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ABSTRAK 

Tesis ini menerangkan pengesanan Sulfur Dioksida (SO2) di rantau UV. Peningkatan 

kawasan bandar menjadikan permintaan tenaga bertambah tinggi, oleh itu lebih banyak 

lagi seperti kilang bahan api fosil, alam sekitar, industri automotif dan berasaskan kimia 

perlu dikendalikan dan dibina. Kebanyakan sensor SO2 yang boleh didapati secara 

komersial adalah berasaskan penyerapan kimia yang merupakan komponen kimia yang 

akan bertindak balas dengan SO2 dan menukar sifat parameter elektrik seperti 

konduktansi, rintangan atau kapasitansinya. Oleh itu, kepekatan gas akan diukur dengan 

perubahan sifat elektrik. Jenis penderia ini mempunyai beberapa kelemahan seperti kuasa 

input yang tinggi, resolusi rendah, suhu tinggi dan kelembapan ketahanan, sukar untuk 

mencapai kepekaan, selektiviti dan kekhususan dalam kehadiran gas campuran. Oleh itu, 

perkembangan penderia gentian optik berasaskan SO2 yang baru adalah untuk 

memutuskan panjang gelombang optimum untuk SO2 untuk bekerja pada langkah 

seterusnya. Sistem penderia yang diterangkan dalam tesis ini adalah jenis berasaskan 

gentian optik terbuka. Ia bergantung kepada spektrum penyerapan cahaya oleh gas SO2. 

Penyerapan mengambil peranan dalam sel penyerapan gas yang diperbuat daripada keluli 

tahan karat dalam bentuk silinder. Pembinaan sistem penderia perlu menggunakan bahan 

yang tahan lama dan dapat bertahan dalam keadaan cuaca yang paling sukar. Mentol 

deuterium-halogen digunakan sebagai sumber cahaya di mana ia dapat memberikan 

cahaya UV dengan panjang gelombang bermula dari 190nm hingga 2000nm. 

Spektrometer digunakan sebagai penderia untuk mengesan spektrum sumber cahaya 

yang dihubungkan dengan perisian analisis. Kemudian penyerapan optimum dianalisis 

untuk mendapatkan panjang gelombang yang terbaik untuk andaian dalam rantau 200 nm 

hingga 235 nm dengan menggunakan 50 cm panjang sel sebagai panjang sel optimum. 

Didapati bahawa puncak tertinggi penyerapan keratan rentas adalah 1.81248E-18 

cm2/molekul berpusat pada panjang gelombang 215.65 nm. Hasil ujian silang sensitiviti 

SO2 dengan CO2 dan O2 menunjukkan bahawa ia tidak mempengaruhi pengukuran di 

rantau ini. Hasil pengukuran kepekatan telah mengesahkan terdapat pengurangan 3.38 

ppm daripada kepekatan asal SO2 dalam tangki yang disediakan oleh pengeluar. Oleh 

sebab penyelidikan ini dilakukan di dalam ruang tertutup makmal, maka ianya hamper 

menyamai ujikaji aplikasi di dalam bangunan tertutup. Kerja-kerja masa hadapan untuk 

penderia ini akan melihat pemasangan dan pengujian penderia ke dalam ruang tertutup 

industri makanan atau ruang tertutup industri pembuatan asid sulfurik dan dengan 

menggunakan pemantauan masa nyata dengan perisian LabVIEW. Ujian lanjut akan 

melihat pelbagai campuran gas yang lebih luas dan menguji gas lain dalam julat UV. 
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ABSTRACT 

This thesis describes the detection of Sulfur Dioxide (SO2) in the UV region. Increasing 

urban areas make the energy demand highly increased, thus more such as fossil fuel plant, 

environment, automotive and chemical-based industries need to be operated and 

constructed. Most of the commercially available SO2 sensors are chemical absorption-

based which is a chemical component that will react with SO2 and change the electrical 

parameter properties such as its conductance, resistance or capacitance. Hence, the 

concentration of gas will be measured by the changes in electrical properties. This type 

of sensor has several weaknesses such as high input power, lower resolution, higher 

temperature and humidity dependence, difficult to achieve sensitivity, selectivity, and 

specificity in the presence of mixture gases. Therefore, the development of a new SO2 

based fiber optic sensor is to decide the optimum wavelength for the SO2 to work on the 

next step. The system of sensors mentioned in this dissertation is a fiber-based open path 

device. It is dependent on the spectral of absorption of light by the SO2 gas. The 

absorption takes roles in the gas absorption cell made from stainless steel in a cylinder 

shape. The sensor system architecture requires durable material and can survive the most 

rigorous weather conditions. A deuterium-halogen bulb is used as the light source where 

it can provide UV light with a wavelength starting from 190nm to 2000nm. The 

spectrometer is used as a detector to detect the light source spectral interfaced with 

analysis software. Then the optimum absorption is analysed to get the best wavelength 

for assumption within the region of 200 nm to 235 nm by using 50 cm cell length as the 

optimum cell length. It is found that the highest peak of absorption cross section is 

1.81248E-18 cm2/molecules centered at a wavelength of 215.65 nm. The findings of CO2 

and O2 cross-sensitivity experiments for SO2 indicate that measurements in this field have 

no effect. The concentration measurement result has validate there is 3.38 ppm less than 

the original concentration of SO2 in the tank provided by the manufacturer. As this 

experiment has been done in the confined space in the lab, it is already similar to enclosed 

building application. Future work for this sensor will look at installing and testing the 

sensor into the enclosed room of food preservation or enclosed space of sulfuric acid 

manufacture industry and by using real-time monitoring with LabVIEW software. 

Further tests will look at a wider variety of gas mixtures and testing other gases within 

the UV range. 
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INTRODUCTION 

1.1 Preamble 

The development of an open path optical fibre sensor to detect Sulfur Dioxide 

(SO2) gas is illustrated in this study. Using an open-path technique it operates in the UV 

region. The chapter will clarify the environmental issue and rationale for developing a 

new SO2 sensor in relation to SO2. The discussion will lead to SO2 sensor problem 

statement, goals, scopes and expected outcome of this research then the content of this 

thesis is delineated. 

1.2 Environmental Pollution 

The world before urbanization and industrialization is vastly different than it was 

today. Since the world starting to have mass production on every product needed by 

human, there were many factor contribute to environmental issue. Late 20th century 

(Shonnard and Allen, 2010), peoples become aware and concern about their environment 

and the issue of the environment had evolved into a widespread issue which is greatly 

discussed all over the world. Environmental problems are anthropogenic implications for 

the biophysical environment (Sahney, Benton and Ferry, 2010). Climate change, 

overpopulation, resource depletion, toxicants, waste, pollution, environmental 

degradation and health are some issues from many environmental issues. The sources 

causing environmental issues come from several industries that produce human needs 

such as automotive, oil and gas, agriculture, medicine, etc. 

The improper waste management of these industries contributes to major 

pollution and degradation of the environment in many cities, particularly in developing 

countries. Worst, it will affect the earth ecosystem and human life which is very 

infectious, toxic or radioactive. Environmental definition means the environment or 

conditions in which a person, animal or plant lives or operates (Environment: Definition 

of Environment in Oxford Dictionary (British & World English), no date). The meaning 

of pollution meanwhile is the presence or introduction into the environment of a 
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substance that has harmful or toxic effects (Pollution: Definition of Pollution in Oxford 

Dictionary (British & World English), no date). Therefore, the definition of 

environmental pollution is the presence in the environment of substances which have a 

harmful effect on living or non-living things surrounding organisms or groups of 

organisms.  

1.2.1 Categories of Pollution 

Pollution is divided into two parts; Point Source Pollution (PS) and Non-point 

Source Pollution (NPS). According to EPA Victoria (Point and nonpoint sources of water 

pollution, no date), PS is any single identifiable source of pollution which is can be easily 

tracked back to its source. It immediately destroys habitats and kill organism on large 

scale. As an example chemicals coming out of pipes, oil spills from ships, smoke from a 

factory etc. Meanwhile NPS is the type of pollution that comes from diffuse source and 

cannot easily tracked back to its sources. Common example for this types of pollution is 

forestry, agriculture, urban, land disposal etc. NPS is not same with PS as it does not 

always immediately destroy habitats and usually destroyed over longer periods of time. 

Atmospheric, water, radioactive, agrochemicals, soil, noise, thermal, land and etc. are 

some types of pollution occurred nowadays as showed in Table 1.1 (Inaoka, 2005). 

Table 1.1 Seven categories of pollution 
 

Category Major Causes Major Symptoms Examples 

Atmospheric 

pollution 

Smoke, dust, exhaust 

fume, toxic substances 

(SO2 and NO2) 

Asthma, bronchitis Photochemical smog, 

“Yokkaichi Asthma” 

Water pollution Polluted waste water, 

waste fluids, sludge, 

household sewage, 

sewage discharge, 

agricultural chemicals 

Noxious odors, 

poisoning 

Minamata Disease, 

“Itai-itai” Disease 

(cadmium 

poisoning), PCB 

poisoning 

Soil  Arsenic, heavy metals  Poisoning 

Noise Factories, construction 

work, road traffic, trains 

and aircraft, advertising 

Headaches, 

insomnia, 

depression, hearing 

loss, impaired 

development 

Osaka airport noise 

Vibration Factories, construction 

work, road traffic, trains 

and aircraft 

Dizziness, 

discomfort, structural 

damage to homes 

Shinkasen (bullet 

train) vibration 

Ground 

subsidence 

Upswelling of 

groundwater, gravel 

quarrying, coal mining 

Structural damage 

buildings 

Koto ward, Tokyo 

Source: Inaoka, (2005)
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Polluted environment is very unhealthy to live in if it has high concentration of 

toxic levels of chemicals in the land, air and water. Pollutants may be liquid – oil spills, 

pesticides and detergent; gases – CFCs, carbon monoxide, methane and ammonia; or 

solid – tin, iron and metals. Any substance that harmful and pollute something is called 

pollutant (Daly and Zannetti, 2007). In case of SO2 emission, it’s been categorized under 

the atmospheric pollution. The global emission of SO2 will be discussed further in the 

next sub-chapter. 

1.3 Global SO2 Emission 

Department of the Environment and Heritage of Australian Government 

calculated that about 99% of the SO2 in the atmosphere comes from human source 

(Australian Government Department of the Environment and Heritage, 2005). Principle 

wellspring of SO2 outflows are from compost producers, control plants, treatment 

facilities, wood and paper factories, metal smelters, and other industrial processes (Xu et 

al., 2016). Dahiya and Myllyvirta said 60% of the satellite's total emissions are 

anthropogenic (Dahiya and Myllyvirta, 2019). Figure 1.1 from the report shows major 

sectors contributing to the world's SO2 emissions in 2018, with high coal combustion 

efficiency contributing 31% to power generation, manufacturing, smelters, oil and gas 

refining or combustion, 10% and 19% respectively. 

 

 

 

 

 

 

 

Figure 1.1 Major sectors which contribute to 2018 SO2 emissions 

Source: Dahiya and Myllyvirta, (2019)  
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Worldwide SO2 emission crested in the mid 1970s and diminished until 2000 and 

afterward expanded from 2000 to 2005 because of expanded discharges in China, 

international shipping, and developing countries in general (Mohajan, 2014). Currently, 

India is the world's largest producer of SO2 recorded by Dahiya and Myllyvirta, 

contributing over 15% of the worldwide anthropogenic outflows that have recently 

overtaken Russia and China (Dahiya and Myllyvirta, 2019). Table 1.2 below shows the 

Top ten countries with the highest SO2 emitters.  

Table 1.2 Top ten countries with the highest SO2 emitters 

 

Country SO2 emission from hotspots in 2018 (kt/yr) 

India 4,586 

Russia 3,683 

China 2,578 

Mexico 1,897 

Iran 1,820 

Saudi Arabia 1,783 

South Africa 1,648 

Ukraine 979 

U.S.A 967 

Turkey 919 

Source: Dahiya and Myllyvirta, (2019) 

As reported by Li et al., since 2007, emissions in China have declined by 75% 

while those in India have increased by 50% (Li et al., 2017). With these changes, India 

is now surpassing China as the world’s largest emitter of anthropogenic SO2. The results 

suggest that India may soon become, if it is not already, the world’s top emitter of SO2. 

The report also added that, the essential purpose behind India's high SO2 outflow yield is 

the development of coal-based power age over the previous decade and five of the top 50 

SO2 emission hotspots from coal or power generation industry across the world are in 

India. Table 1.3 below shows top 10 SO2 emission hotspots worldwide (kt/yr) for 2018.  
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Table 1.3 Top 10 SO2 emission hotspots worldwide (kt/yr) for 2018 

 

Hotspot name SO2 emissions (kt/yr) 

Norilsk 1,898 

Kriel 714 

Zagroz 614 

Rabigh 515 

Singrauli 507 

Cantarell 461 

Matimba 412 

Reforma 407 

Shaiba 398 

Das Island 397 

Source: Dahiya and Myllyvirta, (2019) 

 

Table 1.3 also shows the Norilsk smelter site in Russia remains the world's largest 

anthropogenic SO2 pollution hotspot, preceded by the Kriel region in the province of 

Mpumalanga in South Africa and Zagroz in Iran. Many areas with high coal consumption 

or oil and gas refining and combustion such as Rabigh in Saudi Arabia and Singrauli in 

India have been catching up with the top three hotspots over the past decade and their 

emissions have dramatically increased. This is caused primarily by increasing coal 

combustion efficiency, oil refining / consumption, and in part by slow implementation or 

adoption of stringent emission standards.  

Through Dahiya and Myllyvirta's Greenpeace Environment Trust report, it 

reported that there are 12 coal-fired power stations in South Africa's Mpumalanga 

province, making the province the world's largest SO2 emission hotspot from generation 

power. Saudi Arabia is the highest SO2 emitter in the Middle East with the province of 

Makkah home to the worst hotspots due to the region's polluting oil power plants, 

industries and refinery facilities. Across Europe, Russia, Serbia and Bulgaria are on the 

list of the world's worst 20 countries releasing SO2. Previous reports by the United States 

Environmental Protection Agency showed a gradual decline across levels of SO2 in the 

United States (US EPA, n.d). 
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1.4 Major SO2 Polluting Sectors 

1.4.1 Coal Combustion 

More than 51% of gross anthropogenic SO2 emissions in high-coal regions for 

electricity generation and industry are released. (International Energy Agency, 2016). 

Coal combustion is the main pollution source in these regions with smaller oil refineries 

contributions, smelters and others (Chakraborty et al., 2008). Data from NASA 

MEaSURE reveals that coal power plants are one of the major generating industries in 

India, China, Indonesia, Thailand, Mexico, South Africa, Bulgaria and Australia. 

(NASA., 2016). Many states and regions such as China, India, South Africa and 

Indonesia have imposed or enhanced emission standards for SO2 in recent years. (Xu, 

2011; Singh and Issar, 2017). Regulations and their enforcement differ, however, 

between countries, and emissions standards remain in many places much too weak to 

effectively improve air quality. This shift in emission regulation and different efficiencies 

in the management of SO2 pollution contribute to varying emissions from the same power 

plant capability in different regions. Figure 1.2 below shows the world's top 10 coal 

combustion hotspots for SO2 emissions in 2018. 

 

Figure 1.2 The world's top 10 coal combustion hotspots for SO2 emissions in 2018  

Source: Wang and Chen, (2016); Makgato and Chirwa, (2017); Dahiya and Myllyvirta, 

(2019) 

 

0

100

200

300

400

500

600

700

800

(k
il
o

to
n
n
e/

y
ea

r)

SO2 Emission Hotspot

Coal Combustion SO2 emission Hotspot



7 

1.4.2 Oil and Gas Refining/Power Generation 

Greenpeace Environment Trust reports that oil and gas refining and generation 

industries/power are pumping large amounts of SO2 into the atmosphere in Mexico, Saudi 

Arabia, Iran, the United Arab Emirates (UAE), Russia, Uzbekistan, and Venezuela. 

(Dahiya and Myllyvirta, 2019). NASA Ozone Monitoring Instrument (OMI) hotspots 

display the areas of oil refining and gas facilities (NASA, no date). OMI captured more 

than 40 regions with clusters of oil and gas refining. Figure 1.3 shows the top 10 SO2 

emission hotspots in 2018 for oil & gas refining/power generation worldwide. Mexico 

has several of the highest points of SO2, including Cantrell, Reforma and Salina Cruz, 

resulting from oil refining and gas production clusters (Dahiya and Myllyvirta, 2019). 

Many major oil refining/combustion pollution hotspots in the Middle East and North 

Africa (MENA) areas have been found.  

 

Figure 1.3  Top 10 SO2 emission hotspots in 2018 for oil & gas refining/power 

generation worldwide 

Source: Dahiya and Myllyvirta, (2019); Tiwari, Bajpai and Dewangan, (2019) 

1.4.3 Smelters 

Metal smelters are typically located near steel mines in clusters where raw metal 

ores can be mined. The operation of these smelters, especially those which do not have 

appropriate pollution control instruments, emits SO2 into the air and can be monitored by 

NASA OMI. (NASA, no date). Smelters are the main contributors to SO2 in many of the 

largest hotspots detected (Gwimbi, 2017). Emission levels for these hotspots are shown 
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in Figure 1.4 below. Norilsk in Russia continues to be the world's largest emitting city, 

with Sarchshmeh in Iran, Ilo in Peru, Cuba's Nicaro, Uzbekistan, and Russia's Karabash 

in Russia (Khokhar, Platt and Wagner, 2008; Gwimbi, 2017).  

Figure 1.4 The world's top 10 smelters of SO2 emission hotspots (kt/yr) in 2018. 

Source: Khokhar, Platt and Wagner, (2008); Dahiya and Myllyvirta, (2019) 

1.4.4 SO2 Emission in Malaysia 

As there are no volcanic activities in Malaysia, emissions of SO2 are mainly 

generated through combustion of SO2 with fossil fuel, especially coal and oil (Salahudin, 

Abdullah and Newaz, 2013). The combustion of fossil fuel in a power plant has become 

the largest source of SO2 and is also produced by combustion of vehicle fuel (Salahudin, 

Abdullah and Newaz, 2013; Binyehmed, Abdullah and Zainal, 2016). Another source to 

SO2 emissions in Malaysia comes from manufacturing activities (Salahudin, Abdullah 

and Newaz, 2013). Department of the Environment (DOE) of Malaysia reported that 

fossil fuel combustion from 41 power stations in Malaysia generates 48% of the total SO2 

or 78,416 metric tons, industrial operations such as metal processing contributed 23% or 

36,938 metric tons of released SO2, motor vehicle combustion produces 8% or 12,865 

metric tons of SO2 and the remaining 21% with 33,694 metric tonnes contribute from 

others as stated in Figure 1.5.  
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Figure 1.5 Emission of SO2 Dioxide by Sources in Malaysia (Metric Tonnes) 

Source: DOE’s Report | Department of Environment, (no date) 

Figure 1.5 also shows the amount of SO2 dioxide has been released to the ambient 

environment together with its percentage. Motor vehicles contribute the lowest emission 

of SO2 dioxide. However, for an enclosed car park, motor vehicle might be the main 

contributor to the emission of SO2 dioxide. For motor vehicles, the amount of emission 

is depends on type of fuel used because different fuel will give varies range of SO2 content 

(Colls and Tiwary, 2010).  

However in Malaysia, there are some incident of leaked SO2. In July 1997 at 7:00 

pm, 49 members of the public complained of dizziness, sore throat, eyes irritation and 

tightness of chest after exposed to sulphur dioxide while traveling on the road about 100 

meter 90m the sulfuric acid factory in Teluk Kalong Kemaman. The incident was caused 

by leaked SO2 from return pipe of scrubber circulation tank in the factory. The problem 

had occurred due to carelessness of the operator to inspect the level of water in the 

scrubber circulation tank during the operation (Azmi, Mohd Kamil and Balkis, 2002). 

Beside, in the case of Sungai Kim Kim, Johor, Fareez Azman from Astro Awani reported 

that there are several gas has been founded instead of methane gas which is hydrogen 

chloride, benzene, hydrogen cynide and SO2 that lead to more than 300 victims showing 

the gas poisoning symptom (Azman, 2019). 
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1.5 Legislative Action to Reduce SO2 Emission 

Each country in the industrialized world has established SO2 air quality qualities. 

These standards and recommendations fall into two groups, primary standards for the 

prevention of negative health effects in human populations and secondary standards for 

the conservation of people's well-being including soil, water, vegetation, visibility and 

climate. A study by Valshing and Smith on the national air quality standards and 

recommendations found that 76 of the 192 UN Member States have approved SO2 

mandatory or optional 24-hour limit values. (Vahlsing and Smith, 2012). For those 

countries the average daily limit was 182 μg/m3 (95% CI 158-205 μg/m3). 

Table 1.4 compares and contrasts the standards established by a small number of 

the countries that have openly listed their values online or answered a questionnaire by 

mail. 91% of the 24 countries that answered the questionnaire said it aimed at updating 

its SO2 air quality standards using the WHO air quality guidelines. The current WHO Air 

Quality Guideline values for SO2 for a 10-minute measuring time of 500 μg/m3, and for 

a 24-hour period of 20 μg/m3 have been defined. 

Table 1.4 Worldwide ambient air quality standards for SO2 

Country/Region 1-hr average 

(µg/m3/ppb) 

24-hr average 

(µg/m3/ppb) 

Annual 

(µg/m3/ppb) 

Year 

Canada 838/315 279/105 56/21 1998 

China 500/191 150/57 60/23 2010 

Japan /100 /40 n/a 1973 

United States 200/75 n/a n/a 2010 

India n/a 80/30 50/19 2008 

Australia 532/200 213/80 53/20 1998 

European 

Union 

350/134 125/48 20/8 2005 

Source: Vahlsing and Smith, (2012) 

In 1980, with the implementation of Council Directive 80/779/EEC (Council of 

the European Union, 1980), the EU started to enforce air quality standards for SO2. This 

directive identified limits of 140 and 400 μg/m3 for annual and 30-minute periods, 

respectively. These values have been revised downwards when the Air Quality 

Framework Directive for the first daughter was published in 1999 (99/30/EEC) (EC, 

1999). The new hourly SO2 limit of 350 μg/ 3 and a daily limit of 125 μg/m3 were designed 
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to protect human health in urban areas; however the annual limit of 20 μg/m3 was directed 

at Europe's sensitive ecosystems (EC, 2000). The Directive stipulated that conformity is 

necessary by 2010, and that the hourly and daily limits should not exceed 24 and 3 times 

a year respectively. In addition, a warning level of 500 μg/m3 was established which 

would lead to an immediate adverse human health impact with short and transient 

exposures. 

In order to measure progress, an annual limit of tolerances and a 1-hour limit 

values were established, which gradually reduced the number of allowable exceedances 

from the year of initiation until the date of attainment of 2010. The tolerance limits 

enabled the Commission to identify the areas with the worst air quality. SO2's initial 50% 

tolerance limits were allowed, but every Member State needed annual action plans 

detailing how they intended to comply as the Directive entered into force. A new Air 

Quality Directive was published in 2008 which merged the first three Daughter Directives 

with retained SO2 limits, but allowed Member States to seek a five-year compliance 

extension (EC, 2008). 

A complex legislative history is linked to the development of the EU limit 

standards, including the introduction of legislation restricting combustion-related 

emissions. A number of different emission limits were released, restricting the release of 

SO2 from both the environment and stationary sources during combustion. These include 

the Integrated Pollution Prevention and Control Directive (2008/1/EC), which reduces 

industrial emissions and makes possible the application of best technology in the 

combustion process for solid and fluid fuels (European Parliament and Council, 2008). 

Similarly, the NEC Directive (2001/81/EC) defined SO2 emission limits for each 

Member States which had to be met by 2010 (European Parliament And The Council Of 

The European Union, 2001). 

The first NEC Directive was designed to reduce SO2 emissions to a level almost 

50% below the maximum cap of 8297 kilotons per year. As part of the Clean Air Plan for 

Europe in 2013, a new NEC Directive was planned but delayed due to a lengthy debate 

on the emissions targets. The law is expected to introduce drastic cuts, with a projected 

81% (based on 2005 levels) reductions in SO2 emissions to 1530 kilotons per year by 

2030. A pair of Fuel Quality Directives (1998/70/EC and 1999/32/EC) were eventually 

released, which initially decreased petrol's SO2 content to 150 mg/kg, diesel fuel to 350 
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mg/kg and marine gas oil to 0.2% (The European Parliament and the Council of the 

European Union, 1998; EC, 1999). There were two further directives adopted in 2003 

which initially restricted the SO2 content of petroleum, diesel fuel, and gas oils to 50 

mg/kg; these, however, were again amended in 2009 to create the current 10 mg/kg limit 

(EC, 2003, EC, 2009). 

1.5.1 Gothenburg Protocol 

The Gothenberg Protocol of 1999, implemented by the UN Economic 

Commission for Europe (UNECE, 2007), is a final piece of legislation with a direct 

impact on SOx pollution and transport. The Protocol was included in the 1979 Long-

Range Traditional Air Pollution Convention (CLRTAP), which 47 European nations, 

Canada, the United States and the European Union have ratified. The original protocol 

came into force in 2005 and was scheduled for completion by 2010. The Treaty 

established stationary emission limits for SO2. The objective was to reduce the SOx 

emissions by 63% by limiting to 0.2% by July 2000 the SO2 content of gas fuel used by 

power stations and other power-generating installations and 0.1% by January 2008. In 

Europe, for the Monitoring and Evaluation of Long-Range Transmission of Air Pollutants 

(EMEP), a Co-operative Program was established to monitor progress through the 

establishment of a monitoring network and the creation of an inventory reporting protocol 

(UNECE, 1984). As of 2010, the European Union achieved an 82 percent decrease in 

SOx emissions (European Environment Agency, 2016). Figure 1.6 shows these 

achievements, particularly as regards smaller declines in other targeted pollutants, which 

clearly shows the noticeable reductions in SOx. 

 

Figure 1.6  20 years pollution control for SOx and other EMEP monitoring pollutants 

Source: EMEP, (2013) 
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The revised Gothenburg Protocol set new targets for reducing emissions from 

2005 (UNECE, 2012) was adopted in 2012. The aim of this amendment was to further 

reduce SO2 emissions by 59% by 2020. The EU is also amending the Emissions Ceiling 

Directive and mandating an additional 81% reduction by 2030 in SO2 emission ceilings 

(EPRS, 2015). The net effect of these new legislative pieces is to ensure that further 

reductions in the environmental SO2 level are evident in the future and that the very real 

possibility that such modifications will override any advantages of further reductions in 

limit values. 

The implementation of the previous legislation together have had a major impact 

on European airborne SO2 levels and a majority of 28 member countries witnessed a 

decrease of more than 70 % between 1990 and 2011 (Vestreng et al., 2009; Guerreiro, 

Foltescu and de Leeuw, 2014). This has resulted in a cumulative decrease of 74% of SOx 

emissions from the 33 Member States of the European Environment Agency (Iceland, 

Liechtenstein, Norway, Switzerland and Turkey are not EU Member States), as shown in 

Figure 1.7 (EEA, 2014).  

 

Figure 1.7  Trends in SO2 emissions in Europe from 1990 to 2011 

Source: EMEP, (2013) 

The SO2 emission level goals of all 28 EU Member States for 2010 were achieved 

primarily due to substantial emission reductions in the electricity production and 

industrial energy use sectors of 76% and 72%, as shown by Figure 1.8. Emissions 
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reductions led to airborne levels below EU limits and in 2011 SO2 exposures were not 

exceeded; but 46% of the population were exposed to SO2 levels exceeding the WHO 

daily air quality guideline value of 20 μg/m3. 

 

Figure 1.8  Contributions to the 1990-2011 decrease in SOx emissions in Europe 

Source: EEA, (2014) 

The decreases in European SO2 emissions reflect those from other parts of the 

world. Modeling studies have shown that there have been noticeable declines in 

anthropogenic SO2 release for the period 2000 to 2010 in many countries, including the 

USA, Canada, Korea and Latin America (Amann, Klimont and Wagner, 2013; Ray and 

Kim, 2014). These same models also predict that global SO2 emissions will decline by as 

much as 10 percent more in 2030 in the absence of new legislation (Amann, Klimont and 

Wagner, 2013). This would be much higher in India and China where SO2 emissions have 

risen steadily or fluctuated because of trade-offs between economic growth and 

environmental policy (Lu, Zhang and Streets, 2011). This figure would be significantly 

higher. 

1.5.2 Malaysia’s Air Quality Standard 

Even though some standards are consistent with interim targets of the World 

Health Organization (WHO), compliance processes are limited and concentration levels 

are often surpassed. Coal combustion for electricity and industrial processes today 



15 

constitute the most fuel-related sources of SO2 emissions in Southeast Asia (SEA) with 

around three-quarters of the total SO2 emissions of SO2 at 3.9 million tons (Mt). Nearly 

half of the emissions of SO2 from coal-fired power are emitted in Indonesia alone–

approximately equal to its share in the local coal-fired power fleet.  

As early as 1978 Malaysia developed industry and transformation emission 

standards covering existing as well as new installations. Certain industries are subject to 

specific dust restrictions (e.g. asphalt concrete, cement plants, nitric acid or sulfuric acid 

production). A major threat in terms of air pollution is the combination of rapid economic 

and energy demand growth with a growing urbanisation and reliance on the conventional 

use of biomass. In several countries in the SEA region, air quality standards are in place 

as shown in Table 1.5. 

Table 1.5 Ambient air quality standards of SO2 in SEA (µg/m3) 

Country/Region SO2 

24 Hour Annual 

Brunei Darussalam n/a n/a 

Cambodia 300 100 

Indonesia 365 60 

Lao PDR 300 100 

Malaysia 105 (0.04ppm) n/a 

Myanmar n/a n/a 

Philippines 180 80 

Singapore 50 (20) 15 

Thailand 300 100 

Vietnam 125 50 

Source: Clean Air Asia, (2016) 

The national environmental quality requirements in Malaysia usually adhere to 

the provisional goals of WHO and are regularly revised in compliance with 

environmental quality (clean air) legislation dating from the late 1970s. Malaysia has a 

history of air quality management, well-developed monitoring systems and a criterion for 

good air quality is set in the Environmental Strategy Plan 2011-2020. Today, Malaysia's 

energy demand is largely met by natural gas (43%), oil (35%), and coal (17%) with 

further small bio-energy and hydropower contributions. At COP21, Malaysia made a 

voluntary pledge to reduce the level of greenhouse gas emissions by 35 percent from the 

2005 rate by 2030. The main characteristics of the 2014 Roadmap of Emission Intensity 

Reduction to minimize the level of CO2 in 2030 by 40 percent relative to 2005 and 

Renewable Energy Policy and Action Plan 2010. 
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1.6 SO2 

SO2 consists of one sulfur atom and two oxygen atom linked by double bond 

which is has a bent structure with bond length 143.2 pm as show in Figure 1.9 (King, 

2005). Its molecular formula is SO2. Both Sulfur and Oxygen is an element of Group 16 

in periodic table. It is an omnivorous air pollutant and toxic gas which needs measures to 

prevent and control adequate public health protection. 

 

Figure 1.9 Skeletal Formula of SO2 

SO2 is a colorless gas with a strong suffocating pungent odor, non-inflammable, 

irritant, and is heavier than air at Standard Temperature and Pressure (STP).(Sulfur 

Dioxide, no date; Perry, 2011). In water, alcohol and ether, it is extremely soluble. SO2 

easily dissolves into sulfuric acid in water. One well known fact is that these gasses are 

the main cause of acid rain. 

1.6.1 Exposure Effects and Properties of SO2 

SO2 can be produced or emitted naturally from the decay of vegetation and 

volcanic emissions and also by product from metal smelting, processing and combustion 

of coal or oil, manufacture of  sulfuric acid, fertilizer plants, petrochemical industry, food 

preservation, wine making, bleaching, fumigation, refrigeration, biochemical and 

biomedical analysis and climate engineering (S Das et al., 2008; Liu et al., 2017). SO2 is 

one of the most hazardous atmospheric pollutants because it directly contributes to acid 

rain. One of the main characteristics of this gas is its human, animal, flora and fauna 

toxicity, sturdy damage and histrorical monuments. (S Das et al., 2008). 

Life threatening can be short-term exposure to small SO2 concentrations. In the 

meantime, long-term exposure can cause lung function changes and can even be fatal at 
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high SO2 levels. SO2 gas has a long and short exposure limit of 2 ppm and 5 ppm, 

respectively (S Das et al., 2008; Kumar, Avasthi and Kaur, 2017), through the acceptable 

limit of SO2 in ambient air is much less. According to Rahman Khan and Siddiqui, 

branchoconstruction occur at 1.6 ppm of SO2 and throat disturbance at 8 ppm to 12 ppm 

(Rahman Khan and Siddiqui, 2014). At 20 ppm, cough and irritation of the eye results 

immediately. Even SO2 exposure at 400-500 ppm is life-threatening. The effect on human 

health due to SO2 is shown in Table 1.6 below. 

Table 1.6 Effects of SO2 on human health 

SO2 (ppm) Duration of Exposure Effects 

0.037 – 0.092 Annual average With 185 µgm-3 smoke concentration, 

increase in lung disease and respiratory 

tract problem 

0.007 Annual average With high concentration of particulate 

matter, progression in the respiratory track 

and disease in children. 

0.11 – 0.19 24 hours In low concentration of particle, increase 

in the respiratory tract disease in the 

elderly 

0.19 24 hours Progression in severe respiratory tract 

diseases in the grown-ups 

0.19 24 hours In low concentration of particle, an 

increase can be observed in mortality 

0.25 24 hours With 750 µgm-3 smoke concentration, an 

increase in daily mortality rates may be 

observed and sudden increase in 

morbidity 

0.5 10 mins In asthma patients, increase in breathing 

resistance during exercise (mobility) 

5 24 hours In healthy people, increase in breathing 

resistance 

10 10 mins Bronchospasm  

20 n/a Coughing, eye iritation 

Source: Rahman Khan and Siddiqui, (2014) 

An exposure to SO2 repeatedly can cause burning sensation and has adverse effect 

on the health of humans and it causes respiratory illness, breathing problems, 

cardiovascular diseases, irritation to the eyes and skin (Tyagi et al., 2016a). When the 

concentration of SO2 is higher than the prescribed standards of World Health 

Organization (WHO), it effects especially those suffering from asthma, bronchitis, lung 

and cardiac problems. Asthamatic and heart patients are the most sensitive to the presence 
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of SO2 in the environment (Tyagi et al., 2016a). SO2 harms human health by by 

responding with the dampness in the nose, nasal cavity, throat and this is the way in which 

it decimates the nerves in the respiratory system. Respiratory tract inflammation causes 

coughing, mucus secretion, chronic bronchitis and aggravation of asthma it makes people 

more and more prone to respiratory tract infection. The study made by Vahedian et al. 

and Dastoorpoor et al. indicated that there was a critical increment in hospital admission 

for cardiovascular illness related with SO2 (Vahedian et al., 2017; Dastoorpoor et al., 

2019). It is thus important to control the SO2 leakage at the source, not only to reduce 

accidental exposure at the source but also the environmental pollution as a whole. In order 

to make sure that this hazardous gas is treated safely during the SO2 process, it is 

important to know the specific function of SO2. Table 1.7 show the physical and 

properties of SO2. 

Table 1.7 Physical and Chemical Properties of SO2 

Physical and Chemical Properties 

1. Gas density 2.927 g/L at 20˚C 

2. Vapor density 2.263 (air=1) 

3. Condenses to a colorless liquid at -10˚C 

4. Density of liquid SO2 1.434 g/mL 

5. Critical temperature 157.65 ˚C 

6. Critical pressure 77.78 atm 

7. Critical volume 122 cc/g 

8. Dielectric constant 17.27 at -16.5 ˚C 

9. Boiling point -10 ˚C 

10. Melting point -72 ˚C 

11. Molecular weight 64.065 

Source: SO2 Material Safety Data Sheet, n.d; Simmons, n.d 

1.6.2 Production and Uses of SO2 

Generally, SO2 obtained from the combustion of sulfur along with air or oxygen 

as shown in Equation 1.1 (Balaram Sahoo, Nimai Charan Nayak, Asutosh Samantaray, 

2012). SO2 mostly produce by power plant that burn coal, automotive vehicles, petroleum 

industry, cement and paper pulp manufacturing meanwhile in nature cycle, SO2 emission 

is cause by volcanic eruption and organism decay (Wesely and Hicks, 1977; Alì, Alì and 

Speight, 2005; Wang et al., 2011; Balaram Sahoo, Nimai Charan Nayak, Asutosh 

Samantaray, 2012). 
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S + O2 = SO2 1.1 

 Acid rain is one of the most important effects of SO2 on the atmosphere. A 

reference to the sulfur cycle as shown in Figure 1.10 will explain the process of SO2 

production. 

Historically SO2 was first used by Romanians in winemaking when they 

discovered a way to keep the wine fresh and prevent it from vinegar smell by burning 

candles made of sulfur in empty vessels (Sulfur Dioxide: Science behind this anti-

microbial, anti-oxidant, wine additive | Practical Winery & Vineyard Journal, no date; 

Divol, Du Toit and Duckitt, 2012). Until now, it was used as preservatives or additives 

and bleaching agent in food and beverages industries (Green, 1976; Wedzicha, 1991; 

Adams, 1997; Salaha et al., 2008; Izquierdo-Ca??as et al., 2012). Moreover it also being 

used in manufacturing of sulfuric acid industries  (Davenport et al., 2006; Taieb and Ben 

Brahim, 2013), paper pulp industries, oil industries and etc.. 

 

Figure 1.10 SO2 Cycle 

Source: Curtis, (2007) 
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1.7 Problem Statement 

Over past few decades, due to public awareness about the dangerous of SO2 gas 

and cases related SO2 poisoning promoted to a development of a SO2 sensor by many 

researches and scientist to detect the presence of SO2 gas. They are being used in many 

industries that have presence of SO2 as example in coal combustion, metal smelters, food, 

petroleum, power plant, cement, paper pulp and automotive industries. Even though SO2 

emission in Europe and the biggest SO2 emitter’s country before have shown progressive 

declining, some hotspots in India, China, Russia or even in Europe are not have any 

changes, instead it shows an increment in SO2 emission. Moreover, cases regarding SO2 

poisoning keep happen either in industrial area or in enclosed building.  

Other than that, over the past decade, most research in SO2 sensor has emphasised 

there are many sensors already in the market specifically for SO2 detection which has 

been developed with different technology and has their own drawbacks. The conventional 

sensor used for this type detection is based on microfluidic (Martini et al., 2012; Kim et 

al., 2013), colorimetric (Bartlett and Skoog, 1954; Liu et al., 2012; Chatterjee and Sen, 

2015), semi-conductor (Berger et al., 1997; Girardin et al., 1997; Tomchenko et al., 2003; 

Wetchakun et al., 2011; Singh et al., 2012) and electrochemical (Worrell and Liu, 1984; 

Currie, Essalik and Marusic, 1999; Fergus, 2008; Toniolo et al., 2010; Uneme, Tamura 

and Imanaka, 2013) sensor.  As this SO2 sensor has been explored decade ago, there are 

various weakness of it such as slower response reversibility, harder to reset the detector 

quickly and cannot measure instantaneous SO2 levels (Richard, 2000). In addition it also 

has several weaknesses such as higher temperature and humidity dependence, difficult to 

achieve sensitivity, selectivity and specificity in presence of mixture gases (Richard, 

2000; Misra, Mathur and Srivastava, 2004).  

On the other hand, the problem faced by the conventional sensor can be solved 

by using the optical fiber sensor as it offer more advantages. The advantages such as the 

ability to transmit optical signals over longer distance without significant loss of the 

signal intensity, high sensitivity, high temperature performance, high selectivity and 

sensitivity in cross-contamination of mixture gases (Shivang Ghetia, Ruchi Gajjar and P 

Trivedi, 2013b; Saleh, A Mustafa and Osman, 2015; Yin et al., 2018). Hence, the demand 

of a new sensor that capable of performing continuous measurement is crucial. Present 

study propose the use optical fiber that is well known has a great transmission for quick 
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response for the measurement. The advantage of open-path method is used together with 

the optical fiber to determine the best wavelength for an optimum absorption. 

1.8 Objectives of the Research 

The main objective of this research are: 

1. Design and fabricate SO2 gas detection cell using an open-path method. 

2. Investigate and determine the best wavelength for an optimum absorption. 

3. Analyse cross sensitivity with atmosphere gases. 

1.9 Scope and Limitations of the Research 

The limitations of this research are list as below: 

1. Conducted in room temperature and in fume hood. 

2. Experiment of SO2 will be tested in fix wavelength range of UV region at 200 nm 

to 235 nm. 

3. Limit the cross sensitivity testing to CO2 and O2 only. 

1.10 Thesis Outline 

This thesis includes five chapters focusing on SO2 gas measurement and the 

creation of a sensor for gas detection. In Chapter 1, a brief introduction was made to the 

issue of SO2 and the value of sulfur calculation in various industries. Chapter 1 also 

addresses the problem regarding the SO2 sensor and the research objectives together with 

limitations and scopes. 

In Chapter 2, the analysis will deal with the use of fiber optic gas sensors in many 

newspapers and applications. A preliminary study of the optical fiber sensors was carried 

out. Once, different sensor configurations have been requested and the technologies used 

have been examined and addressed. In the visible and infrared electromagnetic spectrum 

area, the majority of fiber-optic sensors discussed in this segment work due to increased 

product supply and relatively cheap equipment. Chapter 3 justifies the choice of UV 

region as a light source for the development of this sensor. All tests of each type and 

design of fibre optical sensors are tested in order to identify the advantages and 
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disadvantages of SO2 gas sensors. This evaluation examines the sensor's ability and 

suitability to detect SO2 gas. 

Chapter 3 provides an overview of the electromagnetic spectrum that forms the 

base of the study's absorption sensor. A brief overview of its operating theory and the 

available components of the SO2 optical fiber sensor are presented. In relation to the 

elements, Beer Lambert's law describes the absorption concept as it is used to determine 

the concentration of SO2 gas. A brief overview of the software used to identify and track 

the SO2 gas concentration is also provided in Chapter 3. 

Chapter 4 outlines the installation of the study's SO2 gas fiber optic sensor along 

with measured data to establish the potential for sensors to detect SO2 in the spectral 

range of 200 nm to 235 nm. Such results are also included in the report. The analysis has 

optimized the sensor system for measuring SO2 in this wavelength. Further experiments 

have been conducted to determine the efficacy of the device in cross-sensitivity studies. 

All the results of this study and the SO2 sensor are summarized in Chapter 5. Furthermore, 

some changes to be made in future works are also briefly suggested. 
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LITERATURE REVIEW 

2.1 Introduction 

There are many technologies or methods available that claim to be able to detect 

SO2. Fundamentally, SO2 can be sensed using human nose because its presence is 

indicated by the characteristic of its own smells. However, human nose fails to quantify 

the exact amount of SO2 released. This deficiency has led so many researchers to design 

a sensor in order to help a human quantify the gas. In this chapter, a review on a few types 

of SO2 sensors and their working principle which are the ones considered to be the most 

relevant to this application will be described. Before that, the interactions between light 

and matter also will be discussed in order to have the better understanding of absorption 

principles of gas molecules. 

2.2 Light 

Light is also known as electromagnetic radiation. Light radiation strikes the optic 

nerves of the eyes and is sensed as color; different wavelengths of the light register in the 

brain as different colors (Houck, Crispino and McAdam, 2018). Light consists of 

photons, little packets of energy that have properties of both particles (electron, proton 

and neutron) and waves (Carson, 2000). All waves have a wavelength, the length of one 

complete cycle of the vibration. For light, the range of possible wavelengths is enormous. 

Different kinds of matter react with different waves of light. It's the wave characteristics 

which limit our ability to use light to see. 

When the light is visible and wavelengths are between 4 x 10-7 m and 7 x 10-7 m, 

pictures of atoms that are in a range of 10-9 m cannot be formed. The electromagnetic 

spectrum diagram shows in Figure 2.1 below. The most minor things can be seen by 

forming an image are large molecular assemblies such as chromosomes or cells.. 

Chemists, biochemists and microbiologists face the problem of gaining an understanding 

https://www.sciencedirect.com/topics/medicine-and-dentistry/optic-nerve
https://www.sciencedirect.com/topics/medicine-and-dentistry/optic-nerve
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of what is happening at the atom and molecular level, without actually seeing atoms or 

molecules.  

 

Figure 2.1  Electromagnetic spectrum diagram show different properties throughout 

the frequency and wavelength range 

Source: Houck, Crispino and McAdam, (2018) 

Even though the images of atoms and molecules cannot be make, light can be use 

to learn about the structures of atoms and molecules. This is because atoms and molecules 

can absorb or emit light (Björn, 2008; Saldanha and Monken, 2011). By looking at the 

light that is absorbed or emitted the species involved can be learn. The technique for 

looking at such light is referred to as spectroscopy (Sharma, 2017). The spectroscopic 

techniques developed to study various effects in respective regions of radiation. It is the 

only tool available to astronomers to collect information about the cosmos. It is the most 

powerful tool available to scientists to study atoms and molecules, a technique that is 

universally used in science and engineering disciplines.  

2.2.1 Types of Spectroscopy Techniques 

The study of light and matter interactions is called spectroscopy (Saldanha and 

Monken, 2011; Sharma, 2017). Two different aspects of this relationship can be used to 

think about atoms and molecules. One is the detection of light wavelengths associated 

with atoms and molecules. The other is to calculate the light amount consumed or 

released at a certain wavelength. All determinations need to divide a light source into its 



25 

wavelengths of the variable. The breaking of light into a continuum is thus a critical 

component of any spectroscopic analysis. The energy is consumed or released in two 

ways by atoms and molecules. This generates four spectroscopy types called qualitative, 

quantitative, emission and absorption. 

One of the useful aspects of spectroscopy is that a chemical species spectrum is 

unique to that species. The same spectrum will always be present in identical atoms and 

molecules. Various species will have various spectrums (Sharma, 2017). The spectrum 

of a species can therefore be considered as a fingerprint for the species. Qualitative 

spectroscopy is used for the identification of chemicals by producing a spectrum and 

comparing it to known spectrum to match (Ghidini, Varrà and Zanardi, 2019). As an 

example, consider the discovery of the element Helium (Bent, 2004). It was first 

observed, not on the earth, but in the sun. In 1868 the French astronomer, Pierre-Jules-

Cesar Janssen, was in India to observe a solar eclipse when he detected new lines in the 

solar spectrum (Butt, Gole and Dyck, 2000). At that time no element known would 

produce these lines, and therefore he concluded that the sun contained a new element. 

The quest for the new element on planet Earth was started. The new element in uranium 

ores was identified by the end of this century and named Helium according to the Greek 

word for sun (Helios). Spectroscopy is now widely used in the identification of chemical 

species. 

Quantitative spectroscopy is one of the fastest and simplest ways to assess how 

many atoms or molecules a sample contains (Smith, 2002). This is because the interaction 

between light and matter is stoichiometric. At a given temperature, in a certain period of 

time the same number of photons is absorbed or released with the same number of atoms 

or molecules. Spectroscopy is therefore one of the few methods that can directly measure 

the number of atoms or molecules present in a sample (Flaud et al., 2005). Quantitative 

emission spectroscopy involves heating of samples to allow electrons to emit light. (Flaud 

et al., 2005). This is done most often by feeding the sample in a flaming burner. As a 

result, use with most molecular compounds is not practical. It is often used for basic 

analysis. A quantitative emission technique, flame photometry, is used in clinical 

laboratories to assess blood plasma and urine levels of sodium and potassium. 

(Buzanovskii, 2018). 
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The opposite of the absorption spectroscopy is emission spectroscopy. Sampled 

electrons are stimulated by any one of a number of methods to extremely high energy 

levels (e.g. electric discharge, heat, laser light, etc.). (Devia, Rodriguez-Restrepo and 

Restrepo-Parra, 2015). When these electrons come back to lower rates, they emit light. It 

is divided into a spectrum by gathering this light and passing it through a prism 

(Demtröder, 1999). Nevertheless, this time only a dark field with colored lines that fit the 

electron transitions. Remember that the spectrum absorption and emission of the same 

material has the same wavelength values (Kang and Donnelly, 2007). These values 

appear as black lines on a colored field in the absorption spectrum, while the emission 

spectrum shows colored lines on a black field. 

Absorption spectroscopy is the study of molecular absorption of light (Lagalante, 

1999). White light is caused by a sample and then by a device (such as a prism), which 

breaks the light into a range. White light is a combination of all visible light wavelengths 

(Bharadwaj, 2014). If the light passes through a sample, the sample electrons will absorb 

certain wavelengths of light that can shift them to other levels under appropriate 

conditions. (Kang and Donnelly, 2007; Eastham, 2012). The light from the prism 

therefore lacks certain wavelengths that correspond to the permissible energy levels of 

the electrons in the sample. A black-line spectrum is shown where the absorbed light 

would have been if the sample had not been deleted.  

2.2.2 Absorption Spectroscopy of UV 

Absorbtion spectroscopy is commonly used in the field of gas detection based on 

the molecular absorption nature, due to its unique advantages of high selectivity, solid 

stability and continuous on-line monitoring in real time. (Lin et al., 2019). Gonzalez et al 

also stated (Gonzalez, Gonzalo Abad Amir et al., 2019) Atmospheric gas is being 

monitored for nearly five decades and traces, using UV, therefore different atmospheric 

gas molecules absorb UV light and each of them absorbs wavelength radiation. This is a 

process in which the interaction between a molecule and a photon causes the atoms of a 

molecule to change from one energy condition to another.(Eastham, 2012). There should 
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be a mechanism for interaction between the molecule and the electromagnetic radiation 

in order to be absorbed. 

UV absorption in the atmosphere arises mainly from electronic transitions of 

atomic and molecular O2 and N2 (Kali Charan Sahu, 2007). Because of UV absorption, 

some O2 and N2 molecules are photochemically dissociated in the upper atmosphere into 

atomic O2 and N2. Electron transitions take place when valence electrons are excited from 

a level of energy to a higher level of energy (Zhang and Hoshino, 2019).  The transitional 

energy change provides information on the molecular properties such as their powerful 

states and spatial structure as well as allows the molecule to conclude whether it is in the 

ground or excited states. 

 

Figure 2.2 Bonding and anti-bonding energy transition 

Source: UV-visible absorption spectra 

In every possible case an electron is excited to a vacuum anti-bonding orbital from 

a full orbital. Each jump takes light energy, and a big jump requires more energy than a 

small jump. Every wavelength of light has a certain energy. If this particular amount of 

energy is suitable for one of the energy transitions, then the wavelength is absorbed. This 

explains the different absorption levels at various wavelengths. It also explains why 

another gas has a different absorption curve or pattern because another gas electron needs 

a different energy amount before it can jump. This transition or jumping electron and its 

energy are well explained by Kalsi (P.S. Kalsi, 2004). 
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According to the theory illustrated in Figure 2.2, a jump from π to a π antibonding 

orbital should have a fixed energy and should therefore absorb only one wavelength. 

Nonetheless, the fact that the molecule absorbs a vast spectrum of wavelengths indicates 

a variety of energy leaps. (P.S. Kalsi, 2004). Rotations and vibrations of the molecule 

that constantly change the gaps between the orbital electrons are responsible for this 

(Stewart, 2019). The energy gaps between them are therefore constantly changing. In 

short, the absorption occurs in a range of wavelengths instead of a fixed wavelength. 

A recent development is the understanding of the existence of light. The electron 

leaps refer not only to the absorbed wavelength, but also to the energy gap. The greater 

the energy gap, the higher the energy required. (Morris, 2009). The various forms of 

electromagnetic radiation have long been considered as different phenomena. The list of 

common names for the different wavelength ranges -wave and -ray. This is because a 

photon's energy is (inverse) correlated with its wavelength. This means light has a greater 

frequency with a lower wavelength, and so it carries more energy. (Pirronello and 

Manicó, 1998). We can thus conclude that the bigger the energy gap, the lower the 

wavelength of light is absorbed.  

𝐸 =  
ℎ𝑐

𝜆
         3.1 

Equation 3.1 above, where E is energy of the photon in joules, λ is wavelength in 

nanometres, h is constant of Plank, and c is a speed of light. (Percuoco, 2013). The shorter 

the wavelength, the higher the photon energy. (Barrett, 2002). As the wavelength range 

of known electromagnetic radiation is enormous, it is also the energy difference of 

photons which determines the effects of the photon when interacting with matter. The 

radio frequency photons have very little energy, so we can saturate our environment with 

them without disturbing our surroundings. Olive's theoretical cross-section absorption 

(Olive, 2007) shows that SO2 gas absorbs light on many wavelengths of UV field. The 

peaks vary from 150 nm to 450 nm at different wavelengths, as shown in Figure 2.3. Each 

peak has a wide absorption range instead of a single line. 
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Figure 2.3 Absorption cross section for SO2 in the UV region 

Source: Olive, (2007) 

2.3 Beer Lambert Law 

The basic principles of Beer-Lambert Law are widely used in many fields areas 

of study such as pharmaceutical sciences, chemistry and even related fields of quantum 

testing related to absorption spectroscopy (Hardesty and Attili, 2010). In optical 

measurement, the Beer–Lambert law is utilized to relates the absorption of light to the 

properties of the material where light is travelling (Dooly et al., 2011). Figure 2.4 shows 

that the light intensity via a medium is decreased in relation to the length of the path 

exponentially. As explained by Dooly et al, in Equation 3.2, the ratio of the transmitted, 

I and incident intensity, Io can determine the transmittance, T of the travelling light 

(Dooly, Fitzpatrick and Lewis, 2008). 

Transmittance, T=I/Io         3.2 

Absorbance, A = −ln(T)        3.3 
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Figure 2.4 Light absorption intensity over path-length. 

Source: Dooly et al., (2011) 

Absorbance, A has no unit as shown in Equation 3.3. If the absorption versus the 

path-length is shown in a graph, a straight line is established. The law can therefore also 

be characterized as a linear relation between light absorbance and the absorbing medium 

concentration. In the equation 3.4 below, it has featured the general equation of the Beer 

Lambert Law as also describes by Norazmi et al. It demonstrates the relation related 

absorption and absorbing species concentration (Norazmi et al., 2018). 

𝐼

𝐼o
=  𝑒(−𝜎.𝑁.𝑙)         3.4 

Where I is transmitted intensity, Io is the intensity of the incident, l (cm) is the 

distance the light is passing through the gas, σ (cm2/molecule) is the cross-section of 

absorption, and N (molecules/cm3) is the number of molecules in unit volume. This 

concentration N has to be adjusted in unit molecules/cm3 to ppm because the 

concentration of emission gas is normally read in this unit. The Beer Lambert Law as 

explained and derive by O’keeffe et al, Hadi and Salim et al, (O’Keeffe et al., 2010; Hadi, 

2011; Salim et al., 2018) after rearranging the general equation 3.4 above, the absorption 

cross section can be calculated using Equation 3.5.. 

𝜎 =  
−[𝐼𝑛

𝐼

𝐼o
][𝑇×22.4]

𝑝𝑝𝑚×𝑁𝐴×𝑙×273×𝑃×10−9       3.5 

Where T (K) is the measured gas temperature, the unit gas concentration is part 

per million (ppm), NA is the constant of Avogadro and P (atm) is the measured pressure. 
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2.4 Review on SO2 Sensor 

In a control system, sensors are the most critical unit. Sensors are used to detect 

the physical and chemical characteristics of a device through control and display of 

various parameters. Many available methods and technologies claim that SO2 can be 

detected. In essence, the human nose can very effectively sensitive SO2, because its 

presence is characterized by the pungent and irritating smell of a just match. It can be 

measured by the taste at 0.35-1.05 ppm and has a pungent, irritated odor of 0.67-4.75 

ppm with an odor threshold. (Cheryl B. Bast; George M. Woodall; Lorren Koller, 2010). 

The human nose does not, however, quantify the SO2 level and detect the gas at lower 

concentrations.  

For reasons of health and safety, SO2 concentration in ambient air must in many 

cases be known. Certain sectors that need the quantification of SO2 include food and 

beverage industries, fertilizers, bio-medical industries, leather tanning, brewing and 

preservation industries and SC Gad describes the reasons. (S.C.Gad, 2014).  SO2 gas 

detector sensors were therefore designed to determine the concentration of SO2, some of 

which can detect very low concentrations up to the ppb level. (Ghimbeu et al., 2010; 

Betty, Choudhury and Arora, 2015; Kumar, Avasthi and Kaur, 2017) .   

Therefore, several new analytical methods and technologies have been introduced 

in recent years for the analysis of SO2. A summary of some types of current SO2 sensors 

will be listed in this section. They are divided into four main types and take into account 

their advantages and disadvantages. The technologies for sensor SO2 are investigated as 

follows: 

a) Microfluidic sensor 

b) Metal oxide semiconductor sensors 

c) Electrochemical sensor 

d) Fiber Optic Sensor 
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2.4.1 Microfluidic sensor 

The first SO2 sensor will be discussed is microfluidic based sensor. Antony et al. 

explains in his study that microfluidics are the technology sector that processes fluid’s 

micro volumes. The requirements in several areas such as molecular analysis, biodefense, 

molecular biology and microelectronics have provided an opportunity for the 

advancement of microfluidics technology. Sensors for microfluidic systems could be 

referred to as "microfluidic sensors", which have emerged as a distinct new field by 

controlling fluids in channels spanning ten micrometers. The development of sensors for 

the measuring on a micro scale is a hot stream in current research when scaling decreases, 

as well as the sensor sensitivity, selectivity and stability also take into account the risks 

in design and development.(Antony et al., 2014).  

Antony et al. also classified two types of microfluidic sensor as physical sensors 

and bio-chemical sensors (Antony et al., 2014). Among physical sensors as explored by 

Antony et al. are microfluidic flow sensor (Rasmussen et al., 2001; Kim et al., 2019), 

temperature sensor (Kim et al., 2013; Mohaghegh Montazeri, O’Brien and Hoorfar, 

2019) and pressure sensor (Shi et al., 2016; Hoera et al., 2018). Meanwhile, among bio-

chemical sensor that have been investigated by Anthony et al. are gas sensor, ATP 

bioluminescene, DNA bio-sensor, cancer cell detection, cell flow detection, cholesterol 

detection, cocaine detection, glucose sensor, pH measurement and bacterial bio-sensor 

(Antony et al., 2014).  

Many microfluidic sensors are electrochemical devices, containing 

multidisciplinary sensing theorems. As an example, Cleary et al. in describing detection 

principle of phosphate sensor in his paper mention that by using optical detection method 

and the colorimetric technique, it involving the formation of vanadomolybdophosphoric 

acid when a phosphate-containing sample is mixed with an acidic reagent containing 

ammonium molybdate and ammonium metavanadate in a T microchannel reactor 

(Cleary, Slater and Diamond, 2007). In developing his force sensor, Ponce Wong et al. 

has recently reported that it transforms mechanical deformations into electrical output by 

detecting the capacitance transition of the dielectric medium inside the tube. (Ponce 

Wong, Posner and Santos, 2012). 
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To date there are many types of gas microfluidic sensor have been reported such 

as chlorine gas sensor (Gao et al., 2008), amnonia gas sensor (Martini et al., 2012), O2 

gas sensor (Bunge et al., 2019) and others. In a study investigating SO2 sensor, Montazeri 

et al. found that one of the technology to detect SO2 is microfluidic paper-based analytical 

devices (µPADs) (Mohaghegh Montazeri, O’Brien and Hoorfar, 2019).  

According to Montazeri et al., Busa et al. and Ramdzan et al., μPADs have many 

great advantages over conventional equipment, including very small volumes of reagents 

and sample, rapid response times, low cost, excellent portability, energy-free fluid 

transportation through capillaries, high volume area to volume ratio and the ability to 

store reactions within the fiber network (Busa et al., 2016; Ramdzan et al., 2016; 

Mohaghegh Montazeri, O’Brien and Hoorfar, 2019). μPADs thus provide a promising 

approach to a wide array of chemical, biomedical, biological, environmental and clinical 

applications, including food additive or derivative assessment, bacterial monitoring, 

beverage detection and cell culture.  

Nevertheless, traditional techniques and equipment such as colorimetry, 

electrochemical analysis, chemiluminescence, and others continue to be used in the last 

detection phase. Furthermore, calibration (i.e., training) across a broad spectrum of 

parameters is a major challenge in microfluid gas detectors including gas types, variable 

concentrations, temperature, strain, moisture, etc. (Mohaghegh Montazeri, O’Brien and 

Hoorfar, 2019). It involves multiple detectors and detailed tests, both time consuming 

and expensive. 

2.4.2 Metal Oxide Semiconductor Sensor (MOS) 

Metal oxide semiconductor sensor also known as MOS is one of another type of 

SO2 sensor. MOS gas sensors are the most commonly investigated gas sensor community 

because of their excellent sensing capabilities, high electrical stability, rapid response and 

recovery (Barsan, Koziej and Weimar, 2007; Lupan, Chow and Chai, 2009; Chaudhary 

and Kaur, 2015). Semiconductor gas sensors rely on a gas in contact with a metal oxide 

surface which is then oxidized or decreased. This works on the principle of absorption or 

desorption of the metal oxide gas, which changes the conductivity or resistivity of the 

base value. The conductivity or resistivity transition can be tested with electronic circuits. 
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The change in conductivity or resistivity is typically a linear and proportional relation to 

the gas concentration. 

The metal oxide semiconductors used for the detection of SO2 are usually tin 

oxide (SnO2). Tyagi et al. suggest that SnO2 is the favored one for its natural non-

stoichiometry, which allows O2 to be adsorbed by the atmosphere on its surface and 

makes it immune to many harmful and toxic gasses (Tyagi et al., 2016b). SO2 sensing 

responses were contrasted by Tyagi et al. with SnO2 thin films combined with various 

metal oxide catalysts such as PdO, CUO, NiO, MgO and V2O5 (Tyagi et al., 2016b, 2017).  

At 220 °C, a gas response of 1.3 was shown by the bare SnO2 thin film sensor 

while a NiO/ SnO2 composite sensor had a gas response of 56 to 500 ppm SO2 gas with 

a low 80 s and 70 s recovery time at 180 °C respectively. Das et al. investigate the highly 

selective gas sensing characteristics of nanostructured vanadium-doped SnO2 sensors that 

can detect SO2 gas down to 5 ppm in the presence of CO, CH4 and butane gases (S. Das 

et al., 2008). It proposes that SO2 to SO3 surface oxidation occurs in redox cycles 

involving species of vanadium-sulfur- O2 adsorbed.  

Although SnO2, showing great capability in detecting SO2, there are few research 

on ZnO and WO3 are also studied. For instance, Zhou et al. developed the hierarchical 

ZnO gas sensor based on the nanoflower and investigated its gas sensitive properties for 

SO2 gas. (Zhou et al., 2016). 16.72 and 26.14 gas responses respectively were observed 

for 30 and 60 ppm of SO2 gas at 260 °C. The response time was 7 s for 80 ppm gas 

concentration, while 8 s recovery time was observed.  

Shimizu et al. studied extensively the SO2 sensing properties of several 

semiconductor metal oxides (WO3, SnO2, ZnO, TiO2, In2O3, and In2O3–5.0 mol % MgO) 

and reported that the SO2 sensor response was the highest at 400 °C. (Shimizu et al., 

2001). The researchers also tested the effect of noble metal add-ons on WO3 in an attempt 

to improve the SO2 sensor response, and found that adding 1.0 wt% Ag improved the 

most the efficiency of WO3, which showed significantly increased resistance to 450 °C. 

The mechanism for the increased resistance of WO3 was the formation of SO-2 

and the forming of SO-4 of 1.0 wt percent Ag/WO3 at 450 ° C, according to Shimizu et 

al. (Shimizu et al., 2001). Surface chemistry plays an important role in the gas sensing of 

semiconductor metal oxides, but the further development and improvement of sensor 
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materials can be supported by understanding the effects of the addition of noble metals 

in the phase balance in the presence of SO2 species. While thermodynamic phase stability 

of SO2 gas sensing semiconductor oxide materials may give an insight into working 

principles, thus selectivity, sensor response and stability, they are scarcely taken into 

account. 

There have been extensive research on these metal oxide semiconductor sensors 

and promising performance, with robust and inexpensive sensors (Clifford and Tuma, 

1982; Srivastava et al., 1994; Sberveglieri, 1995). Nevertheless, the sensors of metal 

oxides semiconductor have their own disadvantages. One of the key drawbacks is that 

SO2 gas alone is not selective (Ampuero and Bosset, 2003) especially in the presence of 

water vapor when gas is detected (Wang et al., 2010).  

According to Wang et al. (Wang et al., 2010), the absorption of water molecules 

results in less chemical absorption of SnO2 surface O2 species due to the decreasing of 

the sensor response surface area. On the other side, water molecules also act as a barrier 

to absorption of C2H2. The superficial C2H2 migration on the SnO2 surface is difficult, 

which reduces the sensitivity. Therefore, a new method is necessary to solve this question 

of selectivity.  

This selectivity problem was reduced or solved by different methods, like the 

neural network system (Mondal et al., 2015; Krivetskiy et al., 2018), numerical 

modelling (Kumar et al., 2019) or through the use of metals or additives that boost 

chemical supply of different gases (S Das et al., 2008; Betty, Choudhury and Arora, 2015; 

Zhou et al., 2019). Specific approaches used to boost the sensor selectivity include the 

use of masks and filters, or temperature controls, so that the sensor detects only a single 

gas with a high sensitivity (C. Zhang et al., 2019). MOS sensors also face other issues, 

such as electromagnetic interference sensitivity. It can also be affected by moisture and 

have a short service life due to the weakness of the filter. The difficulty of rising MOS 

sensor technology can also increase production costs. 
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2.4.3 Electrochemical Sensor 

Due to its attractive features, including reduced power consumption, portability 

and efficient production, high sensitivity and fairly perfect selectivity, this system for gas 

sensors has been employed. (Xiong and Compton, 2014). A standard electrochemical gas 

sensor typically comprises a sensory electrode (or work electrode), a counterelectrode, a 

reference electrode, electrolyte and a hydrophobic gas permeable membrane (usually 

PTFE or Teflon) (Wang, 2006; Giddey, Badwal and Kulkarni, 2013). R. Sathiyamoorthi 

et al developed a fluoride and chlorine electrochemical sensor (Sathiyamoorthi et al., 

2004). Lu et al and Gan et al. in their review study on electrochemical sensors based on 

graphene materials indicated the fact that nanoscale materials are good candidates for gas 

sensing elements due to their high surface-to-volume ratio, reduce size and power 

consumption and have been used to detect multiple sensors (Lu, Ocola and Chen, 2009; 

Gan and Hu, 2011). 

For the most part, in this category of sensors, the sensors are organized as kinds 

of electrolyte which use the most solid and liquid electrolytes. More specifically, 

amperometric and potentiometric methods typically utilize solid-state electrolyte-based 

sensors. On the other hand, voltammetric and potential step chronoamperometric 

methods are commonly used in liquid state electrolyte sensors (Rogers et al., 2010). 

Silvester et al. investigated that amperometric and potentialometric sensors are mostly 

used to detect gasses, while coulometric and conductometric sensors are rarely used for 

sensing gasses. (Silvester, 2011). To identify specific gases by adjusting the electrolyte 

form, amperometric sensors have been used. 

As an example, Kuo-Chuan Ho and Wen-Tung Hung (Ho and Hung, 2001) 

developed an amperometric NO2 gas sensor based on Pt/Nafion electrode, NO2 

concentrations in the range of 0 to 485 ppm were detected. Lu et al. also developed an 

amperometric hydrogen sensor based on the Nafion membrane polymer electrolyte 

membrane as a conductive polymer. (Lu et al., 2005). The response to the concentration 

of hydrogen was between 260 and 11,500 ppm. Yente Chao et al. have developed an 

amperometric sensor using three different hydrogen and carbon monoxide sensing sensor 

designs (Chao et al., 2005). In H2 and CO concentration, the three main systems were 

tested, while devices II and III had slower response times as opposed to system I. The 
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sensor selectivity in hydrogen concentrations was significantly improved by switching 

Pt-air RE with updated Ag / AgCl RE and incorporating semi-permeable membrane. 

Gas detection users have traditionally learned the disadvantages of the 

electrochemical gas detection system from the chemical reaction factors. For instance, 

the reaction speed decreases with decreasing temperature. As the function, the 

electrochemical cell temperature range appears to be narrower than other sensor types. 

Electrochemical instruments have traditionally been unable to function in extreme, cold 

weather. A low ambient temperature limit of -10 °C is not uncommon in certain 

commercial models. These sensors are also adversely affected by alkaline metals, which 

cause sensor drift, and by silicone vapors, which may coat the sensor surface and 

irreversibly inhibit sensitivity. Operation in low O2 environments also alters sensor 

performance in sensors in which oxidation of the target gas takes place at the sensing 

electrode. Examples are certain ammonia, carbon monoxide, and hydrogen sulphide 

electrochemical cells. 

2.4.4 Optical Fiber Sensor  

Optical fiber sensor (OFS) technology has been used in variety of application for 

more than four decades since the very first sensor reported in the literature. In the late 

1970s, the optical fiber sensor development becomes crucial. Since the optical fiber has 

many advantages as it has been widely used in many areas such as telecommunication 

(Landsbergen, Shiang and Byrnes, 1994; Carlier, Li and Lutton, 1997), medical 

(Gauthier, 1993; Arata, Terakawa and Fujimoto, 2013; Sanders et al., 2014), environment 

(Gangaiya and Mahendra, 2008; Jiang et al., 2013), military (Jamieson, 1982; Li et al., 

2012), space (Taylor and Thacker, 1982; Rößner et al., 2012), oil and gas industry (Fu, 

Wan and Qiu, 2010; Yan and Chyan, 2010; Mirzaei et al., 2013) and etc.. 

2.5 Optical Fiber Review 

There many examples of the early development and application of fiber optic 

sensor reviewed by Culshaw and Kursey (Culshaw and Kursey, 2008). ‘Basically, fiber 

optic has three important parts which is core, cladding and coating or buffer as shown in 

Figure 2.5 (General Fiber Information, n.d). 
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Figure 2.5 Optical Fiber Basic Structure 

Source: Custom Fiber Optic Patch Cables, n.d 

 

Core is the centered layer of optical fiber usually made of silica where the light is 

transmitting through it. Cladding is the coating around the center reflecting the light in 

the middle, often made from silica with a different composition. Meanwhile coating is 

the first layer that protect the silica structure; core-cladding from physical or 

environmental damage. Usually the optical fiber has at least four to five layer which is 

will protect more the important part from breaking during installation. 

2.5.1 Advantages of Optical Fiber 

The conventional electrical sensors have more disadvantages than the optical fiber 

such as heavy shielding, significantly increasing cost, size and weight. On the other hand, 

optical fibers which is have more advantages such as the ability to transmit optical signals 

over longer distance without significant loss of the signal intensity. Optical fibers also 

have many other benefits as shown in Table 2.1 below and apply to optical fibers. 
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Table 2.1 Optical Fiber Advantages 

Optical Fiber Advantages 

Passive (all-dielectric) 

Light weight 

Small size 

Immunity to electromagnetic interference 

High temperature performance 

Large bandwidth 

Environmental ruggedness to vibration and shock 

High sensitivity 

Electrical and optical multiplexing 

Component cost driven by large commercial telecommunication and optoelectronic market 

Source: Zanger and Zanger, (1991) ; Saleh, A Mustafa and Osman, (2015) 

2.6 Classification of Optical Fiber Sensor 

There are various types of fiber optic sensor has been developed today. Basically 

the principle of fiber optic sensor is shown in Figure 2.6 below. It consists of light source, 

modulator element and detector. The light source will feed the light signal that propagates 

through the fiber optic and in the modulation region; the measurand will modulated the 

light signal. Then the light detector will sense the light signal before it will be analyzed. 

Previous research has shown that there are few types on how the fiber optic sensor is 

classified; location of modulation region, the operation principle, its application and 

response to their measurement point (Fidanboylu and Efendioglu, 2009; Thakral and 

Manhas, 2011; Ghetia, Gajjar and Trivedi, 2013). In summary, the categories that 

classified the FOS into which types are presented in the Table 2.2 below (Yio et al., 2008; 

Scholar, 2012) and the types of FOS will be further explained in the next sub-chapter. 

 

 

 

Figure 2.6 Block Diagram of Basic Optical fiber Principle 
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Table 2.2 Classification of Fiber Optic Sensor System 

Classification of Fiber Optic Classification of Sensor 

Location of Modulation Region 1. Intrinsic 

2. Extrinsic 

Operation Principle 1. Intensity 

2. Phase 

3. Frequency wavelength 

4. Polarization 

Based on application 1. Physical 

2. Chemical 

3. Bio-medical 

Response to measurement point 1. Point to point 

2. Multiplexed 

3. Distributed 

Source: Bahareh and Hooman, (2008); Scholar, (2012) 

2.6.1 Location of Modulation Principle 

The characteristic that sensing takes place in the area outside of the fiber itself 

can be distinguished by the extrinsic sensor or also the hybrid sensor. It is a measurement 

tool with an open air optical system, such as a Laser Doppler anemometer for measuring 

flow velocity. 

The principal advantage of the external sensor is its ability to reach places which 

other sensors can not reach, for example, when measuring a high-temperature spot of a 

gas turbine blade. (SCHENK and RAAKE, 1999; Sebastián, Armiens and Gómez-Elvira, 

2010). The optical fiber is used to relay radiation to the gas turbine and a pyrometer 

measures thermal radiation. Extrinsic sensors can also be used for measuring the interior 

temperature of electrical transformers where intense electromagnetic fields prohibit the 

use of external measurement techniques. (Deng et al., 2001). The diagram of the extrinsic 

and intrinsic fiber optic sensor concept is shown in Figure 2.7 below. 
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Figure 2.7 Extrinsic and intrinsic fiber optic sensor 

Source: Shivang Ghetia, Ruchi Gajjar and P Trivedi, (2013a) 

Intrinsic or all-fiber sensors imply that the sensor parameters, for instance 

intensity and wavelength, modulate the sensing properties in the fiber itself. It is being 

categorized into two types which are direct sensor which is the measurands act on the 

fiber itself and indirect sensor which is the measurands act on another medium tranduced 

through the fiber optic (Nguyen et al., 2014; Pospíšilová, Kuncová and Trögl, 2015). 

Fiber Optic Gyroscope (FOG) (Merlo, Norgia and Donati, 2002; Shamir, 2006; 

Fidanboylu and Efendioglu, 2009; Juang and Radharamanan, 2009; Lecler and Meyrueis, 

2012) and interferometric sensor (Vukmirica, 2008) are an example of direct sensor and 

indirect sensor such as coated optical fiber sensor (James and Tatam, no date; Wysokiński 

et al., 2015). 

2.7 Open-path Optical Technique 

Open-path technique is amongst the most common gas detection methods that use 

the spectroscopic concept. (Briz et al., 2007; Trottier et al., 2009; Detto et al., 2011; 

Schütze et al., 2013; Sung and Lu, 2014). The advantage of the open path technique is 

that the detector interacts with the test gas for a substantial proportion of the light. The 

advantage of this approach is that multiple gas species can be simultaneously detected in 

unique blend and in real time. (Gibbs et al., 1994).  

Ohtsu et al exhibit the open path technique for the measurement of spectral 

absorption patterns with a laser light for NH3 and H2O (Ohtsu, Kotani and Tagawa, 1983). 

This open path technique used an absorption cell with a length of 0.55 meters. During the 

Extrinsic Fiber Optic Sensor Intrinsic Fiber Optic Sensor 
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first half of the experiment, the spectral absorption lines were measured at 1.5 μm without 

optical fiber, which resulted in 21 emission spectra for NH3 and another for H2O, as 

highlighted in Figure 2.8. A multimode fiber with a diameter of 30 μm was connected in 

the second half of the experiment to one early part of the absorption chamber. The tests 

of the second period of the test reveal that when an optical fiber is being used the signal 

to noise ratio is reduced by about 10 times. 

 

Figure 2.8  Third derivatives of (a) NH3 spectral lines (b) H2O spectral line 

Source: Ohtsu, Kotani and Tagawa, (1983) 

The sensor system using the equivalent approach is the DOAS system. Al-Jalal et 

al. define DOAS as a modification of an open path sensor system, which can be used to 

measure various gases at the same time (Al-Jalal et al., 2019). The underlying method is 

identical to the open path technique and DOAS system. Moreover, as stated by Zheng et. 

al., the DOAS system needs radiation intensity measurement at two or more wavelengths 

(Zheng et al., 2018). A standard DOAS instrument consists of a continuous source of 

light as shown in Figure 2.9, a receiver and an analyzer. 

The major advantage of this method is that in real time a variety of applications 

with various trace gas species are measured (Kim and Kim, 2001). Nonetheless, DOAS 

sensors need to have a high-energy source of light, which is not economic and 
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environmentally acceptable to long-range measurements. The path from the transmitter 

to the receiver can be up to 20 km for a functioning DOAS (Platt, 2017). 

Figure 2.9  Schematic diagram of DOAS sensor system 

Source: Wang, Zhu and Niu, (2008) 

As shown by Wang et al, DOAS system has the same configuration as the 

detection system in this research(Wang, Zhu and Niu, 2008). Nevertheless, a cylinder rod 

is used as a testing gas cell for this optical fiber SO2 sensor. The benefit of using the gas 

test cell is that before the measurement has taken place especially in the initial phase of 

sensor growth or during the calibration process it is easier to draw and cleanse the 

necessary quantity of the test gas into the system. 

Extensive method in open path technique is Differential Absorption Lidar (DIAL) 

system. DIAL is widely used in the measurement of various kinds of gases, including O3, 

CO2, and CH4 (Burlakov et al., 2010). In order to measure the atmospheric concentrations 

of gases such as water vapor and ozone, it uses the atmospheric backscatter technique 

(Grant, Kagann and McClenny, 1992). DIAL consists of four components: the laser unit, 

the telescope unit, the detection unit, the system acquisition and control unit. The DIAL 

system shown in Figure 2.10 below.  

The laser transmitter consists of a teint laser, an oscillator, a preamplifier and an 

end amplifier. Only the oscillator stage is shown in Figure 2.10. For coarse-wavelength 
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tuning, a stepper motor rotates the tuning mirror of the color laser while the tuning mirror 

angle is controlled by a piezoelectric transducer (PZT) for fine tuning. It combination 

requires fast switching at speeds up to 50 Hz between on and off wave lengths. This is 

faster than the pulse repeater frequency (20 Hz), which allows the space between one 

pulse and the next to be moved from wavelength.  

According to Grant et al., there are several likely reasons why the DIAL laser 

system has not been used more widely. Next, it is quite difficult to use the laser DIAL 

system, including tunable lasers, cooled detectors, and local oscillators for heterodynamic 

detection for long-range application, or efficient pulsated lasers for direct detection. 

Second, the operation of the DIAL laser system depends only on the presence of sufficient 

aerosol atmospheric loading to provide useful backscatter signals. This condition for 

aerosols contrasts with UV and visible wavelength lidar structures that can cope with 

only molecular backscatter.  

Figure 2.10  Scheme of the differential absorption lidar (DIAL) system. 

Source: Mei, Zhao and Svanberg, (2014) 
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2.8 Summary 

In this chapter, several types of spectroscopy and the open-path optical method 

techniques had been discussed. Their characteristics, working principle, advantages and 

disadvantages were examined. Types of spectroscopy included qualitative spectroscopy, 

quantitative spectroscopy, emission spectroscopy and absorption spectroscopy. Among 

all the types of spectroscopy, absorbtion spectroscopy is commonly used in the field of 

gas detection based on the molecular absorption nature, due to its unique advantages of 

high selectivity, solid stability and continuous on-line monitoring in real time. In addition, 

the Beer–Lambert law is also been discussed as it is been used in the optical measurement.  

This chapter also will not be complete without reviewing on types of SO2 sensor. 

Therefore four types of sensor has been discussed thoroughly which is microfluidic 

sensor, metal oxide semiconductor sensor, electrochemical sensor and optical fiber 

sensor. Futhermore, there are many techniques in optical fiber sensor which is Open-path 

Technique, Differential Optical Absorption Spectroscopy (DOAS) and Differential 

Absorption Lidar (DIAL) systems. All these methods were reviewed in this chapter. The 

techniques are capable in making a long path measurement to measure visibility and each 

of them has their own advantages. 
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METHODOLOGY 

3.1 Introduction 

Chapter 2 dealt with different types of SO2 gas sensing designs and the suitability 

of each sensor to use as a possible SO2 gas sensor. Chapter 2 reveals that open path 

configuration provides the most advantages. The designs of optical sensors differ 

according to light source, modulation method and detector types. The result is a number 

of differences, such as gas range detection and its detection limits, durability, sensitivity 

sensitivity susceptibility and development costs. The open path absorption sensor was 

chosen for the new sensor development in this project. The part used, including related 

software, is discussed in this chapter. This chapter also involves testing and development 

of this device into a functioning gas sensor.  

3.2 Development of Sensor System 

3.2.1 UV Light Source 

The absorption wavelength of SO2 gas is most appropriate for the UV 

electromagnetic light area, as described in Section 2.2.2 in Figure 2.3. UV light is part of 

electromagnetic radiation (Diffey, 2002) (Canadian Centre for Occupational Health and 

Safety (CCOHS), 2016) generally in the range of 100 nm to 400 nm, has higher 

frequencies (shorter wavelength) than visible light but have lower frequencies (longer 

wavelength) compared to x-rays. The light that enables human to see is composed to the 

colours in a rainbow and the UV region is started after the violet end of the rainbow which 

is invisible to human eyes but visible to some species of birds, insects and certain fish. 

Some UV exposure is essential for good health but excessive exposure can bring damage 

to human health as painful as sunburn. As shown in Figure 3.1, UV light can be separated 

into three groups of the electromagnetic spectrum. Nevertheless, according to ISO 

Standard (ISO International Standard 21348, 2007) UV radiation classified with a 

wavelength of between 10 nm and 400 nm is listed as Table 3.1. 
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Figure 3.1 Electromagnetic Spectrum 

Source: Canadian Centre for Occupational Health and Safety (CCOHS), (2016)  

Table 3.1 Subdivided of UV Radiation   

Name Abbreviation Wavelength Range 

Vacuum VUV 200 nm – 10 nm 

Extreme  EUV 121 nm – 10 nm 

Hydrogen Lyman-alpha H Lyman-α 122 nm – 121 nm 

Far FUV 200 nm – 122 nm 

Ultraviolet C UVC 280 nm – 100 nm 

Middle MUV 300 nm – 200 nm 

Ultraviolet B UVB 315 nm – 280 nm 

Near NUV 400 nm – 300 nm 

Ultraviolet A UVA 400 nm – 315 nm 

Source: ISO International Standard 21348, (2007) 

In addition to sun, as the natural source of UV radiation, different types of 

artificial UV sources emit UV light at different wavelengths such as UV light emitting 

diode (LED) (Muramoto, Kimura and Nouda, 2015), UV laser (Delmdahl and Pätzel, 

2008), halogen lamp (Yubero, García and Calzada, 2008), deuterium lamp (Finkenzeller 

and Labs, 1979), xenon arc lamp (Diffey, 2002). With the technological development in 

UV light source, many manufacturer has offered UV light source with different use and 

specific wavelength as shown in table 3.2 below. 
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Table 3.2 Commercially Available Light Source   

Light Source Wavelength Range Manufacturer 

Halogen 360 nm – 3800 nm Thorlabs 

Deuterium 190 nm – 400 nm Ocean Optics 

Xenon Arc 240 nm – 2400 nm Thorlabs 

LED 240 nm – 627 nm Ocean Optics 

Laser Diode 450 nm – 2400 nm NKT Photonics 

The LED is a compact and inexpensive tool which can be used as a source of UV 

light. Though some researchers have already manufactured deep-UV LEDs of 232 nm 

wavelength, they are not commercially available (Hirayama, 2018). Ocean Optics 

currently has the shortest commercially available wavelength of 240 nm, as indicated 

above in Table 3.1. The absorption of SO2 gas in the UV region is therefore too strong to 

detect, as it does not exceed 200 nm in wavelength. It is therefore not appropriate for use 

in this analysis. Nonetheless, LEDs are increasingly extended to become a viable option 

for future versions, because they are relatively inexpensive and compact, as research 

contributed to the range of the LED wavelength. (Taniyasu, Kasu and Makimoto, 2006).  

Another kind of UV source is laser diode and is currently the cheapest and most 

effective. However, they are not also available in the needed UV range but the new hurdle 

has been solved recently. A 340 nm long laser diode was produced by Yamashita et al. 

(Yamashita et al., 2013). To date, recent research has been conducted by Z to develop a 

laser diode with a shorter wavelength of 271 nm. (Z. Zhang et al., 2019). Later, the use 

of comparative manufacturing strategies will make LED and laser diode with shorter 

wavelengths conceivable. As all currently available commercial LEDs and laser diodes 

emit wavelengths over 240 nm, deuterium light is the best light source choice in this 

study. 

Currently, Ocean Optics Inc. is one of the largest producers of existing UV 

sources. (Ocean Optics, 2019). They provide a unit of light sources comprising of a 

deuterium and halogen lamp as described in Figure 3.2, called the DH2000-BAL. A 

combination of light sources produces continuous light between 190 nm and 2000 nm 

and is easy to connect to an optical fiber. The optical intensity of the light can be adjusted 

by putting a potentiometer on the back of each panel. DH2000-BAL information is 

provided in Appendix B. 
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Figure 3.2 DH2000-BAL Light Source 

Ocean Optics also supplies the Xenon lamp branded as HPX2000 with UV-NIR. 

It is a strong source providing 35-watt xenonarc lamps of continuous spectrum from the 

UV to NIR (185-2200 nm). This region of the wavelength indicates that HPX2000 can 

also be better used in this analysis. Nonetheless, as shown in Figure 3.3, HPX2000 is less 

than DH2000-BAL in power. This was tested by Dooly et al (Dooly, Lewis and 

Fitzpatrick, 2007) experimentally.  

 

 

Figure 3.3  Comparison of Ultra Violet light source intensity performance 

Source: Dooly, Lewis and Fitzpatrick, (2007) 

 



50 

3.2.2 Optical UV Detector 

The human eye is an innate powerful optical detector. In some ways, the eye has 

been regarded as a detector device advanced, with characteristics comparable to the 

commercially available artificial detectors. The eye has a spectral response that extends 

from about 400 to 700 nm, the range known as the visible spectrum. (Orna, 2013). The 

retina is unable to detect light energy events at longer and shorter wavelengths. At this 

point, the artificial detector needed to overcome the human eye weakness to accurately 

measured the intensity of light. Most applications in photonics require detectors of optical 

rays. Applications include optical radar, laser power rates control for raw materials and 

laser metrology (Molebny et al., 2016).  

To date, various types of optical sensors covering the electromagnetic spectrum's 

UV, visible and infrared portions are available. The optical detector transforms the 

received optical signal into an electrical impulse that can be extended and processed as 

appropriate. (Dasan et al., 2019). There are a few detectors accessible for detection of 

various sort of light, for example, photomultiplier tube (PMT), photoresistor, photodiode, 

photodiode array (PDA), charge-couple device (CCD) and spectrometer (Goushcha and 

Tabbert, 2007). For instance, PMT is a photoemissive device that suitable for light 

detection of poor signals that can operate at high speed and high sensitivity with high 

linearity. Their general principle of operation is to convert incident photons into electrons 

by means of a photocathode (Rouse, 2018). It has other advantages like fast response, 

high gain, high signal-to-noise ratio and is suitable for use in a large area for UV detection 

(Pendse and Chin, 2001). However, they also have a range of drawbacks, such as large 

sizes, high voltage, and are typically expensive compared to photodiodes. All these 

factors make photomultipliers less common in particular for use as field detectors (Tao, 

Chan and Van Der Graaf, 2016). 

The other type of UV detection device is photoresistor. It is less expensive than 

photodiodes however has a couple of disadvantages, for example, slow response time and 

strongly nonlinear response (Mörmann et al., 2003). The scope of detection is also limited 

to close to UV (320-400 nm) (De Sanctis et al., 2018). However, little research has been 

found on these photoresistors since they are rarely used in such a way that they are less 
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ideal than a UV detector decision in contrast with photodiodes. Photodiode generally 

made from single crystal silicon wafers, but the material used depends distinctly on the 

photodiode detection range. (Iftiquar et al., 2012). It is economical, robust, compact in 

size and creates low noise relative to other detectors. (Oliveira, Khoury and Santos, 

2016). In any case, this photodiode has poor temperature stability and effectively harmed 

by light of excessive intensity. 

PDA or photodiode array is a liner array on a discrete and built-in circuit chip of 

photodiodes. PDA usually provides a one-dimensional photodiode arrangement 

providing one-dimensional spatial intensity information (Martono, Febriani and Rohman, 

2018). The spectral distribution depends on its size of physical array. PDA has faster 

spectral acquisition, higher NIR sensitivity and higher SNR relative to photomultipler 

tube (PMT) (Kenneth Hopkins et al., 2018). On the other hand, PDA is better suited for 

applications where the photon saturation charge is relatively high, which makes the 

detection range of PDA larger than CCD. (Eshaghi, 2011). In addition, PDA produces 

less noise than CCD, which recommends PDA for applications where higher output 

precision is required. (Eshaghi, 2011). The advantage of a PDA-detector spectrometer is 

that it is typically cheaper than the CCD spectrometer. Nonetheless, PDA have certain 

drawbacks, such as small pixels and no UV response (Kenneth Hopkins et al., 2018).  

Other than PDA, charge-coupled device or CCD have been the most widely 

recognized visible and near UV sensors in cosmology since the 1970s (Amelio, Tompsett 

and Smith, 1970). CCD is a detector that provides two-axis intensity information with a 

two-dimensional set of photodiodes (Fossum and Hondongwa, 2014). The benefit of the 

two-dimensional system is the ability to concurrently acquire many spectras side-by-side, 

which is ideal for multiple optical inputs (Fossum and Hondongwa, 2014). A reference 

signal can therefore be recorded during a simultaneous measurement to monitor various 

changes such as lamp fluctuations. Charge packets can also be controlled near a 

semiconductor insulator interface to transfer them through closely differentiated 

metaloxide-semiconductor (MOS) capacitors. (Coburn, Fan and Forrest, 2019).  

CCD has a lower capacity, which is one pixel whereas the PDA read-up line 

represents hundreds of pixels (Lesser, 2015). As a result, the read-out noise of a standard 
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PDA is approximately two orders greater than a CCD detector. To date, CCDs were 

applied effectively to high-sensitivity optical imagery and have been valued for their 

superb signal to noise ratio, high quantum efficiency, linearity and speed (Tiffenberg et 

al., 2017). Compared to PDA, the CCD has no read-out line, and the design is simpler 

because electronic switches are not necessary and driving circuits are not needed (Lesser, 

2014). However, CCD requires a smaller electrical charge than PDA and also more 

power for conversion, making it useful for low light detection such as Raman and 

Luminescence (Stotts, 2019). The disadvantage of the CCD detector is that it is relatively 

high in comparison with PDA.  

3.2.3 Spectrometer 

A spectrometer is a spectroscope which can calculate the light intensity of specific 

wavelengths by installing a meter (Hopkins, 2014). Therefore, a numerical measurement 

of the light emitted or absorbed at a certain wavelength is to be provided. It was designed 

to modify the wavelength and the quantity of rays absorbed or transmitted by the sample 

for each wavelength. (Beasley and Panayiotou, 2019). Thus it is possible to understand 

which wavelengths of radiation are available and in what relative concentrations. Recent 

developments in the innovation of miniature spectrometers and increased UV response 

from improved optical components allowed the use of such devices as feasible UV-

detectors (Lesser, 2015). 

In this study, a CCD spectrometer is chosen as a detector because, as discussed 

above in section 3.2.2, it provides most advantages. Maya 2000Pro from Ocean Optics 

was the spectrometer used in the project and the exoskeleton of a miniature spectrometer 

includes many parts, as shown in Figure 3.4 below (Ocean Optics, 2019). This device 

employs Hamamatsu S10420 FFT-CCD, which can provide a spectral resolution of up to 

0.035 nm (FWHM). Anyways, as described by Dooly et al, the minimum spectrometer 

resolution obtained in this analysis was just 0.23 nm due to the low-end grating used 

(Dooly et al., 2011). The specifications of Maya 2000Pro are set out in Appendix C.. 
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Figure 3.4  Internal structure of the miniature spectrometer 

Source: Ocean Optics, (2019) 

As in Figure 3.4, light passes the spectrometer through the input slit and travels 

over several areas: an objective lens, a grating, and an output slit. This set of components 

acts as a monochromator, the system that only selects one light of all the 

wavelengths/colors available at the source (actually a narrow band). A single wavelength 

is chosen by changing the angle of the grating by using the wavelength function. It 

happens as different light wavelengths mirror the grating at multiple angles. The end 

result is that the white light is split into a "rainbow," equivalent to the illumination 

reflected through a glass prism. The wavelength chosen is in the middle of the narrow 

band of the slit wavelengths. The light hits a detector which produces a voltage 

commensurate with the intensity of the light. This voltage is then used to guide a read-

out device designed to provide data in a practical way, such as intensity  

Photodiode Arrays (PDAs), Charge-Coupled Devices (CCDs) or Indium Gallium 

Arsenide (InGaAs) can be chosen as a detector, depends on the type of spectrometer. A 

linear CCD array spectrometer was used in this device. Although PDA and CCD are close 

in spectral range (200-1200 nm), there are several variations between them, as described 

in segment 3.2.2 above. In contrast to InGaAs, it's being used with a wider spectral range 

(800-2600 nm) (Kreutz et al., 2001). The mounted CCD spectrometer is therefore ideal 

for devices where the intensity of the light source is not linear (Fossum and Hondongwa, 

2014). Another justification for using a CCD spectrometer is that it is more sensitive to 

UV relative to a PDA spectrometer (Lesser, 2015).  
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3.2.3.1 Spectrasuite 

Five main segments of SpectraSuite are the Top Menu, the Toolbar, the Data 

Source, the Data View and the Result Display as shown in Figure 3.5. The spectrometer 

linked to acquisition list and some other properties like serial number, total pixels and 

spectral bandwidth are displayed in the data source section. The data view segment 

reveals essential active graph details and associated database creation results. The final 

segment is the result display which displays five different display forms, but only three 

shown in the graph, strip chart and time table are used. The graph shows the width of the 

whole spectrum continuum, and the intensity counts of the wavelength are shown on the 

top of the strip chart It can also show an average wavelength of several specified 

wavelengths, and display them within the same strip-chart which can be seen in Figure 

3.5. The intensities of a single wavelength are a blackline in Figure 3.5; the smoother 

green line represents the average intensities of three adjacent wavelengths. 

 

Figure 3.5 Interface of SpectraSuite  
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3.2.4 Gas Cell 

A test gas cell was designed to determine the absorption line of SO2. After the 

sizes and shapes of test gas cells in Chapter 2, a hollow cylinder was adopted as the 

experimental gas cell, and this preference was based on several criteria. Next, it is easier 

to obtain a certain length desired for the gas cell by cutting the cylinders into sizes. 

Several pieces of lengths are listed in this section for comparison, even though Ouyang 

et al and Inagaki et al have already stated that the longer the length, the better the 

sensitivity for the optimum sensitivity (Ouyang and Jones, 2012; Inagaki, Watanabe and 

Tsuchikawa, 2017).  

Secondly, it is relatively easy to make the screw string required to install UV 

collimating lenses on a freshly cuts ring. Even though a longer gas cell could be more 

resilient, it is crucial to choose the optimal length to achieve the best performance. This 

is because the increased length of the path reduces the detector's detected optical radiation 

(Kaspers, Sterenborg and Amelink, 2008; Wei et al., 2018). Therefore, the optical path 

length of the sensor should be calculated by agreement between the transmission loss and 

the acquired sensitivity of each centimeter (cm) in the direction of the optical path. In 

addition, it also can be assumed that if the path length is to short, the sensor will face a 

lot of noise during the experiment. 

 

Figure 3.6 Different Length of Gas CellS 

Dooly et al found that three experimental gas cells without absorbing gas with 

different lengths specific Signal to Noise Ratio (SNR) (Dooly, Lewis and Fitzpatrick, 

2007). Dooly et al also revealed that the finest SNR in the three gas cells examined was 

60 cm long (Dooly, Lewis and Fitzpatrick, 2007). Therefore, a longer gas cell is assumed 

to have a higher response. In this analysis, the length of five cells as shown in Figure 3.6 
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and Table 3.3 has been selected in order to analyze the best-sensitive cell duration in the 

analysis of the absorption line SO2. The aim is to create a compact, durable and low-cost 

system. Stainless steel has been used as a hollow rod material because it is quite easy to 

use and extremely sturdy as it is not bendable. While plastic is lighter, the key material 

was not chosen for testing a corrosive product, such as SO2, as mentioned in Chapter 1. 

In fact, when exposed to UV radiation, plastic can degrade (Yousif and Haddad, 2013).  

Table 3.3 Cylinder gas cells length 

Cell Cylinder Length (cm) 

1 10 

2 20 

3 50 

4 70 

5 100 

The stainless steel absorption cell has a hollow center diameter of 7 mm and a 

wall thickness of 1 mm. To suit the collimating lenses in the wrist, the input and the outlet 

rods were threaded on each end of the cell whereas two 1 mm diameter holes were tapped 

onto the top end of the cell. Eventually, the inner part of the cell was dipped in black 

lacquer paint to prevent any inward reflection from the cell walls which could create a 

complex and volatile duration of the path i.e. excessive noise on the transmitted signal. 

3.2.5 UVNS Optical Fibre 

Before selecting the optimum optical fiber, two main suppliers, CeramOptec and 

Ocean Optics, a comparison was carried out to evaluate the transmission properties of 

their optical UVNS fiber. Based on Dooly's study (Dooly, Lewis and Fitzpatrick, 2007), 

it reveals that CeramOptec's UVNS optical fiber has a great transmission of deep UV 

wavelength in the lower region as shown in Figure 3.7 below. In comparison, 

CeramOptec fibers have a lower attenuation which, based on the attenuation properties 

as shown in Appendix D is less than 1 dB/m in the area, as small as 160 nm. The UVNS 

fiber from CeramOptec was therefore selected for this study. 
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Figure 3.7  Transmission properties comparison between two UVNS fibres 

Source: Dooly, Lewis and Fitzpatrick, (2007) 

CeramOptec claimed that the UVNS fiber will continue to operate for a long time 

for up to 40,000 hours, retaining the transmission rate at wavelengths around 160 and 

1200 nm at 95% of initial output. In the experimental setup, the length of the UVNS fiber 

used is 1 m and the core diameter is 644.4 μm. It will emit light at wavelengths between 

193 and 400 nm without major degradation in its transmitting characteristics such as solar 

attenuation. Figure 3.8 below displays the CeramOptec UVNS fiber coupled with the 

SMA connector. 

 

Figure 3.8 UVNS Optical Fiber Cable 
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3.2.6 UV Lens 

The definition of an UV lens is a lens for use of less than 380 nm wavelength. 

These are normally made of calcium fluoride (Maushake, 2008), quartz, lithium fluoride 

(Dauer, 2000) or another UV element since regular silica glass becomes invisible in this 

region (Kitamura, Pilon and Jonasz, 2007; Fischer, Tadic-Galeb and Yoder, 2008). A 

common material used in UV lenses is quartz fluoride (Thoeniss and Mewes, 2014). 

In this experiment, a series of UV-collimating bi-convex lenses was used to 

handle UV fiber radiation to return fiber through the testing gas. Dynasil Corporation 

manufactures quartz lenses with a transmission range ranging from 200 nm to 2000 nm. 

The lenses are manufactured synthetically using a silicon halide vapour phase hydrolysis. 

They develop high-end, high-purity, non-cristalline lenses which are one of the 

transparent ones for UV radiation. Each lens is 10 mm long in focal length and 5 mm in 

diameter. The lenses could be incorporated into the sensing system in this investigation 

in order to boost the transmission and optimize the signal-to-noise ratio for the system. 

To order to acquire accurate data, the light propagating through the test gas cell needs to 

be properly collimated. This can be achieved by adjusting the collimating len’s focal 

point. If this is not implemented correctly, every photon propagating via a gas cell could 

endure a major number of incidents, which could lead to significant transmission losses 

and uncertainty over the long distance. 

As shown in Figure 3.9, the lens was mounted in the gas cell of stainless steel 

through a black oxide finish of the screw thread called a barrel. Using the grub screw, the 

lens will slide through the barrel and tighten. For a robust connection to the gas cell, the 

barrel is threaded. The requirements for adjusting the collimating lens for optimum light 

propagation are clarified in Appendix E. 

 

Figure 3.9 UV Lens Holder  
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3.3 Generic Design of Experimental Setup 

In order to detect SO2, the OFS is characterized by light source, modulation 

method and type of detector. Wide transmitting ability of an optical fiber and its other 

benefits, including the propagation of trillions per second when the signals are multi-

plexed with a wavelength suit and an open path absorption sensor. Open path technique 

is developed to analyze the spectral SO2 absorption lines and to determine cross-

sensitivity with some other environmental gasses such as CO2 and O2. This method is 

commonly used because it permits the detector to sensor a significant proportion of light 

associated with the test material, and it can track multiple gas compounds concurrently 

in a mixture in real-time. 

The main function includes the transmission of light signals through the fiber 

from the optical sources and then modulation in the modulation field, before the detector 

is sensed. Geometrically, this is an extrinsic sensor that represents the light pulse, but the 

contact between the light and the measuring devices takes place outside of the fiber. The 

OFS is also known as the quasi-distributed sensor (multi-point or multi-plexed) because 

of its convergence and length averaging. A proposed generic design of an open path 

optical based fiber sensor for SO2 detection as shown in Figure 3.10. 

 

Figure 3.10  Generic Design of Experimental Setup to measure UV absorption of SO2  
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3.4 Flowchart of Optical Fiber Sensor Development 

All the methods that had been discussed are summarized into the following flow 

chart. The flowchart is a visual representation of the sequence of steps to depict a process 

of the UV SO2 sensor using open-path optical fiber development. 
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3.5 Data Collection Process 

SO2 gas is toxic and can present a health risk to humans, as discussed in the 

Chapter 1. All safety measures also had to be applied equally. The first experiment was 

conducted in the Chemistry Laboratory at the University of Malaysia Pahang, with a 

fume hood and air mining system for SO2 discharge during the trial. Certain safety 

equipment, such as emergency rinse shower and fire extinguishers, is also issued for the 

laboratory. Additional measures involved completing a brief protection training course 

prior to FTek installs. During the trial, a field hat, a half face mask and protective goggles 

had to be carried at all times. 

3.5.1 Calculation of Beer-Lambert Law 

The experimental calculation of the absorption cross section of SO2 in this 

experiment as reported in Section 2.3 is based on the Beer Lambert Law.  Equation 3.1 

is a variant of the Beer Lambert Law extracted here and expressed as follows: 

𝜎 =  
−[𝐼𝑛

𝐼

𝐼𝑜
][𝑇 ×22.4]

𝑝𝑝𝑚 ×𝑁𝐴 ×𝑙 ×273 ×𝑃 ×10−9       (3.1) 

The absorption cross-section, σ, based on equation (3.1) was determined if the 

concentration of SO2 (ppm), gas temperature (T) and gas cell pressure (P) are specified. 

If it is known that the gas temperature is 20º C and the pressure is 1 atm, the equation 

(3.1) can be simplified. 

𝜎 =  
−[𝐼𝑛

𝐼

𝐼𝑜
][24.04]

𝑝𝑝𝑚 ×𝑁𝐴 ×𝑙 ×10−9        (3.2) 

There were two variables to calculate in order to use equation (3.2), Io and I, 

describing the incident intensity and the transmitted intensity. Io is the intensity measured 

when the gas cell is empty or without SO2. In this scenario, N2 was employed to clear the 

gas cell prior to determining the Io. However, the intensity measured by releasing SO2 

into the gas cell represented by transmitted intensity, I. Once these two values are 

determined, the absorption cross section, σ, was calculated for SO2 gas. After these two 

values were measured, an absorption cross section, σ, for SO2 gas was calculated. The 

measured absorption cross-section of the SO2 gas is shown in the 200-235 nm 
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wavelength and is contrasted to the Olive's combined data in Figure 3.11 below (Olive, 

2007). 

 

Figure 3.11  Theoretical SO2 absorption lines 

Source: Olive, (2007) 

 

Figure 3.11 provided above shows the theoretical SO2 absorption spectra from 

200 - 235 nm with temperature of 298 K using spectral resolution of 0.08 nm (Olive, 

2007). These theoretical spectra has been selected to be compared with experimental 

result because it falls in the same UV region. In fact, the temperature is similar to 295 

K and the temperature did not influence the absorption values as reported by Bogumil et 

al. (Bogumil et al., 2003).  

3.5.2 Flowchart of Experimental Process 

All the experimental process that had been discussed are summarized into the 

following flow chart. The flowchart shown below is a visual representation of the 

sequence of steps to depict a process of the SO2 data collection process. The process been 

repeated three times in order to get the right data. By using the same process, the cross 

sensitivity testing also has been determined by adding CO2 and O2 gas. 

0.00E+00

5.00E-19

1.00E-18

1.50E-18

2.00E-18

2.50E-18

200 205 210 215 220 225 230 235

A
b

so
rp

ti
o

n
 C

ro
ss

 S
ec

ti
o

n
 (

cm
2
/m

o
le

cu
le

s)

Wavelength (nm)

Olive 2007



63 

 

3.6 Spectrometer Calibration 

Instrument calibration is a must to determine a correct measurement. In this 

experimental setup, only Maya2000Pro spectrometer provided by Ocean optics needs to 

be calibrated. Even though it has been carried out before by senior researchers, it might 

have potential to drift slightly from the correct reading. Ocean Optics suggested that the 

spectrometer be calibrated once in a while because the wavelengths could be marginally 

moving over time due to environmental factors, including temperature and force (Ocean 

Optics, 2019). Ocean Optics provides its spectrometer calibration service and makes the 

self-calibration simultaneously, and the process is well illustrated in Appendix F. For 

Maya2000Pro spectrometer calibration, Ocean optics recommends a Mercury lamp, HG-

1 is used as a light source. Therefore it is used in this calibration and the picture is shown 

in Figure 3.12. 
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Figure 3.12  HG-1 Mercury Lamp 

The Mercury lamp, HG-1 is connected to the Maya2000Pro spectrometer using a 

UVNS optical fiber cable. Then the spectrometer is interfaced with a laptop with a 

Spectrasuite software installed. Figure 3.13 below illustrated the experimental setup for 

spectrometer calibration. The calibration approach in Appendix F requires a database 

such as Microsoft Excel to run a linear regression to obtain the calibration result. The 

value for R squared should be very close to 1 (0.95-1.00). If the value obtained is outside 

this range, it might be due to one of the wavelengths is incorrectly assigned. 

 

Figure 3.13  Calibration Experimental Setup 
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3.7 Summary 

This chapter discussed about the methodology that is used in this research study. 

The process of hardware or equipment in developing the sensor has been discussed. Each 

equipment has been selected due to the advantage offered by the tools and concerning the 

developed sensor condition. The generic design of the experimental setup which is 

believe can be use to detect the SO2 after the literature study has been proposed. 

Spectrasuite are used as the intensity detector software. Laptop installed with Spectrasuite 

is used to read the data from spectrometer. The sequence of steps to depict a process of 

the UV SO2 sensor development and the data collection process has been show in the 

flowchart given. 
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RESULTS AND DISCUSSION  

4.1 Introduction 

In the previous chapter, sufficient components for an optical fiber sensor for 

measuring SO2 gas concentrations in the UV region were established. This chapter 

examines the testing and the development of this setup into an operating gas sensor. To 

create an appropriate and accurate sensor it must undergo tests based on different 

parameters such as accuracy, validation and other specifications depending on the 

sensing systems measurement and setting. 

The sensor must, first of all, solve the issues of cross-sensitivity with other gases. 

The detection of all current gases is neither practicable nor appropriate, therefore a cross-

sensitivity check is conducted for gasses known to exist in the sensing environment either 

CO2 or O2. Furthermore, the sensor must show a precise result in detecting the same 

concentration level of SO2 after the experiment to validate the sensor error. This optical 

fiber sensor has been designed to precisely detect and quantify the concentration of SO2 

which can be used to efficiently track emissions of SO2. Tests are performed under each 

of the conditions listed above to assess the suitability of this sensor.  
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4.2 Results of Spectrometer Calibration 

 

Figure 4.1 Calibration coefficients data for spectrometer 

Experimental setup for spectrometer calibration has been discussed in the 

previous chapter and the calibration method is well explained in Appendix F. As stated 

in the calibration method, to obtain the regression data, an Analysis Toolpak in Microsoft 

Excel can be used and the calibration result is show in Figure 4.1 above. The spectrometer 

wavelength is incorrectly assign if the value of R squared are not closely in the range of 

0.95 to 1. After the experiment is that, the linear regression reveals that the R squared 

value is below 1 which is 0.99999991 and that the correct configuration of Maya 2000Pro 

was preserved throughout this experiment. 

4.2.1 Experimental Setup 

A pictorial illustration of the laboratory set-up is shown in Figure 4.2 below for 

measuring SO2. The main objective of this experiment was to check the identification of 

SO2 gas provided by the sensor design and the system. Second, the SO2 absorption 

spectrum was contrasted with the theoretical data from the UV region, since a particular 

pattern of absorption is known to exist, as described in Chapter 3.  When the SO2 

absorption spectrum has the same unique pattern than the theoretical results, then SO2 

can be detected by the newly developed sensor. The process of the data collection has 

been explained well in the section 3.5.2. 
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Figure 4.2 Pictorial diagram of experimental setup 

All sensor components are listed in Figure 4.2, and Chapter 3 describes their 

specifications. The gas cylinder contains N2 comprising 100 ppm of SO2. The second gas 

flask provides pure N2 used to purge the gas cell until Io reading has been made. All SO2 

and N2 were combined with a gas regulator to the absorption gas cell. Throughout this 

study, the software of SpectraSuite described in Section 3.2.3.1 has been used to capture 

optical signal intensity using a Ocean Optics spectrometer called MAYA HR2000Pro.  

The integration time was set to 3s to enable the establishment of an acceptable signal to 

noise ratio. The intensity of the optical signal was used with the Microsoft Excel program 

to produce the SO2 absorption cross section. 

4.3 Spectral Line Results and Discussions 

As reported in Chapter 3, this experiment will consist of five different cell length 

as one of this experiment focus is to find the best cell length to be used and the best 

wavelength for an optimum absorption to be setup as SO2 sensor in the future. In this test, 

the SO2 absorption cross-section was analyzed and contrasted to the theoretical values of 

Olive (Olive, 2007) as described in section 2.2.2.  
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4.3.1 Result of 10 cm Cell Length 

Figure 4.3 below displays the experimental spectral line on using 10 cm cell 

length as the light absorption chamber. The spectral line of absorption cross section in 10 

cm cell length is represent by light blue colour and theoretical spectra line represent by 

red colour. 

 

Figure 4.3 Spectral line of 10 cm cell length 

 

It have the highest peak centered at 214.23 nm and absorption cross section of 

2.46E-18 cm2/molecules. The results of this experiment in Figure 4.3 clearly show there 

is unclear pattern between theoretical and measured spectra because of lots of fluctuation 

occured. However, closer observation on the pattern shape of the measured spectra, 

starting from 210 nm to 230 nm, it shows the pattern shape of measured spectra have 

almost close to the pattern shape with theoretical spectra. Due to early calibration of 

spectrometer, it was assumed the spectrometer has already given a correct wavelength 

reading as stated in previous discussion. Therefore, it can be assumed that this sensor can 

detect the SO2 gas in 10 cm cell, but still unstable.  
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Closer inspection of the Figure 4.3, it is also clearly show there are many 

fluctuations within measured spectra compared to theoretical spectra line occur through 

the wavelength region starting from 203 nm to 235 nm. The factor of the numerous value 

of fluctuation occur due to vibration and movement of cell length or fiber optic cable 

during the experiment. A further explanation on this due to short absorption cell length 

giving short space for the light and gas to interact each other as explained in section 2.2.2 

and cause random noise. 

4.3.2 Result of 25 cm Cell Length 

Figure 4.4 below presents the measured spectral line obtained by using 25 cm cell 

length as the absorption cell. The spectral line of absorption cross section in 25 cm cell 

length is represent by black colour and theoretical spectra line represent by red colour.  

 

Figure 4.4  Spectral line of 25 cm cell length 

 

As can be seen from Figure 4.4 above, it has many fluctuations as well as Figure 

4.4 before, but less aggressive. The highest peak for the measured SO2 gas centered at 

215.65 nm with absorption cross section of 1.92E-18 cm2/molecules. Compared to Figure 
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4.3, the measured pattern present in Figure 4.4 displays less fluctuation, hence its pattern 

shape look almost same to the theoretical spectra pattern. From Figure 4.4, it can be 

assume it have less vibration and movement of the optical fiber or gas cell during the 

experiment. Another possible explanation is the SO2 gas start to interact with the light 

and have almost enough space to absorb the light but still have random noise. In addition, 

it was assumed the ‘V’ curve occurs as a result of noise in term of other light penetrate 

the cell when running the experiment. 

4.3.3 Result of 50 cm Cell Length 

Figure 4.5 below compares the measured spectral line obtained by using 50 cm 

cell length as the absorption cell with theoretical spectra line represent by green and red 

colour respectively. 

 

Figure 4.5  Spectral line of 50 cm cell length 

 

What stands out in this Figure 4.5 is the pattern of the green measured line looks 

identical to theoretical spectra line. Interestingly, starting from 207 nm, the value climbs 

up smoothly until it reach its peak, centered in the wavelength region at 215.65 nm and 
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have the highest absorption cross section at 1.81E-18 cm2/molecules. The reason it have 

rarely fluctuation because of stability setup results in minimum vibration and movement 

of cell length or fiber optic cable during the experiment. Another possible explanation, is 

because that the gas have enough space to absorb or interact with light hence it give the 

nice result. However, the internal reflexion from cell walls, which may contribute to a 

variable and uncertain gap i.e. external noise on the obtained signal was removed 

well by dip-coated in a black lacquer paint inside the cell. 

4.3.4 Result of 75 cm Cell Length 

The graph in Figure 4.6 below show the 75 cm cell length of measured spectra 

line. It is represent by purple spectra line and the theoretical spectra line is represent by 

red colour. 

 

Figure 4.6  Spectral line of 75 cm cell length 

 

As can be seen from the Figure 4.6 above, it is apparent that the longer the length 

of the path the better the sensitivity as mentioned by Inagaki et al. (Inagaki, Watanabe 

and Tsuchikawa, 2017). The measured spectra line of 75 cm has shown a result that more 

0.00E+00

5.00E-19

1.00E-18

1.50E-18

2.00E-18

200 205 210 215 220 225 230 235

A
b
so

rp
ti

o
n
 C

ro
ss

 S
ec

ti
o

n
 (

cm
2
/m

o
le

cu
le

s)

Wavelength (nm)

Theoritical Value (Olive 2007)

Measured 75 cm



73 

close to theoretical spectra line compared to measured spectra in Figure 4.5. As 

mentioned previously in section 3.2.4, Dooly et al. mentioned that the longer cell length 

have the better SNR (Dooly, Lewis and Fitzpatrick, 2007). It have the highest peak also 

at 215.65 nm and absorption cross section of 1.62E-18 cm2/molecules. Even though 

measured spectra of 75 cm is more close to theoretical spectra, its absorption cross section 

of 75 cm spectra line is less than the value of absorption cross section of 50 cm as shown 

in Figure 4.5. This result indicate that increased length of the path reduces the detector's 

detected optical radiation as mentioned before in section 3.2.4. However, this result just 

an assumption until 100 cm cell length experimental result were obtain.  

4.3.5 Result of 100 cm Cell Length 

Figure 4.7 below displays the theoretical spectra line represent by red line 

compared to measured spectra line of 100 cm cell length represent by orange line. 

 

Figure 4.7  Spectral line of 100 cm cell length 
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What is striking about the measured spectra line in this Figure 4.7 is that it clearly 

identical to theoretical spectra line. Starting 209 nm, its value climb up align with 

theoretical spectra until it reach its peak that higher than theoretical peak at 216.12 nm 

and absorption cross section at 1.45E-18 cm2/molecules then started to align back until 

wavelength of 228.37 nm. Even though the spectra line are identical to theoretical spectra, 

its absorption cross section value is less than the measured spectra of 50 cm and 75 cm. 

Thus, it indicates that the loss of optical radiation increased with the increment of 

absorption path length. Therefore, the optical path length of the sensor should be 

calculated by agreement between the transmission loss and the acquired sensitivity of 

each centimeter (cm) in the direction of the optical path. 

The investigation stops at 100 cm is because the result of previous study has 

shown almost similar pattern with other types of cell length. If the cell length exceed 100 

cm, it will not affect the actual reading much other than the result just disturbed by the 

noise. It is because, the absorption cross section is been calculated in cm2/molecules, if 

the cell getting longer, absorption cross section value will remain the same because the 

deviations in absorptivity coefficients at high concentrations (>0.01M) due to 

electrostatic interactions between molecules in close proximity thus will not affect the 

reading much. 

4.3.6 Summary on Different Types Cell Length 

Test have been conducted for SO2 using different length of absorption cell to 

investigate and determine the best wavelength for an optimum absorption. Figure 4.8 

below shows the absorption spectra for five different cell length compared with 

theoretical value lines in red in the wavelength region of 200 nm to 235 nm. The graph 

of  different cell with length of 10 cm, 25 cm, 50 cm, 75 cm and 100 cm are represent by 

the color of light blue, black, green, purple and orange respectively. 
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Figure 4.8  Initial experimental result compared with theoretical lines 

As can be seen from Figure 4.8, the measured spectra line are getting closer to 

alike theoretical line as it comes to longer sensitivity. This finding broadly supports the 

work of studies of Ouyang et al and Inagaki et al that has stated before, a longer cell will 

have better sensitivity (Ouyang and Jones, 2012; Inagaki, Watanabe and Tsuchikawa, 

2017). However, Wei et al stated that increment of cell length contributed to reduce of 

ability of a detector to detect optical radiation (Wei et al., 2018). Thus, the measured 

spectra of 50 cm cell length has fulfil the criteria of an agreement between the loss of the 

transmission and the sensitivity acquired for each cm increase when it absorb the light 

strongly at 215.65 nm the value of absorption cross section at 1.81E-18 cm2/molecules. 

In addition, it have lower noise with higher absorption that closely to theoretical spectra 

than others do. 

Figure 4.8 also indicates that no absorption in the range of 200 to 203 nm for 

calculated SO2 occurs. This is because no transmitted light is detected in this region by 

the CCD array in the spectrometer used in this experiment. The effect can be an incorrect 

design of the aperture (slit) or grating in which the emitted UV light in the range of 200 

to 203 nm does not hit a few pixels in the spectrometer on the CCD array. Figure 4.9 

shows this distinctly when the UV light source is switched on and off.  Once powered, 

the spectrometer only displays the intensity measurement after 203 nm. This may be 

attributed to inadequate design of the entrance aperture (slit) or line, resulting in a UV 
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transmitted light not entering a few pixels in the spectrometer in that area (200-203 nm). 

Furthermore, the initial finding showed that the optimum wavelength to be explored is in 

the range of 200 and 235 nm. 

 

Figure 4.9  Reading of spectrometer when UV light source is switched on/off 

4.4 Cross Sensitivity Experiment 

The environment consists of various gasses composing the atmosphere of the 

earth. The atmosphere usually includes 78% N2, 21% O2, 0.038% CO2 and 0.93% Argon. 

It also includes small amounts of other gasses, such as H2, NO2, CO2 and water vapor. 

In fact, cross-sensitivity is a critical limitation when measuring of gas 

concentration in an open environment, since the atmosphere consists of a number of 

gases. As issues of cross-sensitivity may influence the precision of the test, multiple 

methods have been used to overcome this problem, such as using gas separation 

techniques or measurement of a ratio. This section describes and addresses the cross-

sensitivity issue of two atmospheric gases. The two primary air gases are: 

a) Oxygen 

b) Carbon Dioxide 
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4.4.1 Cross Sensitivity with O2 

As mentioned in section 4.3, O2 is the second most common component in the 

atmosphere, with a relatively high concentration of 21%. Cross-sensitivity checking with 

O2 is therefore necessary to determine the efficiency of the sensor. The experimental set-

up used in the cross-sensitivity testing of this study is identical to the first experiment 

mentioned in 4.2.1 as shown in Figure 4.10. The SpectraSuite program was used in this 

experiment to collect all details.  

 

Figure 4.10  Pictorial diagram of O2 cross-sensitivity experimental setup 

For SpectraSuite the integration time was set to 2 s, although the optimal 

integration time was 1 s. Earlier in Chapter 3, it was mentioned that an increased 

integration time would contribute to a poor response time. The main objective of this 

cross-sensitivity study is to measure the presence of other atmospheric gases. Moreover, 

the response time is not the primary focus of cross-sensitivity testing. In addition, the 

decreased integration time would allow the input signals to be averaged more. This will 

increase the signal-to-noise ratio, resulting in a better cross-sensitivity check. 
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Before the UV light source was activated, the background intensity, Ib was 

measured. N2 gas was then emitted into the gas test cell. The optical amplitude was 

calculated and Io was the incident intensity.  Only O2 gas was then discharged into test 

cell. The intensity was once more measured and this value was seen as the 

transmitted intensity, I. Equation 3.1 for the absorption cross section of O2 was included 

in the recorded data. The procedure has been replicated with 100 ppm SO2 and pure O2. 

The findings of Figure 4.11 below show the relatively small influence of O2 on 

absorption lines that can be deemed negligible in the bottom noise level of the system in 

contrast to the SO2 spectrum This implies that in this 200-230 nm region, O2 does not 

absorb light relative to SO2 but is even negligible compared to SO2. It means that O2 does 

not influence the calculation of SO2 absorption. It therefore indicates that there is no SO2 

measuring cross-sensitivity issue in the presence of ambient O2. 

 

Figure 4.11  O2 absorption lines compared to SO2 gas 

4.4.2 Cross Sensitivity with CO2 

Cross-sensitivity testing with CO2 has performed in the same way as in Section 

4.4.1 above, as shown in Figure 4.12 below. Even though CO2 gas occurs at a low ambient 

concentration of just 0.038 percent or 380 ppm, cross-sensitivity experiments of CO2 are 

still considered necessary. In this case, the production of CO2 emissions is much greater 
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and therefore can influence the calculation of SO2.  Nevertheless, the cross-sensitivity of 

CO2 had to be examined to produce an appropriate sensing device. 

 

Figure 4.12  Pictorial diagram of CO2 cross-sensitivity experimental setup 

Since CO2 is similar to the test described in section 4.3.1, the experimental set-up 

used in this test is almost the same as previously shown. The O2 cylinder was been 

substituted by a CO2 gas cylinder. The tank holds 1% CO2 in N2. One percent has been 

chosen to create the composition which is a much worse situation than that found in the 

atmosphere, because it is a much higher value than the ambient concentration (380 ppm). 

The collected data have again been introduced into Equation 3.1 to achieve the absorption 

cross-section for all gases studied.  
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Figure 4.13  CO2 absorption lines as compared to SO2 gas 

As shown in Figure 4.13, this analysis shows the same findings as the O2 cross 

sensitivity study performed in Section 4.3.1 earlier. Apparently, CO2 does not absorb light 

in the range of 200-235 nm. The absorption pattern for 100 ppm of SO2 is also similar to 

that of 1% CO2. It indicates that CO2 activity has no significant impact in the 200-235 

nm range on SO2 absorption. It therefore supports the assumption that the CO2 gas 

concentration in this region does not influence the SO2 calculation. 

4.4.3 Summary on Cross Sensitivity Experiment 

Tests for CO2 and O2 gasses were carried out to demonstrate that no noticeable 

cross-sensitivity effects are found on SO2 measures in practice. Although there have been 

no cross-sensitivity tests performed on water vapor, the findings can be expected that 

water vapor in the region between 200 and 235 nm will not influence the sulfur 

calculation. Therefore, there are clear advantages in calculating the cross sensitivity of 

SO2 absorption within the 200-235 nm range as, as discussed above, there are no issues 

with cross sensitivity to specific atmospheric gases.  

Moreover, the cross-sensitivity issue for all atmospheric gases can not be 

addressed, as there are too many gasses in the atmosphere and the volume is low and 

environmentally sensitive. Nevertheless, for each SO2 study, a comparison measurement 

is to be carried out for all future experiments in an open environment in which other gases 

will occur. As a second measurement, this reference measurement is essential, and it can 

be used to fully justify sensor precision and efficiency. 
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4.5 Concentration Measurement 

The main objective of this study is to successfully develop UV based detection 

system for SO2 using an open path technique. Thus, concentration, ppm of SO2 was 

calculated for validation purpose with absorption, σ already known previously. In order 

to do that, the equation for ppm which manipulated from equation for σ was used where 

the value of σ varies depending on the wavelength and can be obtained from previous 

result. The equation used for measuring the concentration is identical to equation 3.2 used 

for calculating the absorption. The calculation method for concentration is based on the 

Beer Lambert law defined in Section 3, Chapter 3.5.1. The concentration unit is converted 

to ppm as equation 4.1 below. 

𝑝𝑝𝑚 =  
−[𝐼𝑛

𝐼

𝐼𝑜
][24.04]

𝜎 ×𝑁𝐴 ×𝑙 ×10−9        4.1 

The only discrepancy in equation 4.1 and the absorption measurement method, as 

can be seen, is the location of ppm and σ, which are substituted. Therefore, the value of 

σ for the chosen wavelength must be identified. The σ value was obtained in Section 4.2.4 

of the initial experiment in Figure 4.5. Depending on Table 4.1, the value of σ differs 

according to the calculated wavelength. Thus, the accurate σ value is indeed the value 

chosen for the concentration measurement at the wavelength. Io and I were obtained from 

the experiment. Table 4.1 show the calculation of SO2 gas at selected wavelength. 

Table 4.1 SO2 gas concentration calculation at selected wavelength 

Incident 

Intensity, Io 

Transmitted Intensity, 

I 

I/Io Concentration, 

ppm 

13493 10839 0.80328071 96.49 

14278 11471 0.80340843 96.42 

12586 10118 0.80391430 96.14 

14793 11895 0.80409653 96.04 

17307 13891 0.80262322 96.85 

14121 11335 0.80272414 96.80 

15507 12453 0.80309544 96.59 

14998 12039 0.80271141 96.80 

15959 12781 0.80086472 96.82 

15440 12410 0.80377383 96.22 

Average = 96.62 
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In this case, the selected wavelength is 215.65 nm and the value of σ is 1.81248E-

18 cm2/molecules used to calculate the SO2 gas concentration. The average value 96.62 

ppm obtained is the calculated SO2 gas concentration. This experiment used 100 ppm 

SO2 gas as stated by the manufacturer. Comparatively, the calculated gas concentration 

is around 3.38 ppm less. One of the reason that this happened is due to noise that existed 

during the measurement.  

As demonstrated in the previous study, noise can cause problems in deciding 

concentration calculation and can even contribute to incorrect concentration 

measurements (Dooly et al., 2011). Another reason is that, the true concentration of SO2 

gas in the tank provided by the manufacturer already decreased due to the shelf life of the 

gas itself. However, both reason were not further investigated in this study because the 

value can be considered as in good agreement and used only for validation purpose. From 

the calculated concentration, the error rate for this sensor can be define by using the 

equation below:  

𝑒𝑟𝑟𝑜𝑟 𝑟𝑎𝑡𝑒, % =  
[actual concentration]−[measured concentration]

actual concentration
 X 100%  4.2 

After the value been inserted into Equation 4.2, the error rate for this sensor has 

been determined. The error rate found for this sensor is 3.48% which is still within 

acceptable limit of below 5% since this approximates widely accepted standard for 

statistical significance. 
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CONCLUSION 

5.1 Introduction 

This study was conducted to analyze and improve an optical fiber sensor, utilizing 

UV light as a source of light. A fiber optic sensor was designed to identify and quantify 

the concentration of SO2 concentration.  This sensor has been described in detail in terms 

of construction, layout, application and its benefits and advantages using an open path 

optical absorption technique. This chapter describes the contributions of the work for the 

creation of this optical fiber sensor. Therefore, a plan and recommendations are given for 

future work. 

5.2 Conclusions 

The main objective of this study is to develop the UV based detection system  for 

SO2 using an open path OFS and the new system should be possible to be used for 

environmental monitoring in enclosed building. In an initial experiment, the optical fibre 

sensor showed good agreement with theoretical absorption values from the MPI-Mainz 

database. Analysis of SO2 gas spectral resulted in absorption wavelength at the region of 

200 nm – 235 nm and it indicate an important point. The major point is that the system is 

able to detect SO2 via the open path technique applied. The absorption spectral is unique 

for each of the compound, thus this system also might be able to distinguish different 

sulphuric compound. Then, another significant point is the choice of UV as the light 

source is most appropriate. This wavelength range fell under the UV-C region, the 

shortest wavelength of UV. 

There is no interference issue of SO2 gas when cross sensitivity testing was carried 

out. Some detection methods previously are sensitive to interference from other 

compounds or environmental. The cross sensitivity assessment that was carried out 

previously only O2 and CO2 but not with another atmospheric gas that may exist in the 

environment. This assessment also indicates that the wavelength region of 200 nm to 235 
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nm is the best potential band selected for the development of the SO2 UV based detection 

system. 

Concentration of SO2 gas was obtained with calculating using derivation of Beer 

Lambert Law equation for quantitative validation purpose. The calculation that used the 

previous result of absorption acquired from the peak value demonstrated that this 

detection system is objective and provide measurable result. Accordingly, the system is 

not just for plain detection of SO2 existance but also can indicate the intensity of the SO2. 

The objective achieved in this study are as in the Table 5.1 below.  

Table 5.1 Objectives of the research 

Objectives of The Research Remark 

Design the SO2 gas detection using an 

open-path cell length 

Have the measured spectra line that 

identical to the theoretical spectra 

Investigate the best wavelength for an 

optimum absorption 

215.65 nm 

Develop SO2 sensor with no cross 

sensitivity 

No cross-sensitivity with CO2 and O2 

The optimum cell length 50 cm 

The best absorption cross section 1.81248E-18 cm2/molecules 

Validation of Concentration 96.62 ppm 

% Error  3.48 % 

5.3 Future Work 

Future work for this sensor will look at installing and testing the sensor into the 

enclosed room of food preservation or enclosed space of sulfuric acid manufacture 

industry and by using real-time monitoring with LabVIEW software. Further tests will 

look at a wider variety of gas mixtures and testing other gases within the UV range.  In 

addition, to lower the cost, DUV LED will be use as it may be commercially available in 

the future. 
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