The primary method for measuring CO; is infrared spectroscopy[27], and it can be seen
from the carbon dioxide absorption spectrum that it has a significant absorption band around
4.26 micrometers in wavelength. As a result, the partial pressure of CO; in the exhaled
breath may be calculated by a direct relationship between gas concentration and absorption
bands. This indicates that the higher the concentration, the more infrared radiation is
absorbed. The requirement to calibrate the sensor before each use is one of the numerous
issues with this method, and the presence of water vapor can also alter measurements

because it is a gas with a high infrared radiation absorption [29].

For capnography the required measuring range for a sensor is between 0.04% CO, and
4%[28].

2.2.4.Aquaculture

The controlled breeding, raising, and cultivation of aquatic lifeforms is known as
aguaculture. It serves a variety of purposes, such as protecting threatened species,
restoring habitats, and advancing business objectives. Safe habitats may be built in both
freshwater and saltwater thanks to new technologies. The ocean is no longer able to meet

the growing demand for fish food because of human activity.

Figure 3 it shows the growth of the aquaculture industry in 40 years, indicating a future need

for dissolved CO, sensors.
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World fisheries and aquaculture production
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Figure 3: Aquaculture production from 1986 to 2018.[30]

Aquaculture has grown over the past few decades to suit consumer demand; by 2050,
aquaculture will supply nearly all fish consumption in the food industry. Aquaculture is a key
industry in the global food sectors, producing 80 million tons of fish food in 2016[31]. Fish

raised in 37 different countries outnumbered fish harvested from the wild in the same year.

Recirculating aquaculture systems (RAS) is a technique that cleans and reuses water in a
closed loop circulating system. When raising fish, this method is environmentally benign
because no natural resources are used or squandered. Reusing the same water has led to

an accumulation of metabolites that could endanger the health of the fish [32].

In aquaculture carbon dioxide is a naturally occurring residue, but exposure to high
concentrations in water can cause health issues like an increased risk of nephrocalcinosis,

stunted growth, and acidosis[32]—[34].

The relationship between size and growth in Atlantic salmon post-smolt farms is inversely
correlated. Any extra 10 mg/L of dissolved CO; results in a growth decrease of 10% for
these growth penalties, with a starting concentration of 12 mg/L. As a result, monitoring

carbon dioxide is important in RAS[35].

For aquaculture, depending on the fish that are being farmed, dissolved CO; sensors are

needed to monitor concentration levels between 5 mg/L and 40 mg/L [35].
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2.3. Sensors for Carbon Dioxide Detection

A sensor is a device or system designed to record or measure a physical or chemical

reaction. It converts an environmental change into a measurably clear signal.

A sensor may be broken down into 4 basic parts; First, a point of contact between the sensor
and the environment; A transducer that transforms a physical change in the environment
into a measurable signal, such as a rise in voltage, for example. The converted signal's
processing, amplification, and measuring components that transform the signal into a
read[36].

The transducer, which is typically a sensor's most basic element and the source of its
restrictions, serves as the foundation for the remainder of the sensor, which is constructed
around it[37].

To evaluate the performance of a sensor response time, selectivity, sensitivity, range,
reversibility, and recovery time as well as the cost of fabrication and the stability of the
signals are all important parameters. Range shows, the interval of concentrations that each
sensor is calibrated to measure. Response time measures the time interval between the
sensor receiving its target gas and the corresponding signal. Selectivity measures if other
gases affect the measuring signal. Reversibility compares if the sequential of the same gas
concentration measurements can measure the same signal meaning it says if the sensor
can recover its original signal. Sensitivity measures the minimal input for sensor output to

change, which in this case is the smallest amount of the target gas that can be present.

For carbon dioxide measuring a few types of sensors are used in the market, there are dry
and wet sensors that measure either gaseous or dissolved carbon dioxide. The main
difference between these sensors is the environments for which they thrive. In the next

subsection the types of sensor used on the market are discussed.

2.3.1.Types of CO. sensor on the market

A general comprehension of the types of sensors offered on the market is necessary to
comprehend the advantages and disadvantages of each type of sensor. A brief analysis of

the types of sensors used for CO; is discussed in this subchapter.
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2.3.2.Metal Oxide Sensors

Metal oxide sensors (MOS) are solid state sensors that vary in conductance when exposed
to their target gas. Usually, they fall into two categories, where the sensor is characterized
either by surface conductance effects or by bulk conductance effects. The operating method
depends on the temperatures, where surface conductance works between 400 to 600
Celsius and the bulk conductance works above 700. At low temperatures, materials like
SnO, and ZnO are used for surface conductance, whereas TiO,, CeO,, and Nb,Os are
employed for bulk conductance at high temperatures.[38], [39] A heater is a necessity to

operate these sensors, which tend to have high power consumption.[40]

Before beginning direct measurements, the sensor surface is heated to high temperatures
[41]. After heating, the sensor material's surface absorbs oxygen from the air around it.
These oxygen particles interact with the sensor's surface material, increasing the sensor's
resistance in n-type materials while decreasing it in p-type ones. When these sensors are
exposed to the target gas, in this example, CO., they wish to measure the concentration of,
the adsorbed oxygen goes through an oxidation-reduction reaction that changes the
material's electrical resistance or the target gas can react directly with the oxide from the
surface material[42]. Figure 4 depicts the behavior of the sensor's surface in relation to the
target gas it is trying to measure as well as how the resistance values vary based on the

type of materials used.

adsorbed adsorbed
target gas

oxygen ion oxygen ion .
e ‘ f . e ‘ v/
conduction \
band \’ \,
cs c5

/<‘ I I l
valence h‘\O h* ®
band

A

target gas

oxygen

fe— £as in
\ ambient

resistance
resistance

gas in

oxygen /
ambient

n-type MOS sensor p-type MOS sensor

4

Figure 4: Interaction between MOS sensors, oxygen and their target gas.[42]

A reference conductivity is calculated based on the sensor’s interactions with oxygen where:
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N 2.3

A
o = A xexp (_—K*T) Py

Where o is the electrical conductivity, A is a constant, E, is an activation energy, T is the

temperature, K is an equilibrium constant and N is a bulk defects constant.

In n type sensor the response is defined by the following equation[42]:

R
s=-9 2.4
Rq

While for p type MOS sensors the response is defined by the following equation[42]:
Rq

Ry

S = 2.5
In these equations R, is the resistance of the sensor in the presence of dry gas and R is

the resistance of the sensors in the presence of the target gas.

2.3.3. Electrochemical CO; sensors

In electrochemical sensors a chemical reaction occurs between the target gas and the
sensor where an electrode is used has a transducer to convert this reaction into an electrical
signal. For carbon dioxide sensors type Il potentiometric sensors measures the potential
difference between a working electrode and a reference electrode to determine the gas

concentration.

The Severing Haus-type sensor consists of a pH sensitive glass electrode that is covered
by a bicarbonate solution where a chemical reaction occurs in the presence of carbon
dioxide. The solution is enveloped by a hydrophobic gas permeable membrane, which
protects the sensor from water and other electrolytes and allows for the measuring of
dissolved and gaseous carbon dioxide. A reference electrode is used to compare to the

sensing electrode [43].

A typical Severing Haus sensor is shown in Figure 5, where CO. diffuses into an electrolyte

through a gas permeable membrane, combining with the electrolyte to raise its pH.

The glass electrode and the reference electrode take these reactions and turn them into an

electrical signal.
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Figure 5: A simplified schematic of the Severinghaus sensor (on the right) and the sensor in
its original configuration (on the left).. [44]

The electrical signal can be described by the Nernst type equation[45]:

E=k- (g) TI0) 2.6

Where R is a universal gas constant, T is the temperature, F is the faraday constant, z is

the charge involved in the reaction, Q is the reaction quotient.

2.4. Optical CO2 Sensors

In optical sensors, electromagnetic radiation interactions with either solid or liquid
substances are utilized to analyze chemical interactions. Both infrared and visible light as

well as ultraviolet radiation can be used for this purpose.

The feature that sets optical sensors apart from other types of sensors is capability to
employ optical changes as a measuring tool for measurements. It allows optical sensors to

determine a target's concentration by correlating optical properties.

According to the IUPAC classification optical sensors can be subdivided by the optical
properties they measure, which can be by absorbance, luminescence, reflectance,

refractive index, etc.[46]

Absorbance is measured in transparent mediums where, the analyte absorbs light in a
specific light wavelength, reflectance measures the light that is reflected back by a non-
transparent media, luminescence is the measurement of an emission of light due to a
chemical reaction and changes in the refractive index of the medium that light

transverses[46].
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The capability to incorporate these sensors to measure almost any physical and chemical
parameters is highly sought after. Fiber optical sensors are highly desirable due to their
immunity to electro-magnetic and radio interference and long-range abilities to maintain

information.

2.4.1.Nondispersive Infrared Sensor

Nondispersive infrared (NDIR) sensors are a type of sensors used to measure gas
concentrations, through a spectral analysis. The method of measuring carbon dioxide using
NDIR sensors is based on the correlation between concentration of a gas and its absorption
of electromagnetic radiation [47]. A gaseous substance's concentration may be determined
if its absorption spectrum is known, by using the Beer-Lambert law, there is a way to

correlate this absorption with the gas concentration[47].

In NDIR sensors, an infrared light source is employed, and the sample is injected into a gas
chamber. A wavelength filter made specifically for the target gas is placed in front of an

infrared light detector.

A comparison between the target gas chamber's measured signal and the reference signal

produces an absorption signal.

An illustration of an NDIR sensor is shown in Figure 6, where to measure the gas
concentration, an infrared lamp sends a light signal through a sampling tube. Two
thermopiles then receive the light signal, one as a reference signal and the other as the

measured signal, to produce an absorption signal.
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Figure 6: Structure of an NDIR sensor.[48]

Carbon dioxide has a well-established and characterized light absorption in the wavelength

range of 4.26 micrometers[49]. This indicates that the more infrared light is absorbed, the



higher the concentration of CO.. Based on this fact, a connection between gas
concentrations and absorption bands may be constructed. As a result, it is also possible to

determine the amounts of other gases in an environment that has been well monitored.

A change in absorbance is utilized as a measurement instrument for NDIR sensors. The
relationship between light attenuation and the characteristics of the medium through which
light is being transmitted is explained by the Beer-Lambert law. The relationship between
the light that is transmitted through a substance and the light that was first emitted is known

as transmittance and is explained by the following equations[50].

T=— 2.7
Iy

Where [ is the transmitted light, and I,is the emitted light. While absorption is the

logarithmic relationship with transmittance[50].
Absorbance = — log(T) 2.8

Absorbance shows how much of the emitted light is attenuated when it is transmitted

through material.

The Beer-Lambert law is a combination of two laws[50], [51],one states that there is a direct
correlation between the absorption of light going through a material and its length, that is

explained in the following equation:
Aal 2.9

And a second law that states that there is a direct correlation between absorption and gas

concentration.
Aac 2.10

In its most modern form, this law adds a constant that reflects the molar absorption

coefficient.
A= €lc 2.11

Where ¢ is the Molar absorption coefficient, [ is the optical path length that the light

transverses the medium and c is the Molar concentration of the target gas.

This means that a change in light absorption of a specific light wavelength is correlated with

the concentration of carbon dioxide.

Figure 7 demonstrates a high peak in infrared light absorption at around a 4.26 um

wavelength, which is the underlying principle for all NDIR sensors.
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Figure 7:Atmospheric Absorption spectrum of the two biggest greenhouse gases, including
CO; [52]

This kind of sensors tend to be affected by temperature changes, water vapor and
atmospheric pressure. NDIR sensors are used to measure atmospheric concentration of

carbon dioxide and for capnography.

2.4.2.Colorimetric pH sensors

When exposed to CO,, colorimetric sensors change color, which is subsequently translated
into an electrical signal. These sensors have the highest levels of selectivity and specificity.
To analyze color changes, spectrometers—which are typically bulky and not practical —
are widely utilized for a very thorough spectrum study. Typically, photodiodes and light filters
with extremely narrow wavelength ranges are being applied to the miniaturization of

sensors[53].

These kind of sensors usually uses a pH-sensitive dyes that, which in the presence of CO.,
tend to change color due to a chemical reaction with CO; that changes its internal pH[54],
[55].

CO0,(g) = C0,(aq) 2.12

CO,(aq) + H,0 = H,CO5 2.13



H,CO; = H* + HCO3 2.14

Usually the pH sensitive dye (HD) is dissolved either in its anionic (D) or protonated (HD)
form.[46]

HD = H* + D~ 2.15

They typically consist of a colorimetric pH-sensitive dye (HD), a quaternary ammonium
hydroxide(Q*) that serves as an ion-paring agent, used to solubilize the dye, and a gas
permeable membrane that allows the passage of CO; but not water since water might harm

the dye's internal chemistry.
Q*D~.xH,0 + CO, = Q*HCO3.(x — 1)H,0.HD 2.16

For wet sensors, CO; diffuses through a gas permeable membrane, a chemical reaction

occurs with the pH sensitive dye and an equilibrium is achieved which is then measured,
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while in dry sensors the gas permeable membrane is sometimes used as protection.

Table 1: Different types of sensors, advantages and disadvantages.(Adapted from [37])

Type of sensor Measured Principle Advantages Disadvantages
Quantities
MOS based Conductivity Conductometric | Fast response | High-Energy
Sensor time, low cost, Consumption,
long life time. sensitivity to
Wide range of | environmental
target gases. factors.
Electrochemical | voltage Potentiometric. Can measure Sensitivity to
Sensor toxic gases in environmental factors
low
concentration
Optical Sensor Light intensity, | Absorbance, High Sensitivity | High cost and
wavelength, reflectance, _ difficulty in
refractive fluorescence Immunity to miniaturization
index electro _
magnetic
interference




Chapter 3 Methodology and Chemistry

The basis of the optical system and the chemical/colorimetric modifications brought on by
CO; absorption in the colorimetric membrane are both detailed in this chapter. The
colorimetric technique, which was based on previous research and was used for all
measurements, is described. A thorough explanation of the colorimetric membrane's

fabrication and encapsulation, as well as the gas testing system, are presented.

3.  Methodology

A chemical membrane based on colorimetry was developed to be sensitive to Carbon
dioxide and a full optoelectronic system was built to detect small color changes with the

highest resolution possible.

The following block diagram of figure 8 explains the primary methodology underlying

colorimetric-based sensors.

Colorimetric CO: | Optical Signal . Signal
Membrane "I Interaction - Capture " Processing

Light Emission >

Figure 8: block Diagram of a typical colorimetric sensor.

A light source that transmits light via a colorimetric membrane makes up the sensor
architecture. An optical signal from this membrane is then captured, processed, and a CO-
measurement is acquired.

Since this sort of sensor is modular, it may be modified with alternative components that

use the same basic operating principles for each element in the block diagram.

The basic components for a colorimetric sensor are shown in figure 9.
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Optical Emission Transducer Optical detection
module module module

‘, : o

Figure 9: A light source, a transducer, and a signal capture are shown in this diagram to
show how the created sensor is configured.

An optical emission module, which in this instance can be any type of light source in the
transducer absorption spectrum, is shown on the left side of the picture. A transducer
module in the center transforms a CO- interaction into a colorimetric effect. An optical signal
is detected and processed for measurements by an optical detection module on the right

side.

This sort of work was based on earlier research [56], [57], but for the objectives of

optimization and downsizing, a novel configuration was constructed in this thesis.

3.1. Colorimetric Cocktail

For the fabrication of the chemical membrane the following chemical reagents were used,;
p-nitrophenol (pNPh) (Sigma-Aldrich ReagentPlus,>995), tetraethylammonium hydroxide
solution(TOA-OH;20% in methanol, Sigma Aldrich) was used as a quaternary ammonium
(TOA-OH), Hydrogel D4 (AdvanceSource Biochemicals, 10% in Ethanol, 96%;
Lawrenceville, NJ, USA) was used as a polymer to produce a homogeneous membrane
and Sylgard 184 (Dow Corning, 10:1, Midland, MI, USA) was used to encapsulate and
protect the chemical membrane.

For the preparation of the chemical cocktail, 5 mg of p-nitrophenol (pNPh) was dissolved in
0.05 ml of MeOH:H0O solution, which was mixed for 15 minutes using a magnetic stirrer.
After mixture, an additional 0.5 ml of 0.5M TOA-OH was added, which was stirred again.
After the pNPh dissolves completely, 0.1 ml of a Hydrogel solution was added (10% in
ethanol, 96%), which was then stirred for another 15 minutes.
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The final cocktail was then spread on a mylar foil by spin coating (900 rpm for 60 seconds),
and left to dry for about 2 hours, which then is stored inside a fridge prior to use.

3.1.1. Chemical Membrane Chemistry

A dry optical carbon dioxide sensor can be broken down into a few basic components: a
pH-sensitive dye, a phase transfer agent that dissolves the anionic form of the pH-sensitive
dye, a hydrophilic polymer, and a gas permeable membrane to cover the exposed sensing
layer.
A chemical equilibrium is created between the anionic and cationic versions of the phase
transfer agent and the pH-sensitive dye because of the phase transfer agent's reaction with
the sensing dye.
These sensors work primarily on the principle that CO diffuses through a gas permeable
membrane and interacts with the pH sensitive dye.
The following equation may be used to describe the colorimetric response in conventional
colorimetric CO; sensors where a pH-sensitive dye is chemically reacting and changing its
color. (Adapted from[58]).

D~ (Color A)+ H* s DH (Color B) 3.1

Where color A represents the color of the deprotonated dye, while the color B is the
protonated dye.
The colorimetric intensity of the pH-sensitive dye serves as the basis for CO, monitoring.
The general chemical mechanism comes from an association with a few water molecules,
which is described by the following equation[59]:

Q*D~.xH,0 + C0, S Q*HCO5.(x — 1)H,0.HD 3.2

Where Q* D~. yH,0 represent the deprotonated pH sensitive dye. This procedure involves
reversibly protonating the pH-sensitive dye such that it will produce Q*HCO3.(x —
1)H,0. HD when exposed to CO,.

Following the equations above, the sensor works by using an ion pair formation, where a
pH sensitive dye (formed by the pNPh) in its deprotonated anionic form, interacts with the
quaternary ammonium (TOA*) forming the ion pair (TOA* pNPh™). Carbon dioxide sensing
comes from an association with a few water molecules (TOA™ pNPh~. yH,0), produced by
air humidity.

TOA* pNPh™.xH,0 + CO, S TOA*HCO3.(x — 1)H,0. HpNPh 3.3
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The membrane's internal pH balance is affected by a chemical interaction with CO», which
acidifies the membrane directly. The internal pH levels of the membrane are associated
with the color of the membrane.

A sensing membrane with a yellow color means that there is a stronger absorbance in the
blue light spectrum. As the sensing membrane reacts with COg, its color will change,
meaning that its absorption spectrum changes when exposed to different CO-
concentrations. An absorption based optical system was built to measure these small color

variations. All further measurements that are presented come with these principals in mind.

3.1.2. Encapsulation of the Colorimetric Membrane

The sensing membrane was enclosed with a silicone elastomer, Sylgard 184, which comes
in two parts, a base and a curing agent that are mixed with each other in a 10:1 ratio,
respectively. During the mixing process, air bubbles tend to form inside the mixed solution;
since Sylgard cannot cure with air bubbles inside the mixture, they are removed by using a

vacuum pump. Figure 10 shows the pieces used for encapsulating membranes.

(@) (b)

Figure 10: a) A 3D printed piece is covered with Sylgard 184 to encapsulated the
colorimetric membrane. b) With the Sylgard membrane coating the sensor surface, a
chemical sensing membrane is put into the 3D manufactured Supports.
Using a spinner, a thin coating of Sylgard 184 was applied to a substrate (Mylar foil), and
3D printed components were then attached to this layer while it cured. The supports were
then attached with the sensing membrane after the thin coating of Sylgard 184 had formed

and adhered to them.
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The use of an elastomer provides protection to the sensing membrane from unwanted
material, like dust particles. Because of its elastic mechanical properties and chemical
inertness, the coating is ideal for encapsulation. Sylgard 184 is colorless so it's ideal for
colorimetric measurements. Support components were created to align the membrane in
relation to the Sylgard-covered piece, the light source, and the detector.

The slits in each support piece were filled with Araldite, an epoxy glue made by mixing resin
with a hardening agent to create a solid structure that is both chemically (can’t be dissolved

by most solvents) and thermally resistant (operates between -30°C and 65°C).

3.1.3. Colorimetric Behavior

In order to examine how variations in color occur in response to CO, exposure, the
absorption spectra of the colorimetric transducer were measured using a spectrometer, a
white light source, and a chemical membrane. To obtain color variations, three
concentrations were selected, 0% CO,, 50% CO,, and 100% CO..

In figure 11, the absorption spectrum for the same membrane was measured for different
concentrations. Using a spotless mylar foil surface and white light transmission, a reference

signal was produced.
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Figure 11: Absorption spectrum of the sensing membrane, using white light as a source.

A clear absorption band is observed around 470 nm, which corresponds to blue light. The
graphic shows that the absorption value drops, as the amount of carbon dioxide increases,

meaning that more light goes through the sensing membrane as CO, exposure increases.
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Figure 12 shows two light signals: a red signal that is unaffected by CO: levels and a blue
signal whose amplitude varies with exposure. Two signals are used to make certain that
any change in amplitude is due to the colorimetric transducer and not changes in the overall
signal. The image depicts six overlapping spectra, each of which represents a level, where
a rise in the blue signal indicates that the CO: level has increased but, in each spectrum,

the red signal mostly remains unchanged.
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Figure 12: A Transmission spectrum of the sensing membrane.

The main objective is to correlate color changes for various CO; concentrations with optical

signal amplitudes by creating amplitude/CO; concentration correlations.

3.2. Experimental setup

A gas system was created to produce different gas concentrations in order to evaluate the
sensors' capacities and characteristics. This section provides a thorough explanation of this

system.
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3.2.1. Gas System

To test CO; sensors for gaseous concentration, a gas system was constructed. The system
operates by injecting controlled amounts of gas, in this case a mixture of nitrogen (N2) and
CO.. The gas mixture injected was controlled by mass flow controllers (Brooks, SLA5800
series; Hatfield, PA, USA). A gas mixing vessel that held water to humidify the air and
guarantee a homogeneous mixture was used for each gas injection. A flow rate of 500
ml/min was maintained throughout measurements. Next the gas was sent inside a
measurement chamber where the sensor was placed for testing. Injections of N> were
employed to drive out or purge the gas inside the measuring chamber since it is non-

reactive/lnert and ideal for purging gasses.

Figure 13 shows the whole gas system, including the sensor.
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Figure 13: Gas system setup for testing purposes(Adapted from [56]).

The primary idea behind this technique is that the previous gas concentration will be flushed
out by the fresh one that is being introduced into the measuring chamber. Since its possible
to observe the sensors' responses between concentrations, this kind of arrangement is

perfect for calibrating sensors.

The downside of this system is that any response time the sensor gives, must take into
account the amount of time that takes for the gas to be flushed out. This means this system

is not adequate to measure the effective response time of the chemical membrane.
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3.3. Dissolved Gas System

A similar system was used to measure dissolved CO2 concentrations. The Sylgard 184
elastomer is porous which means the CO> molecules can pass through and reach the
chemical surface, but the water molecules can’t, which makes the membrane impermeable

to water.

This makes the transducer work in both an aqueous environment and a gaseous
environment, meaning it’s a dry and wet sensor. The main gas system was kept in the same
configuration as in the previous subchapter. The main change was the addition of water to
the measurement chamber during testing, which submerged the sensor. Due to the
encapsulation by an elastomer, the sensing membrane was shielded from water damage.
Figure 14 shows, Gas injections were employed to regulate the amounts of dissolved CO-

inside the measuring chamber.

Gas Entry Output
—
«—— Optical Sensor
Injected v Water filled

Gas Bubbles > Measurement Chamber

Figure 14: Dissolved Gas system setup for testing purposes.

One of the primary differences between the first set of data and the second is that the
measuring chamber included 50 ml of deionized water. The quantity of water utilized was
used to shorten the time between injecting gas and the CO, dissolving in the water.
Dissolved CO, measurements take longer than measurements of gaseous CO; because

the injected gas bubbles need to dissolve in the deionized water.



Chapter 4 Sensor Development and Design

4.  Development of Sensors

This chapter provides a thorough explanation of how the electronics that make up the whole
system were developed. The sensor encasing construction and how each component fits
within are displayed. The communication between the computer and microcontroller of the

embedded system is described.

The goal of the two sensors, which were both developed using a colorimetric membrane, is
to measure and quantify color changes. The primary distinction between them is that Sensor
A employs fiber optics to capture the light signal and a spectrometer, whereas Sensor B

transforms an optical signal into an electrical signal before processing it.

4.1. Sensor A

A sensor was previously designed for measurements in both gaseous and aqueous
environment[56]. In this prototype a transmission setup was designed, where the sensing
layer is placed between an RGB LED (KingBright Europe, Germany), and a large core
optical fiber(Thorlabs, FT600UMT, USA) that is connected to a spectrometer (Hamamatsu
C12880MA, Japan), used for transmission spectral analysis of the sensing membrane. For
Sensor A, a version of the transducer that was more sensitive to pH changes and therefore
more sensitive to CO, was used. This was developed for aquaculture purposes, and the
main difference is in the colorimetric cocktail which used poly-p-nitrophenol, instead of p

nitrophenol[56]. This prototype is illustrated in Figure 15.
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Figure 15: Sensor A that was developed for this sensor, which used fiber optics and a
spectrometer[56].

For Sensor A, the method of measurement involves the optical signal being captured and

collimated into a fiber optic core, which means that the signal travels along fiber optic.

The entire measured signal is impacted by impact, pressure, and other variables since a
fiber optical signal is sensitive to breakage, strain, temperature change, or pressure change.
This makes the use of fiber optics in an optical sensor prone to inaccuracies because it
causes fluctuations in the measured values that are not caused by variations in CO,, but

rather by other external factors.

The basic detecting principle is based on two distinct optical signals being used for
absorbance measurements of the sensing membrane. The light source utilized for
measurements is an RGB LED that can send three independent optical signals through the
sensing membrane. The blue signal is used to perform the CO, measurement by absorption
(~470nm), while the red signal (~630 nm) is only used as a reference signal to eliminate
external fluctuations. The platform was tested in different CO, concentrations (vs. N>)

ranging from 0% to 100%.

4.2. Development of Sensor B

An optical system was designed to assess the color variation of the sensing membrane,
where white light is transmitted through a colorimetric membrane by using a white LED



(model ¢503d, United Kingdom) and captured by a Si photodiode (s9032, Hamamatsu,
Japan).

A system was designed to optimize, in a low-cost sense, an absorption measurement of a
colorimetric membrane. For this objective, an optical/electronic system was encapsulated

inside several structures that were designed and 3D printed.

The CO. concentrations are determined by the sensor using an analysis of light's
absorption, with the same principle as Sensor A. While the other color signals are utilized
as reference signals, the light absorption will be represented as an increase or decrease in
the blue light signal of the RGB photodetector.

The transmitted signal is detected by the wavelength selective photodiode (mentioned
above), which has spectrum filters for three different wavelength bands. Three signals with
distinct wavelengths are separated from the white light that is emitted: Red (590-720 nm)
with a peak sensitivity at 620 nm, Green 480-600 nm) with a peak sensitivity at 540nm, and
Blue (400-540nm) with a peak sensitivity at 450 nm.

Figure 16 compares the emission spectra of the white LED with the detection sensitivity of

the photodiode that produces 3 electrical signals.
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Figure 16: (a)Wavelength response of the photodetector[60]. (b) White LED emission
Spectrum.

The silicon-based photo diode has a small amount of exposed surface area to the white
LED light. Two lenses (LC7, Roithner LaserTechnik, Austria) that collimate white LED light
focus it so that it shines directly on the photodiode. Three input pins are linked to each pin
of the RGB detector through a printed circuit board (PCB), which is then transformed into

voltage, amplified, and read by a microcontroller.
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4.3. Electrical Circuit Simulation

As a proof of concept, a simulation of this circuit was run in MultiSim (National instruments,
EUA). A few current levels were evaluated together with the electrical components that
would be used in the actual sensor throughout the tests. Resistance values were evaluated
and modified to determine whether it would be possible to measure minute fluctuations in

the input current.

The main principle is that an ideal Operational amplifier (OPAMP) has no voltage differential
between the input terminals and doesn't pull current in a closed-circuit loop. Depending on
the circuitry around it, an OPAMP can boost an input electrical signal. As a result, a few
potentiometers might be utilized as adjustable variable resistors for each signal. Figure 17

shows a simulation of the amplification circuit that was performed.

I
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Figure 17: A schematic of the amplification circuit built around the OPAMP.

Each component is marked with a symbol to better understand the output voltage formula.
The current generated by the photo diode IPd, R1 is an amplification resistor where all the
current passes through to the ground. For the OPAMP, there were two input pins the V,
and the V_ where their voltage values are kept the same. No current flows into the input
terminals of an ideal Op Amp. The R2 resistor is an amplification resistor that interacts with
the OPAMP, the C1 capacitor works as a frequency filter to avoid unwanted signal noise
and voltage peaks. R3 resistor is a place holder for a potentiometer that works as a variable
resistor to change the amplification of the signal in real time. Vout is the amplified signal

that results from all the amplification and is read by the microcontroller.

The following equations can be used to derive a gain formula and an output equation[61].
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V, = Ipg * R1 4.1

V.=V, 4.2
Voue = Vi % G 43
; _R2+R3 4.4

R3
R2 + R3 45

Vout = Ipg * R1 * (

The above-calculated gain of the output voltage is dependent on the set values of each
resistor in the circuit. The use of potentiometers enables for gain adjustment in case the
optical signal undershoots or overshoots, saturating the readings, meaning no signal is

being measured.

An integrated circuit, MAX 840 (MAXIM, Australia), was used as a source of negative voltage

(-2V) in the amplification circuit.

A variable offset of the output signal was obtained by using potentiometers in a voltage
divider configuration. In the voltage divider setup, a minus two voltage source was supplied
into one of the potentiometers. Due to the photodiode connection to ground and due to the
on rails OPAMP, any excess voltage would not harm the overall circuit. Adding a negative
tension source with a variable voltage divider gives more options when it comes to light

sources and intensities.

4.3.1. Amplification Circuit
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The photodiode current is amplified and converted to voltage with the primary objective of
monitoring small changes in current, associated with variations in the color of the sensing
membrane. Potentiometers in conjunction with OPAMP were used to build an amplification

circuit that outputs an amplified and offset signal.

The key goal was to make it possible for each received signal to be calibrated with its own
amplification settings. In contrast to the full light signal, the differences in color for the blue
electrical signal are quite minor. To enable the monitoring of these minute variations, each
signal was calibrated using a signal amplification potentiometer and another potentiometer

that was coupled to a negative voltage source to be used as an adjustable offset voltage.

The fundamental benefit of having a programmable amplifier for an electrical signal is
shown in Figure 18. The signal to noise ratio is low and it becomes difficult to assess or
guantify the minute variances in color that are associated with changes in an electrical signal

when the baseline of the overall signal is set too high.

Volts ,

No amplification or offset | With Amplification and offset

k\
.

Amplification

.

Off Set

Figure 18: Graphic showing two changes in voltage levels, one without the advantage of
signal amplification, and one without.

A few capacitors were used as a low pass filter to avoid unwanted peaks and noise from
electrical signals. The microcontroller linked to the printed circuit board is shown in figure
19 (a). At the surface, there are 6 potentiometers that are used to adjust the output signal.
Figure 19 (b) is the underside of the printed circuit board, where the amplification of the

photo diode current occurs.
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Figure 19: (a)Printed circuit board of the amplification circuit with an Arduino feather mO
inserted a side. (b) Back side of the PCB.

Because the generated currents were so small, it was necessary to use the smallest
electrical connections possible, to avoid the possibility of electrical noise affecting the

captured signal.

4.3.2. Quantification

The output of an optical signal was transformed to an electrical signal with a voltage range
of 0 to 3.3 volts. To read this electrical signal and transform it into a quantifiable signal, a
microcontroller with an analog to digital converter (ADC) was used. Quantifying the signal
was done with a 10-bit ADC. The amplification circuit's continuous voltage was turned into
a discrete reading, which the microcontroller displays as a series of integer values. With
each increase in the number of accessible bits, the Max value reading increases and

resolution improves.

Max Value = 2nuwmber of bits _ 1 4.6



The Max Value is doubled for each additional bit. The resolution is related to the number of
bits available, therefore as the number of bits grows, the resolution improves.

Vmax - Vmin 4.7

Resolution = Sbits

Vmax 1S the highest voltage value, which in this case is 3.3 volt, while V,,;, is the lowest

value, 0 volts. V,,,,, and V,,;,, are forced by the on rails OPAMP.

Oversampling was used to program the microcontroller to enhance the number of effective
accessible bits for the ADC. An increase in one bit, means that each measurement is read
at least 4 times. An increase in two bits, means that each measurement is read at least 42

times.
FOverSampling = (4nbit5) * Fg 4.8

Because the value measured by the ADC does not have a unit, each graphic refers to this
output value as "Amplitude," using arbitrary units (a.u.). The sensor's measurements are

given as a sum, not as a spectrum, the value given as no inherent meaning.

4.3.3. Temperature Monitoring

Temperature is a significant variable that can affect the CO; detection system response.
The response of the entire system might change depending on temperature fluctuations;

hence temperature monitoring is crucial.

A 10k negative temperature coefficient (ntc) thermistor was attached to a micro controller

to monitor tem perature.

A circuit with a 10 kQ reference resistor was designed to use this thermistor. A voltage
divider circuit was mounted in the sensor using a micro controller has a voltage source,
voltage meter and ground. Figure 20 shows the circuit built to measure temperature using

the thermistor.
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Figure 20: Thermistor electrical Circuit.

For the Tension source, the microcontroller 3.3 volt pin out was used (V1), the reference
10kQ resistor is R1, R2 is the thermistor itself. V,,,; was connected to an analog read pin of

the microcontroller and the other pin connected to ground.

The voltage readings of the thermistors are translated into resistance and subsequently into

temperature using the following formulae.

R, 4.9
Vour = Vq * (m)
|74
R, = Ry = (—V _out ) 4.10
1 out

Because the sensor uses an ntc thermistor, its internal resistance decreases as the

temperature rises.

The voltage is transformed to resistance, which is then transferred to temperature using the

Steinhart and Hard equation[61].

4.11

R
T(R)= (A, +B;Inln + C Inin 24D, Inln 3y-1
Ryey Rref Ryef
The thermistor datasheet contains the elements of the equation (Al, B1, C1, D1), which

return the temperature in kelvin.

To calibrate the thermistor, a temperature linear fit was performed using an incubator with
a temperature controller. A comparison was made between the measured and the actual
temperature. Temperatures ranging from 28 to 45 degrees Celsius were chosen. These
temperatures were used to determine the sensor's measuring range; higher temperatures
could damage the microcontroller or chemical membrane; lower temperatures were not
recorded owing to incubator limits. Figure 21 shows the comparison between measured

temperature and the real value.
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Figure 21: Temperature measured by the thermistor in both sensors vs the temperature
marked by the incubator.

In order to compare the temperature values received by the thermistor circuit and an actual
value generated by an incubator, data was collected and adjusted linearly as shown in
Figure 21. The linear fit was achieved by isolating the sensor and avoiding external noise.
The incubator was kept at the same temperature for 5 minutes after each measurement to
ensure that the temperature inside was uniform. For two sensors, one for gas and the other
for dissolved CO,, two calibrations were done.

Table 2: Linear fit values of slope and intercept, along with the r square factor with the
according standard deviation.
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Y=mx+b m Am b Ab RA2
Temp Gas 0.974 0.0138 0.238 0.506 0.998
Temp Water 1.006 0.0134 -1.14 0.492 0.998

The thermistor's deviations can be traced to the reference resistor not being exactly 10k
ohms; The error bars were calculated using the following formula that comes from the
datasheet:

A 4.12
TCR

| — 0,
([1 + 100] [1 100 1) * 100%

Where X is the value of the reference resistor, in this case 10kohm, Y is the resistance

AT =

4.13

deviation due to b tolerance and TCR is a labeled coefficient temperature.



4.3.4.Sensor B Enclosure

An enclosure was created to shield the electrical components of the sensor from
environmental damage and to prevent external variables from interfering with results.
Support parts were developed in Autodesk Inventor 2022 and 3D printed to design the
sensor box (Zortax M2000;material:Z-Ultra T, based on ABS; Poland). Each piece was
created to keep the optical system in a stable and robust configuration, with the primary

goal of creating a waterproof sensor.

Figure 22 displays a diagram of every element of the sensor, including the optical system,

the printed circuit board, and the microcontroller.

LED Lid Sensing Membrane

<

Membrane Support

LED Signal Amplification

c‘ _
R Top
Termistor /

LED Support /

Lens Microcontroller

RGB Detector

Figure 22: Autodesk Inventor 3D model render of each component of the Sensor B.

The sensor enclosure was made from a few 3D printed parts, each with the goal of
supporting and constructing an optical system. After print, each piece was fixed by using
epoxy. While all electronic components, including the acquisition, the signal capture/

amplification are separated.

The optical system constituted by the white LED and 2 collimating lenses, a RGB detector
and a colorimetric membrane that needed to be properly aligned, in a transmission
configuration. The light from the LED must be aligned with two lenses, pass through the
detecting membrane, and reach the light detector. Inside the LED lid box the white LED and
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one thermistor for temperature monitoring were insulated with an epoxy and glued to the

sensing membrane support.

A support piece was employed to ensure and guarantee alignment and an appropriate focal
distance between the first lens and the LED support. The white LED is aligned with the lens

and at the focal distance of the respective lens thanks to an LED support piece.

Despite the use of epoxy to seal every slit of the 3d printed pieces, the 3D printer material

itself is porous meaning it can leak water.

To waterproof each piece of the sensor box, acetone was used on each exterior surface to

melt the 3D printed material fibers (ABS) into each other, sealing off the interior[62].

To further waterproof each item and ensure a tight seal, a layer of hydrophobic paint was

applied.

4.3.5.Communication between systems

In Sensor B, real-time communication takes place between the computer and the
microcontroller via serial communication ports. To interface with the microcontroller, a
LabVIEW program was used that sends in real time commands that are preprogrammed in

the microcontroller.

The micro controller functions as a power source, and the 3.3 V pin powers the rest of the
PCB. The amplified signal is connected to an analog read pin.

While inactive, the Arduino code waits for a command from the LabVIEW program, that
turns on the LED and provides a reading. This command is preprogrammed into the Arduino
code which includes turning on the LED, reading the signals, writing the signals, and
shutting off the LED. The sampling period is specified by the LabVIEW code, during which
a set number of samples are collected by the Arduino code and an average is computed.

Each reading returns a number between 0 and 4095.

Two sensors were developed, one of which converts an optical signal into an electrical
current that is subsequently processed and amplified. A spectrometer is used by the other
to analyze an optical signal. The following chapter examined the capability of each of these

sensors to identify and quantify CO..
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Chapter 5 Experimental Results

5. Sensor A and Sensor B

In this chapter we compare the performance of the Sensor A and Sensor B. Both the Sensor
A and the Sensor B were tested for gaseous CO, and Sensor B was tested in dissolved
COsa.
measurements. Reversibility is shown by repeating the identical data points in both an

The data displays some of the problems that needed to be fixed during the

increasing and a falling concentration for the Sensor B. For gaseous carbon dioxide, both
Sensor A and Sensor B underwent calibration.

5.1. Measurements in Real-time

Two optical signals are captured, processed, and analyzed to create a correlation between
optical variations and CO; concentrations. To process the changes along wavelength and
amplitude of both signals, an integral is calculated in real-time. This method was used by
both Sensor A and Sensor B. The representation of these values in real-time was called the
timeline, where the red wavelength and the blue wavelength are integrated to offer two
values which change over time.

An example of how the data is presented is shown in figure 23.
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Figure 23: Real-time visualization of the sensing optical response
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A lower concentration of "0%," which represents a 100% of nitrogen atmosphere, and a
higher concentration of 10% CO- in N, were both applied to the Sensor A and the Sensor
B in Figure 23. The graph displays the change in the blue signal concentrations over time

as they occur in real-time.

The increase in signal strength reflects the physical change of the yellow membrane losing
color due to an internal chemical reaction, and all next data will be presented in a similar

form. For more accurate measurements a corrected signal is presented where:

Integral of Blue Signal

5.1
Integral of Red Signal

Sensing Signal = 1000 *

The sensing signal has no units due to it being a quotient of two optical signals. The
multiplication by the value of 1000 facilitates comparison with the values that the ADC
outputs, which are between 0 and 4000. Since these values have no units behind them,

some graphs will not present the values themselves to avoid confusion.

5.2. Sensor A Data

The primary goal of Sensor A is to reduce the size of the Sensor A and streamline its
operation by eliminating the need for a spectrometer, so data from the Sensor A is shown
to contrast with the Sensor B. Data obtained with Sensor A, uses a more sensitive

transducer that is described in[56].

5.2.1. Gas flow effect

A study was carried out on the sensor response to different gas flows.

During measurements a constant flow of gas was kept assuring a steady substitution of the
gas inside the measurement chamber. In this case concentrations of 0% and 100% of CO.
were considered to ensure the maximum variations on the optical response. Two different
set of cycles between those concentrations using flow rates of 500 and 1000 ml/min were

compared. Figure 24 shows the optical response to the different flow rates.
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Figure 24: In a measurement chamber, two gas flows were examined using alternating
atmosphere cycles.

The greater gas flow of 1000 ml/min results in a steady decrease in the sensing signal,

whereas the lower flow maintains a more stable signal overall.

A probable cause for this effect is that the flow is too high to allow the internal chemical
reactions to stabilize. Another cause might be the membrane being the flow drying the

chemical reagents that compose the membrane.

This explains why a constant flow of 500 ml/min was used for all additional measurements

in the next chapter.

5.2.2. Calibration in Gas

A calibration was performed with Sensor A where a range between 1% and 3% CO, was

used. Figure 25 shows the spectrum of each concentration measured.
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Figure 25: Spectrum of the different levels of CO, that were measured, in the calibration.

As the exposure to higher levels of CO,, the amplitude of the sensing signal (470nm)
increased, while at the same time the reference signal (630nm) had no significant changes.
Figure 26 shows the measurement timeline as well as the repeated measurements of each

concentration level.
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Figure 26: Timeline of a calibration, where each concentration was repeated at least 3
times.
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In this calibration, the measuring chamber was mostly emptied of CO, by using purges N>

so that air inside the measuring chamber was quickly substituted.

After each level was taken, the whole response from near 0% CO:to the concentration was

monitored.

This method was used to check whether the sensor was consistently measuring the same

readings for the same concentrations. Each concentration was repeated three times.

Sensor A was calibrated using a linearization as seen in figure 27, where a logarithmic

scale with a base e was employed.
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Figure 27: (a) Average of concentration levels. (b) Linearization of data.
The linearization parameters were used to determine the limits of detection (LOD) and limit
of quantification (LOQ) displayed in table 3 using the following equations:
LOD = by + 2 * tos * 0y, 5.2
LOQ =by+ 3 *2*td * 0y 5.3

Where b, is the intercept parameter, g, is the standard deviation and td:is a critical value

following the t-Student distribution.

Table 3: Calibration of Sensor A linear fir parameters.

Intercept(b) Slope (a) R-Square | LOD (CO.%) LOQ (%CO,)

y=a+b*x 1401.2+ 0.9 115+2 0.9991 1.07 1.23

The limit of detection of Sensor A, which means the lowest amount it can detect is high

when considered a measuring range between 1 to 3 % CO..
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Modified environment packaging may be viable application for this sensor in this
measurement range. Based on previous research this sensor was tested for

aguaculture[56].

5.3. Sensor B Results

A Sensor B was developed that removed the requirement for fiber optics and a

spectrometer, making it easier to operate.

5.3.1. Reversibility study

Reversibility is the capacity of a sensor to repeatedly inject it with the same gas
concentrations and measure the same signal. Cycles with alternate injections of two distinct
concentrations were carried out to analyze the stability of the measurements over time and

evaluate if the detecting signal was able to self-recover. Figure 28 shows the stability of the

signal.
T T T T T T T
- —— Sensor Signal
- [CO,] 12%
S
&
o »
©
2
=3
S
< »
[CO,] 1%
L | L L | L | L | L | L
0 500 1000 1500 2000 2500 3000

Time (s)

Figure 28: Response of the sensor with different cycles of concentrations between 1% CO,
and 12% of CO,.

Different cycles were performed, where the sensor was exposed to two gaseous

concentrations of CO,,1% and 12% respectively. These injections were performed with
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constant influx of 500 ml/min, where for 1% (5ml/min of CO2 and 495 ml/min of N2) and 12%
(60ml/min of CO2 and 440 ml/min of Ny).

Repeated measurements were performed of the same two concentrations of CO,, the
sensor was able to recover its signal multiple times, which means the chemical membrane

was able to recover its color. This proves the chemical process is reversible.

5.3.2. Hysteresis Analysis

A reversible sensor can measure the concentrations of carbon dioxide when it is going from
a lower to a higher concentration of carbon dioxide, or otherwise measuring from a high
concentration to a lower concentration. A test was performed to compare the performance
during the rise and during the fall of CO> concentration. The sensor was exposed to
concentrations from 1% to 12% of CO; during at least 5 minutes to give the signal time to
stabilize. The results with the increasing and decreasing of CO, concentration are in figure
29.
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Figure 29: Response of Sensor B to varying CO, concentrations in increments of 2%,
ranging from 1% to 12%.

Once the 12% concentration produced a steady signal, lower concentrations were injected
in real-time, decreasing from the highest concentration to the lowest. An injection was done

for at least 7 minutes as each concentration decreased.



To properly conduct the experiment, the increase and fall of the concentrations were
injected three times in a row. For each stable level of CO> concentration observed, an
average was determined. For each level, 400 points were averaged, and this equals one
point in figure 30.
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Figure 30: The average of each concentration level measured and compared.

For this hysteresis cycle, a small drift for lower concentrations was observed. Which means

the sensor is more stable for higher concentrations.

5.3.3. Calibration Curve of the Sensor B

A calibration curve is needed for the built-in sensor to connect changes in an optical signal
into a measurement of carbon dioxide levels. For a sensor to make measurements it needs
a calibration curve, which converts the detected signal into a readout of gas concentrations.
This calibration curve has to be properly developed and examined in order to verify a
sensor's properties. The measurement range was set between 7% and 20%. This range
was selected because, as seen in the previous chapter, the sensor is more stable at higher

concentrations while exhibiting a hysteresis effect at lower concentrations.

Each gas concentration was injected for at least 5 minutes to allow for a stable signal. Each

concentration was higher than the previous one, creating a cumulative signal.

Figure 31 illustrates each concentration that was injected into the measurement chamber

as well as the consistency of each level.
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Figure 31: A cumulative cycle that was performed to calibrate the sensor, where an ever-
increasing level of concentration was injected.

These cumulative cycles were performed multiple times, to ensure that the levels measured
were stable, just as shown in figure 32.
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Figure 32: Real-time measurements of 3 cycles of a calibration.

After reaching a concentration of 20%, an injection of 7% was performed between the
following measurements so the signal recovers a level that was used as a baseline. The

injection of the lower concentration of 7% was performed for 15 minutes.



This process was repeated 3 times for each concentration. This to make sure that all

measurements are viable and repeatable. The average of all 3 repetitions was calculated.

A linearization of the calibration data was performed in figure 33, by using the logarithmic

scale of base 10.
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Figure 33: (a) The average calculated of optical signal for each concentration level. (b)
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This is crucial for determining the sensor's detection and quantification limits, with this

linearization the LOD, and LOQ was calculated in table 4.

Table 4: Calibration of Sensor B linear fit parameters.

Intercept(b) Slope (a) R- LOD LOQ (%COy)
Square | (CO%)
y=a+ b*x (2.2840.02) x 103 | (2.6 £0.2) x 10% | 0.982 1.87 6.61

Gaseous CO2 measurements from Sensor B ranged from 7 to 20%. The limit of detection

of Sensor B is 1.87%, which is the smallest detection that by definition can be achieved.

Modified environment packing or storage may be a good application for this measuring

range.

5.4. Dissolved CO,; Measurement

The same methodology was applied in the measurement of CO- dissolved in deionized

water through a twin sensor with optoelectronic properties optimized for under water

application.




Since the aquatic environment acts as a magnifying glass and increases the sensitivity of
the optical signal when compared to a gaseous environment, sensor B needs to be

calibrated specifically for water measurements.

A higher sensitivity brings some disadvantages, when the signal is too sensitive, any form
of obstruction, whether be dirt/dust/Air bubbles, can either saturate the signal or eliminate
it. The optical signal easily saturates or produces low values, which makes calibration more
difficult.

Due to signal saturation, a sensor calibrated for a gaseous environment cannot function in
an aqueous environment. Another drawback is the possibility that the Sylgard 184 might
tear or fail to encapsulate the chemical membrane, which would cause the signal to get

saturated and inhibit the membrane from forming stable chemical reactions with CO,.

5.4.1.Dissolved CO. Calibration

A commercial Portable CO; Analyzer (Oxygard, Farum Denmark) was used to calculate the
calibration given in figure 34 to determine how much CO, was dissolved within the water

filled measurement chamber.
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Figure 34: Linear fit correlating gas injections(concentrations in percentage) with dissolved
CO, concentrations

A linear dependence was observed between the gas concentrations that were being

injected and the amount of dissolved CO; inside the water filled measurement chamber.
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The linear fit was used to measure the lowest concentration of dissolved CO;that sensor B
was able to detect. The dissolved CO, readings for injections of greater CO, concentrations

were unknown due to the Oxyguard sensor's limitations.

5.4.2. External Perturbations and Reversibility

One of the main challenges of measuring underwater with an optical signal is the presence
of air bubbles/dust that are formed by injecting gas into the water. The abrupt change in
refractive index changes the optical path direction and creates abrupt changes in the real-
time measurement signal. In figure 35, it shows cycles of alternating concentrations were

performed in an aqueous environment.
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Figure 35: Cycles of alternating dissolved CO, concentrations.

For 15 minutes, gas injections were done to change the dCO- concentrations. The lowest
level measured by Sensor B was 50 ppm, according to the collected data by the dissolved

CO; sensor Oxygard.

Since the sensor is colorimetric, a membrane is used and air bubbles tend to be trapped
under the sensor, figure 35 shows the effects of smaller bubbles that changes the real-time
signal that is measured. Since small bubbles accumulate, depending on the size of the
bubbles the signal will either drop slightly or drop completely. The sensor is taken out of the

measuring chamber, tilted, and then put back in to remove the air bubbles.

Cycles were performed of alternating concentrations of dissolved CO; to test if the sensor
can recover its signal with multiple injections. This is a way to test the reliability of its

performance.



Tests were performed to evaluate the capacity for the sensor to recover its signal with
repeated measurements in real-time of concentration, this is shown in figure 36 multiple

times.
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Figure 36: Timeline of alternating cycles between injections of 1% CO, and 12 %CO,.

During measurements some air bubbles were caught by the sensor and had to be edited
out of the data. Since the sensing signal is ratiometric, when air bubbles are caught the
values tend to go to infinitum. After each measurement, the chemical membrane was able
to regain its color, which matched the results for gaseous CO- behavior. These results show
that dissolved CO. reactions take substantially longer than gaseous CO; reactions to

complete.

5.4.3.Differentiating Concentrations levels of dCO>

One important factor for a sensor is the ability to differentiate between different
concentrations. Preliminary data was obtained to see the capabilities for this with 6 different
concentration levels. Figure 37 shows the Sensor A ability to distinguish between
concentrations of dissolved CO,. Due to specific restrictions, only the lowest concentration

of dissolved CO: is known; the other four values are unknown.
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Figure 37: A cumulative cycle that was performed to calibrate the sensor for dissolved CO,,
where an ever-increasing level of concentration was injected.

With a measurement range between injections of 1% CO and 12 % CO., the Sensor A was
able to discriminate between different dissolved CO-, concentrations. The signal tends to
saturate at higher doses.



Chapter 6 Conclusions and Future Work

The major goal of this project was to develop an optical sensor that was compact and could
be utilized with little setup from the user, where color fluctuations were the primary means
of measuring.

Both dissolved CO; in water and gaseous CO: in the atmosphere were evaluated using
Sensor A, which was developed in earlier studies. To create a more affordable, compact,
and miniaturized version, Sensor B was fully developed in this thesis. Both sensors use the
absorption measurements for their sensing methodology; the way in which they capture
light differs, and the signal processing is different, also the sensing layers are based on
different chemistry.

Both sensors coarsely evaluated in the full concentration range. And following preliminary
tests, the sensors were tested in more detail in the ranges were their performances was
best.

For gas measurements, the Sensor A was characterized in a range between 1% and 3%
CO,, with a limit of detection of 1.07% and a limit of quantification of 1.23 % CO,. However
this limited range is because the sensor was optimized for aquaculture where the dissolved
concentrations are at the parts per million level.

For Sensor B, a characterization was performed for ranges between 7% and 20% CO., with
a limit of detection of 1.87% and a limit of quantification of 6.61% CO,. For sensor B for this
measurement range might be used for atmosphere food packing and storage.

Sensor B was also tested for dissolved CO, concentrations, but due to limitation of
equipment the dissolved concentrations were unknown. Nevertheless, for dissolved CO»
concentration, Sensor B should use the same colorimetric transducer as sensor A.

Both sensors showed promise for application in some industries, sensor B was based on
sensor A, miniaturized while retaining the similar functions. Sensor A used a more sensitive
version of the colorimetric transducer, in principal if the same transducer is used in sensor
B, similar results could be obtained in a more compact configuration.

This demonstrates the sensor's modularity as it maintained same operating mechanism
while being heavily modified and simplified.

According to early results, sensor B may be employed for dissolved CO, applications.
Sensor A was previously used for these purposes in previous research. A better gas system
is still required to assess reaction times. Due to its modular structure, Sensor B's

amplification circuit and design may be further enhanced, further shrunk, wireless
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communication, and more compressed in further development. With further work, its

application field may be expanded.
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Figure A.2: Schematic of the amplification circuit.



