
 

 

DEVELOPMENT OF A POLY ANILINE BORONIC 

ACID (PABA) CARBON DIOXIDE (CO2) SENSOR 

FOR USE IN THE AGRI-FOOD INDUSTRY 

A Thesis  

submitted to the Faculty of Graduate Studies  

The University of Manitoba 

 in partial fulfillment of the requirements for the degree of  

 

Doctor of Philosophy 

 by 

Sureshraja Neethirajan 

 

Department of Biosystems Engineering 

University of Manitoba 

Winnipeg, Canada 

R3T 5V6 

© September 2009 

 



  

 

 

 

 

 

 

 

 



THE UNIVERSITY OF MANITOBA 

FACULTY OF GRADUATE STUDIES 

******** 
COPYRIGHT PERMISSION 

 

 

DEVELOPMENT OF A POLY ANILINE BORONIC 

ACID (PABA) CARBON DIOXIDE (CO2) SENSOR 

FOR USE IN THE AGRI-FOOD INDUSTRY 

A Thesis/Practicum submitted to the Faculty of Graduate Studies of The University of 

Manitoba in partial fulfillment of the requirement of the degree  

of 

Doctor of Philosophy 

by 

Sureshraja Neethirajan 

© 2009 

Permission has been granted to the Library of the University of Manitoba to lend 
or sell copies of this thesis/practicum, to the National Library of Canada to 
microfilm this thesis and to lend or sell copies of the film, and to University 

Microfilms Inc. to publish an abstract of this thesis/practicum. 

This reproduction or copy of this thesis has been made available by authority of 
the copyright owner solely for the purpose of private study and research, and may 

only be reproduced and copied as permitted by copyright laws or with express 
written authorization from the copyright owner. 



i 

 

ABSTRACT 

     In the agri-food industry, carbon dioxide sensors can be used for process control, 

monitoring quality, and assessing safety. A carbon dioxide sensor was developed using 

poly aniline boronic acid (PABA) conducting polymer as the electrically conductive 

region of the sensor for use in the agri-food industry and was demonstrated for use in 

detecting incipient or ongoing spoilage in stored grain. The developed sensor 

dynamically detected up to 2455 ppm CO2 concentration levels. The performance of the 

sensor in measurements of low concentrations of dissolved CO2 was characterized 

using standard solutions of NAHCO3. The dynamic range for the detection of H2CO3 was 

4.91X10-4 to 9.81X10-3 mol L-1. The dc resistance values decreased with increasing CO2 

concentration indicating an increase of conductivity due to increase in the amount of 

protonation. 

     The developed CO2 sensor was evaluated for the influence of temperature (by storing 

it at – 20°C and 0°C as well as at operating temperatures of +10°C to 55°C) and relative 

humidity (from 20 to 70%). Temperature dependence of sensor's resistance values were 

observed possibly due to the change in conduction mechanism at different 

temperatures. The variation in the resistance with humidity was curvi-linear and 

repeatable, indicating that humidity has a less pronounced effect on the sensor’s 

performance. The sensor’s response to changes in CO2 concentrations at various 

humidity and temperature levels was stable indicating that the sensor can detect CO2 

levels under fluctuating environmental conditions. The response of the PABA film to CO2 

concentration was not affected by the presence of alcohols and ketones, proving that the 

developed CO2 sensor is not cross-sensitive to these compounds which may be present 

in spoiling grain. The sensor packaging components were selected and built in such a 

way to avoid contamination of the sensing material and the substrate by undesirable 
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components including grain dust and chaff. The developed conducting polymer CO2 

sensor exhibited dynamic performance in its response, recovery times, sensitivity, 

selectivity, stability and response slope when exposed to various CO2 levels inside 

simulated grain bulk conditions. 



iii 

 

ACKNOWLEDGMENTS 

“ Some men see things as they are and say “why”; 

I dream of things that never were and say “why not.” “ 

- George Bernard Shaw 

     There are many people who helped me to finish this thesis by giving moral 

encouragement, professional advice, and by providing technical help to perform 

experiments.  

     I sincerely thank my advisor, Dr. Digvir Jayas (Department of Biosystems 

Engineering) for his guidance, stimulating suggestions, mentorship and encouragement. 

His company, positive attitude, wisdom, words of comfort and fatherly treatment will be 

remembered lifelong.  

     My sincere thanks are due to Dr. Noel White (Agriculture and Agri-Food Canada) and 

Dr. Michael Freund (Department of Chemistry) for the valuable discussions that I had 

with them during the course of this research.  

     Many thanks to Dr. Cyrus Shafai and Dr. Douglas Thomson (Department of Electrical 

and Computer Engineering) for reviewing my research work and for contributing their 

expertise to the grain quality sensor development team. 

     The cooperation I received from other faculty members of the Department of 

Biosystems Engineering (University of Manitoba) is gratefully acknowledged. A sincere 

thank you is passed to the technicians (Matt McDonald, Dale Bourns, Robert Lavallee – 

Biosystems Engineering; Wayne Buchannon – Chemistry; and Colin Demianyk –



iv 

 

Agriculture and Agri-Food Canada) and the administrative staff (Debby Watson, Evelyn 

Fehr and Derek Inglis) of the Department of Biosystems Engineering for their kind help. 

     The Canada Research Chairs (CRC) program and the Natural Sciences and 

Engineering Research Council (NSERC) of Canada are gratefully acknowledged for 

funding this project. My gratitude extends to the Canadian Wheat Board (CWB) for the 

CWB Graduate Fellowship; NSERC for the Canada Graduate Scholarship, NSERC 

Nano Innovation Platform Award, and NSERC Summer Internship award; Japan Society 

for the Promotion of Science (JSPS) for the JSPS fellowship; the University of Manitoba 

for the Muir Award for Academic Excellence, Graduate Fellowship and Edward Toporeck 

Graduate Fellowship, and UMSU and GSA scholarships. 

     I also want to thank my parents, who taught me the value of hard work by their own 

example. I would like to share this moment of happiness with my brother and sister who 

rendered me enormous support during the whole tenure of my research. Finally, I would 

like to thank all whose direct and indirect support helped me in completing my thesis in 

time. 

Vision 

“ Looking up gives light, although at first it makes you dizzy “ 

- Rumi 

 

 

 

 

 



v 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my beloved guru, Sadhguru Jaggi Vasudev 

 

 

 

 

 

 

 

 

 



vi 

 

Table of Contents 
 

1. INTRODUCTION ........................................................................................................ 1 

1.1 Sensors for Grain Storage ..................................................................................... 2 

1.2 Dissolved CO2 Measurement ................................................................................ 5 

2. REVIEW OF CARBON DIOXIDE SENSORS ............................................................. 8 

2.1 Optical Sensors ....................................................................................................10 

2.2 Fiber Optic CO2 Sensors ......................................................................................12 

2.3 Sol-Gel Optical Sensors .......................................................................................13 

2.4 Electrochemical Sensors ......................................................................................14 

2.5 Metal Oxide Sensors ............................................................................................15 

2.6 NASICON Sensors...............................................................................................18 

2.7 Polymer Sensors ..................................................................................................21 

2.7.1 PABA based CO2 sensor ...............................................................................24 

3.  IDENTIFICATION OF VOLATILE METABOLITES IN STORED-GRAIN HEAD 

SPACE FROM MULTIPLE SPECIES ............................................................................27 

3.1 Materials and Methods .........................................................................................28 

3.1.1 Samples ........................................................................................................28 

3.1.2 Infestation procedure .....................................................................................28 

3.1.3 Collection of volatile organic compounds .......................................................29 

3.1.4 GC–MS analysis of the volatiles ....................................................................31 

4. MATERIAL PREPARATION AND SENSOR ASSEMBLY ..........................................32 

4.1 Carbon Dioxide Gas Concentrations ....................................................................32 

4.2 Instrumentation ....................................................................................................34 

4.2.1 Gas flow management system .......................................................................34 

4.2.2 Data collection system ...................................................................................35 

4.3 Materials ..............................................................................................................39 

4.4 PABA Film Synthesis ...........................................................................................40 



vii 

 

4.5 Sensor Construction .............................................................................................40 

4.6 Humidity Setup .....................................................................................................43 

5. RESULTS AND DISCUSSION ..................................................................................45 

5.1 Volatiles from Multiple Species ............................................................................45 

5.2 Sensor Principle ...................................................................................................50 

5.3 Performance of PABA Sensor without Electrolyte ................................................54 

5.4 Effect of Humidity .................................................................................................55 

5.5 Effect of Temperature ..........................................................................................59 

5.6 Repeatability and Reproducibility .........................................................................63 

5.7 Dynamic Characteristics ......................................................................................66 

5.8 Evaluation of Gas Permeable Membrane .............................................................68 

5.9 Effect of Cross Sensitivity.....................................................................................69 

5.10 Influence of PVA Electrolyte ...............................................................................71 

5.11  Results of Experiments to Increase Sensor Detection Range ...........................72 

5.12 Sensor Packaging ..............................................................................................75 

5.13 Grain Bulk Measurement....................................................................................75 

6. CONCLUSIONS ........................................................................................................77 

7. REFERENCES ..........................................................................................................78 

 

 

 

 

 

 



viii 

 

LIST OF TABLES 

Table 2.1 Characteristics of metal oxide sensor materials for detecting CO2..................18 

Table 2.2 Characteristics of NASICON sensing materials for detecting CO2..................20 

Table 4.1 Carbon dioxide concentrations as an index of infestation in grain stores........33 

Table 4.2 Gas flow mixture ratios of nitrogen and carbon dioxide to achieve desired CO2  

concentrations.................................................................................................................38  

Table 5.1 Volatiles obtained from Canada Western Red Spring wheat infested by insects 

and fungi……………………………………………………………………… ………………47 

Table 5.2 Variation in resistance due to change in ratio of H3PO4 and KCl suspension 

solutions used for synthesizing PABA.............................................................................73 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

LIST OF FIGURES 

Figure 2.1 Schematic showing the working principle of a non-dispersive infrared detector 

carbon dioxide sensor......................................................................................................11 

Figure 2.2 Schematic showing components used in a typical metal-oxide sensor..........18 

Figure 3.1 Schematic showing the experimental setup for trapping volatile 

metabolites................................................................................................. ....................30 

Figure 4.1 Schematic diagram of the gas management system. Source: Plasmionique 

FLOCON vapor delivery system manual ………………………………….........................36 

Figure 4.2 Flow cell cartridge for the sensor characterization for CO2 

measurement...................................................................................................................39 

Figure 4.3 Pictorial cross-sectional view of the CO2 sensor (i) Gold interdigitated 

electrode PCB array, (ii) PABA polymer, (iii) Nafion, (iv) O-ring, (v) Gas permeable 

membrane........................................................................................................................42 

Figure 4.4 Schematic side view of the constructed CO2 sensor......................................42 

Figure 4.5 Schematic of interdigitated gold electrodes....................................................43 

Figure 4.6 Custom built sensor chip showing 7 detectors...............................................43 

Figure 4.7 Relationship between humidity level and flowrate of nitrogen through MFC1 

and MFC9........................................................................................................................44 

Figure 5.1 Open-circuit potential response of PABA film as a function of pH of 

solution............................................................................................................................51 



x 

 

Figure 5.2 Current measurement of PABA film at 0.2 V as a function of pH of 

solution............................................................................................................................52 

Figure 5.3 Response of PABA sensor electrodes (without electrolyte) to various 

concentrations of CO2 at different humidity levels and at 25°C.......................................55 

Figure 5.4 Variation of resistance with change in relative humidity (%) for PABA-Nafion 

sensor at 25°C.................................................................................................................58 

Figure 5.5 Variation of sensitivity with change in relative humidity (%) for PABA-Nafion 

sensor at 25°C.................................................................................................................59 

Figure 5.6 Variation of resistance with change in temperature (°C) for PABA-Nafion 

sensor at 50% RH level for 7 replicates...........................................................................62 

Figure 5.7 Variation of sensitivity with change in temperature (°C) for PABA-Nafion 

sensor at 50% RH level for 7 replicates...........................................................................62 

Figure 5.8 Response of PABA-Nafion Sensor Chip #64 (5 trials, same electrode) to 

various concentrations of CO2 at 40% RH and at 25°C...................................................64 

Figure 5.9 Response of 5 different similarly constructed PABA-Nafion sensors to various 

concentrations of CO2 at 40% RH and at 25°C...............................................................64 

Figure 5.10 Response of similarly constructed PABA-Nafion sensor chips by 2 different 

persons to various concentrations of CO2 at 40% RH and at 

25°C.................................................................................................................................66 

Figure 5.11 Response of the PABA-Nafion sensor operated in step and ramp mode to 

various concentrations of CO2 and subsequent exposure to background air at 40% RH 

and at 25°C......................................................................................................................67  



xi 

 

Figure 5.12 Response of the PABA-Nafion sensor operated in random mode to various 

concentrations of CO2 and subsequent exposure to background air at 40% RH and at 

25°C................................................................................................................................ 68 

Figure 5.13 Response of the PABA sensor with and without selective gas permeable 

PTFE membrane to various concentrations of CO2 and subsequent exposure to 

background air at 40% RH and at 25°C...........................................................................69 

Figure 5.14 Response of the PABA sensor with selective gas permeable PTFE 

membrane to CO2, methanol, acetone and 2-propanol analytes of 1% in air at 40% RH 

and at 25°C......................................................................................................................70 

Figure 5.15 Response of PABA sensor with PVA hydrogel electrolyte to various 

concentrations of CO2 at 40% RH and at 25°C...............................................................71 

Figure 5.16 Response of PABA Nafion sensor prepared with 5 different solutions to 

various Concentrations of CO2 at 5 0% RH and at 25°C.................................................74 

Figure 5.17 Picture of the sensor housing assembly packaging.....................................76 

Figure 5.18 Response of PABA Nafion Sensor with packaging kept inside grain bulk to 

concentrations of CO2 at 50% RH and at 25°C...............................................................76 

 



1 

 

1. INTRODUCTION 

 

     The evolving agriculture and food system has entered into a consumer driven 

era with consumers demanding food safety, quality and convenience. To 

analyze, design, develop, manage, control and characterize the biological and 

environmental processes in the agri-food industry, there is a need to collect data. 

This has necessitated the agri-food industry to increasingly rely on sensor 

technology. For example, sensors are used in the field for monitoring of 

environmental parameters to help producers in conducting more efficient 

irrigation or pest control programs, on harvesting machinery for measuring yield 

per unit area, during storage for measurement of product temperature, for post 

harvest grading and sorting of fruits and vegetables, and for online monitoring of 

process parameters during processing.  Hence, data collecting sensors are 

essential for real-time decision-making. 

     Sensors for the agri-food industry exhibit several differences compared to the 

traditional industrial sensors in terms of the measurement parameters as well as 

the environment. The users of agricultural sensors require inter-operable 

measurement framework and relative ease in the interpretation of sensor data. 

The agri-food processes are inherently more variable due to their biological 

nature (Neethirajan et al., 2009) thus sensors require the capability to handle this 

variability. The environment surrounding the raw as well as the processed 

agricultural materials is usually complex. Presence of multiple microorganisms 
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and other biological agents further makes the sensing of parameters in the agri-

food industry very challenging.   

     Plant gas exchange, atmospheric gas monitoring, soil carbon dioxide (CO2) 

flux, biogas composition monitoring (Rego and Mendes, 2004; Reich, 1945) are 

areas in which monitoring CO2 becomes essential. Monitoring of CO2 with the 

help of sensors is critical for freeze damage detection in oranges (Tan et al., 

2005); for processing of alcohols and beverages (Marazuela et al., 1998), and for 

methanol and urea production. 

     Food packaging is often done under a modified atmosphere of nitrogen (N2), 

CO2, and oxygen (O2), specific to a product and with a purpose to prevent 

microbial spoilage. Carbon dioxide is widely used in modified-atmosphere 

packaging and a decrease in its concentration is a sign of leakage in a package. 

Freshness and safety of modified atmosphere food packages can be determined 

by detection of CO2 concentrations (Smolander et al., 1997; Jones, 1923). High 

CO2 levels can affect quality of French fries during processing and therefore, 

monitoring of CO2 levels can be used for controlling ventilation in potato storage 

facilities (Jayas et al., 2001).  

1.1 Sensors for Grain Storage 

 

     The world annual grain production is about 2 Gt (billion metric tonnes) (USDA, 

2007). The grains and oilseeds sector is a major component of the Canadian 
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agriculture industry, with exports valued at over $10 billion annually (Statistics 

Canada, 2007).  

     Stored grain bulks are ecological systems where communities of insects, 

mites and microflora interact with abiotic variables to cause spoilage (Wallace 

and Sinha, 1981). While the importance of proper grain storage has been 

realized, post-harvest losses continue to range from 9% in North America to 50% 

in developing countries (FAO, 2000). Any loss in quality or quantity of the 

produced grain has far-reaching economic effects. 

     During the spoilage of grain, CO2, moisture and heat are produced by the 

metabolism of the grain, fungi, insects and mites, and distinct odours are 

released. Evolution of excessive CO2 from a grain mass is an indicator of 

deteriorating grain. Increased levels of CO2 indicate that insects, mould, or 

excessive respiration are present. Carbon dioxide and odour volatiles from 

biological pests increase during spoilage and can be used as a reliable indicator 

of incipient grain spoilage (Jayas 1995; Magan and Evans, 2000; Maier et al., 

2006). 

     Grain odours are caused by complex mixtures of compounds having various 

degrees of volatility. Volatiles can come from the grain itself, fungi, mites or 

insects. Although numerous insect and fungal species can occur within a grain 

bulk, Aspergillus and Penicillium genera of moulds, rusty grain beetle 

(Cryptolestes ferrugineus (Stephens)) and red flour beetle (Tribolium castaneum 

(Herbst)) are the common species in Canadian grain (White, 1995). Fungi can 
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produce a series of alcohols (3-methyl-l-butanol, 1-octen-3-ol, 1-octanol and 3-

octanone) in bulk wheat (Sinha et al., 1988). The rusty grain beetle produces a 

mixture of 4, 8-dimethyl-E, 4,8-decadienolide and ferrulactone II in grain bins 

(Loschiavo et al., 1986). Flour beetles (Tribolium species) produce functionalized 

aromatics, e.g.,1,4-dimethoxybenzene, 2-methyl-1, 4-dimethoxybenzene, and 2-

ethyl-1,4-dimethoxybenzene (Seitz and Ram, 2000). 

     Until now, researchers have measured volatile compounds from individual 

sources such as insects or moulds within the grain bulk.  A survey conducted by 

Madrid et al. (1990) showed that co-occurrence of insect species, molds and 

mites caused spoilage in Canadian grain bins. Hence, there is a need to identify 

volatile compounds evolving from grains, in particular with the presence of 

multiple species. For the fabrication of odour sensor arrays as an early warning 

grain quality monitoring system, the identification of volatile metabolites in stored-

grain head space from multiple species is essential. 

     Instruments capable of sensing CO2 concentrations of 0.1% (atmospheric 

levels are 0.038%) will detect spoilage during stored grain in 80% of deteriorating 

bulks in farm granaries (Singh et al., 1983; Muir et al., 1985). Detection and 

measurement of extreme levels of CO2 atmospheres by suitable sensors can 

protect the safety and health of farmers in confined spaces such as manure 

storage facilities and grain silos (USDA, 1996).  

     Ileleji et al. (2006) employed commercial CO2 sensors near the vents and 

exhaust air stream of fans in the grain bin for measuring CO2. They concluded 
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that hot spot and early spoilage of grain can be detected inside grain bins using 

CO2 sensors. Only few studies have been done to measure the intergranular CO2 

inside grain bulk (Muir et al., 1985) mainly because of lack of availability of 

sensors and deployment issues. Intergranular air temperature and air 

composition help to identify the location of spoilage inside the grain bulk. With the 

advent of novel polymer materials and micro-nanotechnology, CO2 micro-sensors 

can be fabricated and deployed inside grain bulk to measure the intergranular air 

composition. 

     Carbon dioxide can also be used as a fumigant for insect control during grain 

storage. During fumigation, there is a need to measure the CO2 concentration 

throughout the grain mass to ensure uniform distribution and maintenance of 

CO2 concentration.  

1.2 Dissolved CO2 Measurement 

 

     Dissolved CO2 is often measured in agricultural, food and bio-process 

industrial applications such as: food freezing, dry-ice production, photosynthesis 

process, aquaculture, waste water treatment, beverage and carbonated drinks 

manufacturing, cold storage, cargo ships, in-situ fermentation processes in a 

bioreactor, food processing environment, and bioprocesses monitoring. 

Additional potential application areas for CO2 sensors in the agri-food industry 

are: ventilation control, industrial incubator monitoring, food transportation, food 

processing, food quality monitoring and storage of horticulture commodities. 
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     Many traditional methods, processes and tools used in grain storage are 

continuously being replaced by automated systems and equipment because of 

the advancements in technologies. Rules and regulations by government 

agencies based on health and environmental concerns restrict the usage level of 

chemicals and insecticides in grain storage. Also, in order to address the aspects 

of quality assurance, continuous supply of grains as food and feed for society, 

and to meet the rising global standards, it is imperative for the agricultural and 

grain industry to adopt novel quality management systems to reduce losses and 

to maintain quality and safety during grain storage. Hence, there is a significant 

demand for novel sensors for measuring dissolved and gaseous CO2 in the agri-

food industry.  

     Global gas sensor market is US $320 million per year (MNT, 2006). The 

market revenue for gas sensors for the year 2009 is estimated to be US$3.8 

billion (BCC Research, 2003; Frost & Sullivan, 2000). The Kyoto protocol and the 

increased awareness among the public about environmental pollution has fuelled 

sensors research and encouraged the need for novel CO2 detectors (Coppock, 

1998). The market potential for carbon dioxide (CO2) sensors in the bulk food 

storage sector is huge, because the sensors can be used to detect incipient 

spoilage and to assess CO2 levels in modified-atmosphere packages. 

     The general aim of my thesis is to identify the volatiles produced in wheat 

bulk, and develop and test a carbon dioxide sensor using PABA as the sensing 

material for grain quality monitoring. The specific objectives are to: 
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1) identify the volatiles produced in a wheat bulk by different combinations of 

Aspergillus spp., Penicillium spp., rusty grain beetle and red flour beetle; 

2) a) develop and characterize a prototype sensor using PABA, hydrogel 

electrolyte and selective gas permeable membranes,  

b) select and evaluate CO2 selective gas permeable membranes to be 

used in the construction of sensor,  

c) evaluate the developed sensor for the effects of temperatures, relative 

humidity, and presence of selected chemical compounds, and 

d) test prototype sensor for measuring varying gaseous CO2 

concentrations in small grain bulks and for the detection of dissolved CO2 

in liquids. 
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2. REVIEW OF CARBON DIOXIDE SENSORS 

 

     The term sensor is defined as a device or system including control and 

processing electronics, software and interconnection networks that respond to a 

physical or chemical quantity to produce an output that is measurable and is 

proportional to the quantity (e.g., gas concentration, ionic strength measurement) 

(Lees, 2003). 

     In general, most sensors consist of four major components, 1) a sampling 

area where the surface chemistry occurs, 2) a transducer, 3) signal processing 

electronics, and 4) a signal display unit. The two major functions in the gas 

sensing systems are the recognition of the molecule and transduction of that 

recognition event into a useful signal. The transducer helps in the conversion of 

one form of energy to another. The chemical reaction at the sampling area 

produces a change in a parameter such as pH, resistance, conductivity, or 

capacitance based on the exchange of electrons of ion reactions between the 

analyte and the surface material (Cattrall, 1997). 

     A number of sensing techniques have been proposed and developed for the 

routine measurement of CO2 concentrations. The most common systems for CO2 

detection are: Severinghaus type potentiometric sensors (Severinghaus et al., 

1958), gas chromatography (GC), mass spectrometers (MS) (Sipior et al., 1996), 

and infrared absorption detectors. 
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     Severinghaus CO2 sensor consists of a glass electrode filled with an aqueous 

bicarbonate solution and covered by a thin selective permeable membrane. This 

membrane is permeable to CO2 but impermeable to water and electrolytes. The 

measuring principle is that in an aqueous solution, CO2 forms carbonic acid 

which dissociates into a bicarbonate anion and a proton (Dieckmann and 

Buchholz, 1999). This process results in the pH-value change of an electrolyte 

solution which is measured by means of a pH-probe. Carbon dioxide is not 

measured directly, but in its ionic form. Additional disadvantages are that other 

volatile acid or basic gases impair the pH-value measurement and the 

maintenance costs are very high. 

     The working principle of GC is selective adsorption and elution of the gas 

molecules of interest. In MS, the sample gas is bombarded with a high energy 

electron beam causing fragmentation of the molecules in the sample. These 

fragmented molecules are made to move through an electric and/or magnetic 

field because of their charge and are separated based on their charge and mass 

(Karasek and Clement, 1988). Mass spectrometer is capable of producing 

measurements in near real time but it is very expensive, while GC is of low cost 

but requires much longer time to complete an analysis. Hence both GC and MS 

cannot be used for real-time measurements. Field portable miniaturized GC-MS 

are currently under development focusing on solving the instrumentation, 

miniaturization, deployment and sampling issues. A qualitative match purity of 

75% is required for positive identification of compounds (CTEH, 2007). The level 

of mismatch between chromatographic peak signal purity and the mass 
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spectrometry peak signal decides the match purity of the GC-MS instrument. An 

ideal GC-MS should have peak impurities of not more than 0.05 to 0.1 percent. 

2.1 Optical Sensors 

 

     The most commonly used CO2 sensors are infrared detectors. Infrared 

detectors produce quick response times and are reliable but can only be used for 

gaseous CO2 monitoring. Most of the commercially available CO2 sensors (e.g., 

Model No. GMT220 Carbocap, Vaisala, Vantaa, Finland; Model No. TGS4160, 

Figaro Engineering Inc., Osaka, Japan; Model No.9510, Alphasense Ltd, Essex, 

UK) are non-dispersive infrared detectors (NDIR). The advantages of infrared 

gas sensors over analytical instruments such as GC-MS includes cheaper cost, 

compact size, easy process control, easy mass production and continuous 

measurement (Lee and Lee, 2001). 

     The non-dispersive infrared detector (NDIR) is simpler in structure and easy 

to use. The working principle is based on the energy absorption characteristics of 

CO2 in the infrared region. All gases selectively absorb infrared light energy 

which corresponds to their own quantized vibrating energy. Carbon dioxide 

absorbs infrared radiation at wavelengths in the range of 2.7 to 15 µm (Skoog, 

1985). In a typical NDIR sensor, infrared energy passes through two identical 

tubes (Figure 2.1). One is a reference tube and it is filled with non absorbing gas 

such as nitrogen. The second tube contains the gas sample to be analyzed and 

is a measurement cell. Filters or monochromators are used in the NDIR to obtain 

a monochromatic beam from an infrared light source with a wide wavelength 
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range. This light is allowed to pass through both the reference and the 

measurement cells. The gas in the measurement cell absorbs the infrared light, 

attenuating the energy which falls on the detector. This attenuated energy is 

compared to the unattenuated signal from the reference cell. The difference is 

proportional to the amount and the concentration of gas in the measurement cell. 

 

 

 

 

 

 

Figure 2.1 Schematic showing the working principle of a non-dispersive 

infrared carbon dioxide sensor. 

     Ion Optics (Santa Barbara, CA) has developed an optical platform technology 

for controlling and tuning the infrared emission and absorption wavelengths of a 

silicon surface using two-dimensional photonic crystals, produced through 

standard, high-volume, semiconductor manufacturing techniques. This 

technology has been employed in a silicon micro machined sensor chip for 

detecting CO2 gas levels. The disadvantages of NDIR sensors are that they are 

bulky. Changes in the level of infrared energy in the system, source illumination 

Detector 

Measurement Cell 

IR source 

Sample Gas (CO2) 

Reference Gas 

(Nitrogen) 
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variation, light scattering from particulates and thermal drift are some of the 

measurement errors in the NDIR sensors (Kinkade, 2000). Regular calibration 

with zero gas such as nitrogen becomes essential for accurate measurements. 

The weatherproof cover or the probe tubing becomes necessary for gas 

sampling. Detection of CO2 sensing based on its strong absorption in the infrared 

region has further disadvantages of interference from water vapour and carbon 

monoxide (Herber et al., 2005).  

2.2 Fiber Optic CO2 Sensors 

 

     Fiber optics is another optical method for detecting CO2. These types of 

sensors are called optodes. Fiber optic sensors contain a chemical sensing layer 

at the tip of a fiber which changes optical properties in response to CO2. 

     Optical fiber based CO2 sensors have been fabricated by several researchers 

(Colin et al., 2003; Segawa et al., 2003; and Nakamura and Amao, 2003) using 

materials showing absorbance or reflectance changes on exposure to CO2.  The 

sensing elements such as pH indicating organic dyes or organometallic 

complexes supported in gas-permeable polymer films have been used. When the 

sensing element is exposed to CO2, it creates a change in absorbance or 

reflectance of the film. After exposure, the sensing spot is examined by an amber 

LED (light-emitting diode) with peak emission at specified wavelength 

corresponding to the basic form of the reagent. The LED light shining through the 

film generates heat at the spot by the non-radiative decay of excited states, 

resulting in an expansion of the spot and a stress on the polymer film. This 
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creates a charge on the film and the charge is correlated with the concentration 

of CO2 gas.  

     Mulroney et al. (2006) developed a fiber optic CO2 sensor using a pyroelectric 

detector coupled to the chalcogenide fiber which converts the changes in 

incoming infrared light to electric signals. Pyroelectric materials are characterized 

by having spontaneous electric polarization, which is altered by temperature 

changes as infrared light illuminates the elements. Pyroelectric CO2 detectors are 

suitable for only room temperature operation.  

     The advantage of a fiber optic gas sensor is that it is chemically inert and not 

cross-sensitive to the presence of other gases in the background. A fiber optic 

gas sensor has the drawback of using lenses which results in interference of 

transmission of light over time because of dust or soot coating. Hence, a fiber 

optic sensor needs frequent cleaning of lenses for continuous functioning. 

Expensive advanced readout equipment is necessary to sense the change at the 

tip of the fiber. 

2.3 Sol-Gel Optical Sensors 

     Bultzingslowen et al. (2002) fabricated an optical sol-gel based CO2 sensor 

strip using fluorescent pH indicator. The sensor membrane consists of a 

ruthenium dye incorporated in polymer nano-beads and by means of ratiometric 

method, the analyte-sensitive fluorescence intensity signal is measured. This 

sensor strip can be located inside the food package and can be sampled by a 

hand-held scanning device from the outside using wireless technology.  
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2.4 Electrochemical Sensors 

 

     To address the need for compact sensors in space research, fire detection, 

emission monitoring in aerospace applications, medicine and biology, 

considerable research is being carried out using nanotechnology and 

microelectronics to enhance the performance of sensor devices. All chemical 

sensors depend on interactions occurring at the atomic and molecular level. Both 

nano and MEMS (micro-electro-mechanical systems) technologies provide ways 

to measure variables that until recently were too difficult or too expensive to 

sense. Hence the potential of nanosensors and nano-enabled sensors is 

promising in gas sensing applications (Nagel and Smith, 2003). Substantially 

smaller size, lower mass, more modest power requirements, greater sensitivity, 

and better specificity are the potential benefits of exploiting microelectronics and 

nanotechnology in sensor fabrication.       

     Electrochemical or solid state electrolyte sensors are the most predominantly 

available sensors which make use of the MEMS and nanotechnology for CO2 

monitoring. These sensors can be classified into potentiometric, amperometric, 

and conductometric based on the measurement method. In the potentiometric 

mode, the measured signal is an electromotive force, while in the amperometric 

mode an electric current is recorded. In the case of conductometric sensors, the 

current–voltage plot is analysed. The materials used for construction of the 

sensors are selected based on their ability to withstand the extreme conditions 

such as high temperature and corrosive media, in the agri-food industry. 
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     Based on the variety of principles (potentiometric, amperometric, or 

conductometric) and materials (metal oxides, polymers, ceramics or sol-gel), 

solid state sensors are the best candidates for the development of commercial 

gas sensors (Capone et al., 2003; Moseley, 1997). Solid state electrolyte sensors 

have numerous advantages such as small sizes, high sensitivity in detecting very 

low concentrations (at level of ppm or even ppb), possibility of on-line operation 

and, low cost possiblly due to large-scale production. But these types of sensors 

also suffer from limited measurement accuracy and problems of long-time 

stability. 

2.5 Metal Oxide Sensors 

 

     A metal oxide gas sensor consists of a sensitive layer (sensing material) 

deposited over a substrate provided with electrodes for the measurement of the 

electrical characteristics. The sensor element is heated by its own heater which 

is separated from the sensing layer and the electrodes by an insulating layer 

(Figure 2.2). This heating element can be a platinum or platinum alloy wire, a 

resistive metal oxide, or a thin layer of deposited platinum. The electrodes 

connect to the sensing material to form a closed-loop circuit. 

     The mechanism of gas detection of metal oxide sensors is based on the 

chemical reactions that occur on the sensor surface. In the presence of gas, the 

metal oxide causes the gas to dissociate into charged ions or complexes which 

results in the transfer of electrons. The electrons become available or unavailable 

due to oxidation or reduction causing conductance or resistance of the surface 
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layers to change upon exposure to the analyte. The change in conductivity (or 

resistivity) vs gas concentration can be measured in the metal oxide sensors. 

This change in conductivity is directly related to the amount of CO2 present in the 

environment, resulting in identification and quantitative determination of the gas 

concentration. The built-in heater, which heats the metal oxide material to an 

operational temperature range that is optimal for the gas to be detected, is 

regulated and controlled by a specific circuit (Datta, 1992; Barsan and Weimar, 

2001). A pair of biased electrodes is imbedded into the metal oxide to measure 

its conductivity or resistivity change. Typically the sensor will produce a very 

strong signal at high gas concentrations. 

     Mahmoudi et al. (2007) have demonstrated that porous silicon coated with 

hydrocarbon groups (CHx) annealed at different temperatures can emit a blue 

light in response to CO2 gas. Stabilization of the photo luminescent properties of 

the porous silicon in an actual sensor device has not yet been established and is 

undergoing further research. 
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Figure 2.2 Schematic showing components used in a typical metal-oxide sensor. 

 

     Resistive metal oxide gas sensors are expected to generate revenues of US 

$2.5 billion by 2010 (Hooker, 2002). In the MEMS based microelectronics sensor 

design, selection of sensing material is an essential criterion. Several materials 

have been reported to be used as sensing material for detecting CO2 (Table 2.1) 
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Table 2.1 Characteristics of metal oxide sensor materials for detecting CO2. 

 
Types of sensing 
materials 

 

 
Detection range 

 
Operating 
temperature 
(°C) 

 
Reference 

 

BaTiO3–CuO 

 

0–2000 ppm 

 

400 

 

Mandayo et al. 

(2006) 

LaOCl and SnO2 400–2000 ppm 350–550 Diagne and 

Lumbreras (2001) 

LaCl3 7H2O – SnO2 0 to 2500 ppm 400 Kim et al. (2000) 

CrO-BaTiO3- 

 

La203--CaCO3 

0 to 7% 700 Haeusler and 

Meyer (1996) 

CuO-BaTiO3 and 

NiO-BaTiO3 

100 to 6000 ppm 800 Ishihara et al. 

(1991) 

 
 
2.6 NASICON Sensors 
      
     NASICON powder (Na2,8Zr2Si1,8P1,2O1,2) has been proposed to be used as a 

promising solid electrolyte in electrochemical sensing of CO2. High ionic 

conductivity, high chemical stability and the less influence of humidity on 

NASICON makes it a preferred material for CO2 sensing (Jasinski et al., 2006). 

Several researchers (Zhu et al., 2005; Pasierb et al., 2004) around the world 

including National Aeronautics and Space Administration (NASA), United States 
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have proposed that NASICON is the best sensing material for CO2 sensors 

(Table 2.2).  

     The advantages of semiconducting metal oxide gas sensors over competing 

technologies such as conducting polymers, electrochemical and quartz crystal 

are robustness and long term stability (Williams and Pratt, 2001). 

     Most commercially available microfabricated sensors (e.g., Cole-Palmer, 

Chicago, USA; Figaro Engineering Inc., Osaka, Japan) are made of a substrate 

heated by wire and coated with a metal oxide, semiconducting film. The sensors 

rely on the changes of conductivity induced by the adsorption of gases and 

subsequent surface reactions. These micromachined sensors operate at a 

relatively high temperature of 200–450°C which results in significant power 

consumption. The sensors cannot function without small heaters (usually 

platinum or gold) on the back side to keep the sensors at operating 

temperatures. Because of the high operating temperatures, metal oxide sensors 

are inappropriate in potentially flammable environments (Dickinson et al., 1998) 

or explosive environment such as grain stores. Metal oxide based gas sensors 

are not recommended to monitor quality of food because irreversible binding of 

sulphur compounds may cause poisoning (Schaller et al., 1998). The output of 

the metal oxide gas sensors varies logarithmically with the gas concentration. 

This limits the accuracy of the sensor and the overall measurement range of the 

sensor. Metal oxide sensor performance can also be affected by device cross-

sensitivity to environmental factors such as temperature and humidity. Though 
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the metal oxide sensors are relatively low in cost, the stability and repeatability of 

the sensor is poor. 

 

Table 2.2 Characteristics of NASICON sensing materials for detecting CO2. 

 
NASICON sensing 

material 
 

 
Detection 

Range 

 
Operating 

Temperature 
(°C) 

 
Reference 

 

NASICON/ Li2CO3 - 

BaCO3 

 

100-1000 ppm 

 

345 

 

Zhu et al. (2005) 

NASICON/ 

Li2CO3 - BaCO3 

500 – 12600 ppm 475 Pasierb et al. (2004) 

NASICON/ Na2CO3  - 

Ba2CO3 

0-4% 425 Ward et al. (2003) 

NASICON/ Na2CO3  - 

Ba2CO3 

6 ppm – 100% 600 Wang and Kumar 

(2003) 

NASICON/ Li2CO3 350-1000 ppm 450 Kaneyasu et al. 

(2000) 

NASICON/Perovskite 

oxides 

100-2000 ppm 300 Shimizu and 

Yamashita (2000) 

NASICON 0-5% 450 Yang and Liu (2000) 

NASICON/ Li2CO3 - 

BaCO3 

300-5000 ppm 400 Lee et al. (1995) 
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2.7 Polymer Sensors 

 

     The advantage of a polymer-based gas sensor over metal oxide sensors is 

that polymer films are capable of broadly detecting and identifying various 

constituents in the air in addition to the target analyte. Polymer films are 

multifunctional, useful, economical, and practical in a wide range of applications 

and sensor designs. In addition, miniaturization of microelectronics favors the 

use of polymer thin films in sensors.  

     Carbon dioxide sensors fabricated using polymer materials are mostly 

miniaturized version of the Severinghaus CO2 probe (Severinghaus and Bradley, 

1958). Severinghaus CO2 probe consists of a glass electrode filled with an 

aqueous bicarbonate solution and covered by a thin plastic membrane. This 

plastic membrane is permeable to CO2 but impermeable to water and 

electrolytes. The measuring principle is based on the concept that in an aqueous 

solution, CO2 forms carbonic acid, which dissociates into a bicarbonate anion 

and a proton. This process results in a pH-value change of the electrolyte 

solution, which is measured by the glass pH probe. 

     Cui et al. (1998) developed a potentiometric pH sensitive CO2 gas sensor 

system using polyaniline deposited platinum electrodes for aqueous phase 

environment. This sensor had the drawback of being sensitive to dissolved 

oxygen. Modifications using a gas-permeable membrane and reference 

electrodes are necessary before making this sensor usable for gas phase 

applications. Potentiometric sensors measure a change in voltage and are 
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shielded and susceptible to line noise and other interferences. Amperometric 

sensors measure a change in current as a response to analyte and are simpler in 

structure without gas sealing. The potentiometric method is not always suited to 

monitoring small variations of gas concentration, since the response signal is 

usually linear to the logarithm of gas concentration. In contrast, an amperometric 

type sensor produces a sensing signal proportional to the gas. Hence 

amperometric sensors are preferred over potentiometric sensors for food quality 

monitoring due to the linear and reliable sensing in narrow concentration 

regimes. 

     Takeda (1999) demonstrated that plasma polymerized polyaniline thin film 

deposited on gold electrodes showed an increase in conductivity upon exposure 

to 100% CO2 gas in comparison with dry air. The results of this study can be 

taken only as a proof of concept as the researchers did not test the thin films to 

various CO2 concentration levels. 

     Ogura and Shiigi (1999) demonstrated a linear relationship between the 

electrical conductivity of a composite film prepared from heat treated poly (aniline 

anthranalic acid) (PANA) and poly (vinyl alcohol) (PVA) to CO2 concentrations of 

up to 10,000 ppm. Irimia-Vladu and Fergus (2006) developed a CO2 sensor 

using the procedures of Ogura and Shiigi (1999) and found out that the response 

of the heat-treated PANA and PVA composite thin film was slow and smaller in 

magnitude with severe drift and unacceptable long response time. The absence 

of the sensor’s response is consistent with other report (Warren et al., 1989) 
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indicating that the onset of protonation in emeraldine base occurs only when the 

pH level of the protonating bath is lowered below 4. The protonation mechanism 

proposed by Ogura and Shiigi (1999) is not consistent with the reported 

conductivity characteristics of polyaniline. 

     Oho et al. (2002) (Ogura group) demonstrated that the logarithmic ac 

impedance of the base-type PANA/PVA composite was linearly related to the log 

of CO2 concentration at up to 80% humidity. As the response signal value of the 

sensor is linear to the logarithm of gas concentration, this sensor may not be 

suitable for monitoring small variations of gas concentrations.  

     Tongol et al. (2003) fabricated a potentiometric pH-indicating polypyrrole 

based CO2 sensor. Carbon dioxide diffusing through the polypyrrole membrane 

forms carbonic acid which dissociates and alters the pH of the internal 

electrolyte. This potentiometric probe made of bicarbonate-doped polypyrrole 

membrane as a pH-sensing element was used for detecting the changes in CO2 

concentrations. An X-ray photoelectron spectroscopy analysis showed that the 

material displayed poor repeatability and reproducibility of potentiometric 

responses. Waghuley et al. (2008) developed a polypyrrole CO2 sensor using a 

screen printing technique. The resistance value of the sensor showed linear 

variation with an increase in CO2 concentration but a saturation effect was 

observed above 700 ppm. Hence polypyrrole may not be a good candidate for 

detecting higher concentrations of CO2. 
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     Suzuki et al. (2000) have developed a Severinghaus type metal oxide CO2 

sensor using iridium oxide film as the pH sensing element for blood-gas analysis 

applications. This sensor needs further modification using electrolyte to be used 

in real time applications.  The issue of cross-sensitivity is not addressed by these 

researchers and the practical implementation of a CO2 sensor in the agri-food 

industry needs selective gas permeable membranes to avoid cross sensitivity to 

other gases. For an ideal food quality monitoring CO2 sensor, the sensor’s 

performance criteria including sensitivity, selectivity, effect of interference 

(temperature and humidity), repeatability, reversibility, hysteresis effect and drift 

of the sensor need to be studied and characterized. 

2.7.1 PABA based CO2 sensor 

 

     In a pH-based CO2 sensor, the operating pH range is near neutral (6.5 to 7.5 

pH range). But polyaniline is not electro active above pH 3 (Irimia-Vladu and 

Fergus, 2006). So, it is not possible to use polyaniline as a sensing material for 

real-time pH-based gaseous and dissolved CO2 sensing. Self-doped conducting 

polyanilines overcomes this issue of working range of pH for CO2 sensing. In self-

doped polyanilines, the negatively charged anions like sulfonate, carboxylate or 

phosphonate covalently attached to the polymer backbone, act as intramolecular 

dopant anions which are able to compensate positive charges at protonated 

nitrogen atoms on the polymer backbone, thus replacing auxiliary solution dopant 

anions (Freund and Deore, 2007). These polymers are water soluble and 

electroactive and can be conducting over wider pH ranges. The syntheses of 
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self-doped sulfonated polyanilines have been mostly carried out by post-

modification of polyaniline with strong acids.  

     The electrochemical polymerization of sulfonate, carboxylate or phosphonate 

substituted polyanilines is slow and time consuming. Self-doped poly aniline 

boronic acid (PABA) can be synthesized and processed in aqueous and non-

aqueous media and it is electroactive at neutral and above neutral pHs (Deore et 

al., 2004). The formation of anionic tetrahedral boronate ester in saccharides and 

alcohols in the presence of fluoride forms the basis of self-doped soluble PABA.  

     The PABA has been used as a promising sensing material for developing (i) a 

saccharide sensor (Shoji and Freund, 2002); (ii) a conductometric sensor for 

dopamine detection (Fabre and Taillebois, 2003); and (iii) an amine vapour 

detection sensor (English et al., 2006). The electrochemical potential of the 

polymer PABA is sensitive to changes in the pKa (acid dissociation constant) of 

the polymer as a result of its interaction with change in analyte concentrations 

(Shoji and Freund, 2002). The pH-dependent equilibria of PABA and its similarity 

in sensitivity to pH changes as that of polyaniline has been studied by Deore et 

al. (2006) and Deore and Freund (2009).  

     In this work, self-doped PABA dispersion which is electroactive and 

conducting under neutral and basic conditions due to the formation of boron-

phosphate complex containing fluoride has been used as the sensing material. 

The added advantages of using PABA as a sensing material for CO2 detection 

are: the ability to be used as a simple physical dispersion process for electrode 



26 

 

deposition, high environmental stability, and its water solubility during electro-

chemical polymerization. As the polymerization occurs in a water-based solvent, 

it helps to avoid processing problems during large-scale sensor manufacturing. 
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3.  IDENTIFICATION OF VOLATILE METABOLITES IN STORED-

GRAIN HEAD SPACE FROM MULTIPLE SPECIES 

     Grain odors are caused by complex mixtures of compounds having various 

degrees of volatility. Volatiles can come from the grain itself, fungi or insects. 

Although numerous insect and fungal species can occur within a grain bulk, 

Aspergillus and Penicillium genera of molds and rusty grain beetle (Cryptolestes 

ferrugineus) and red flour beetle (Tribolium castaneum) insects are the common 

in Canadian grain (White, 1995). Fungi can produce a series of alcohols (3-

methyl-l-butanol, 1-octen-3-ol, 1-octanol and 3-octanone) in bulk wheat (Sinha et 

al., 1988). The rusty grain beetle, Cryptolestes ferrugineus produces a mixture of 

4, 8-dimethyl-E, 4,8-decadienolide and ferrulactone II in grain bins (Loschiavo et 

al., 1986). Flour beetles (Tribolium species) produce functionalized aromatics 

e.g., 1,4-dimethoxybenzene, 2-methyl-1, 4-dimethoxybenzene and 2-ethyl-1,4-

dimethoxybenzene (Seitz and Ram, 2000). Previous studies (Seitz and Ram, 

2000; Loschiavo et al., 1986; Sinha et al., 1988) have identified and detected 

odours in stored wheat infested by single species of fungi or by a single insect. 

Co-occurrence of insect species and moulds is common in a stored-grain 

ecosystem and both can cause grain spoilage. The materials and methods to 

identify volatile compounds evolving from grain having a combination of moulds 

and insects are described in this section. 
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3.1 Materials and Methods 

3.1.1 Samples 

     Canada Western Red Spring (CWRS) wheat (variety AC Superb), conditioned 

to 14, 16.5 and 19% moisture content (m.c.) was used in this study. A total of 10 

combinations of insect infestations and fungal infections were used. These were: 

(1) Aspergillus niger van Tieghem, (2) Penicillium spp, (3) rusty grain beetle, (4) 

red flour beetle, (5) A. niger and Penicillium spp., (6) A. niger and rusty grain 

beetle, (7) A. niger and red flour beetle, (8) Penicillium spp. and rusty grain 

beetle, (9) Penicillium spp. and red flour beetle, (10) rusty grain beetle and red 

flour beetle. A total of 3 replicates were done for each type of infestation. The 

infestation types (1), (2), (3) and (4) were used for comparing the results with 

published literature. Three jars of wheat at 14% m.c. were used as control 

samples. Two kilograms of wheat samples were stored in each of the 99 glass 

jars of 4 L capacity (10 combinations X 3 replicates X 3 moisture content levels + 

3 controls X 3 replicates). 

3.1.2 Infestation procedure 

 

     The commonly occurring grain storage fungi, A. niger and Penicillium spp. 

were cultured from naturally infected wheat kernels. Wheat kernels with the fungi 

were placed on filter paper saturated with 7.5% aqueous NaCl in petri dishes 

separately for 7 d. The pure fungal lines were placed on potato dextrose agar 

(PDA) for one week at 30°C. The PDA was placed in sterilized water with one 

drop of Tween 20. Approximately 50 kg composite sample of CWRS wheat at 
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17% m.c. (wet basis) was sterilized by soaking in 1% sodium hypochlorite for 2 

min and then rinsed thoroughly with distilled water. The sterilized wheat kernels 

were sprayed with the water containing cultured A. niger fungi. Another 50 kg of 

wheat sample was also infected with Penicillium spp. using the above procedure. 

     To determine the effect of presence of insects on odour volatiles, jars 

containing wheat were infested with 500 rusty grain beetles and 100 red flour 

beetles. Different insect counts were chosen based on consultation with 

entomologist Dr. White at the Cereal Research Centre, Agriculture and Agri-Food 

Canada. Rusty grain beetle look very much like the red flour beetle but are about 

one-tenth the size of the flour beetles. The body mass of the insects were 

considered (1 live rusty grain beetle adult = 0.2 mg; 1 live adult red flour beetle = 

2.0 mg) in infesting the wheat jar. Wheat and control samples were stored at 

30°C and 75% r.h. for six weeks. After six weeks, a sub-sample was taken from 

each jar and used for the collection of volatile organic compounds. 

3.1.3 Collection of volatile organic compounds 

     The experimental setup for trapping volatile metabolites is shown in Fig 3.1. 

Headspace volatiles produced by the infested wheat were collected using a 

setup, with modifications recommended by Sinha et al. (1988). Sub-samples of 

infested wheat (200 g) were placed in a 500 ml conical flask fitted with a two-

holed rubber stopper containing glass tubes. One glass tube was placed just 1 

cm above the bottom of the jar inside the infested wheat bulk with the other end 

connected to a nitrogen supply system. The end of the second glass tube was 
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positioned near the neck of the flask with the other end connected to a volatile 

trap. The volatile trap was made of glass tube (75 mm X 3.5 mm i.d.) packed with 

200±10 mg of Johns-Manville Chromosorb 105, 60/80 mesh adsorbent (Denver, 

CO). Before use, the traps were placed on a 150 mm Petri plate, wrapped with 

aluminum foil, and sterilized at 150°C for 2 h. The neck of the conical flask was 

tightly sealed with Parafilm to prevent the escape of volatile organic compounds. 

The stream of 99.99 % N2 was maintained at 100 ml min-1 for up to 17 h. The 

volatiles in the adsorbent were eluted into glass vials with 0.5 ml of methylene 

chloride.  

 

Figure 3.1 Schematic showing the experimental setup for trapping volatile 

metabolites. 
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3.1.4 GC–MS analysis of the volatiles 

     Gas chromatography (GC) was performed using a Varian Star 3400 CX series 

GC (Varian Inc., CA, USA) with a flame ionization detector, available in the 

Department of Chemistry, University of Manitoba. The samples were separated 

on a 15 m DB-1 mega bore column of 100% dimethylpolysiloxane (Sinha et al., 

1988; Fernando et al., 2005). The trap contents were adsorbed at 22°C from a 

uni-injector onto a fused silica column (BP1, 25 m length × 0.22 mm i.d., 0.25 μm 

film thickness), which was cryogenically focused with dry ice and acetone for 2 

min. The column was attached to a Hewlett-Packard 5890 Gas Chromatograph 

(Hewlett-Packard, CA, USA) attached to a Hewlett-Packard mass selective 

detector. Helium was used as the carrier gas with a flow rate of 6 ml min-1. The 

injector and detector temperatures were maintained at 200°C and 250°C, 

respectively. The oven temperature program was 37°C for 0.5 min, raised to 

77°C at a rate of 20°C per min, held at 77°C for 5 min, raised to 150°C at a rate 

of 2°C min-I, and held at 150°C for 10 min. The mass spectra of the unknown 

compounds were compared with those in the NIST/EPA/NIH Mass Spec. Library 

(Version 2.0) (Gaithersburg, MD, USA).  

     GC-MS analysis spectra of control samples (pure wheat) were used as 

background to subtract for identifying the compounds from all types of infested 

samples. 
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4. MATERIAL PREPARATION AND SENSOR ASSEMBLY 

 

4.1 Carbon Dioxide Gas Concentrations 

 

     The correlation between different ppm levels of CO2 and indication of 

infestation in grain stores has been established by Semple et al. (1988) (Table 

4.1). Instruments capable of sensing CO2 concentrations of 0.1% (1000 parts per 

million) in air in grain bulk will detect deterioration in 80% of deteriorating bulks in 

farm granaries (Muir et al., 1985). 

     Simulation models of Singh (Jayas) et al. (1983) and experimental data of 

Muir et al. (1985) concluded that in the absence of prior knowledge of the 

location of potential deterioration of grain, a sensor capable of detecting CO2 

levels of 2 g/m3 should be located near the centre of the bin.  Using the following 

equation (Semple et al., 1988) the CO2 concentration be converted to part per 

million by volume:  

          (1)      

where, ppmv    = ppm by volume (volume of CO2 per 106 volumes of ambient air) 

             mg/m3 = milligrams of CO2 per cubic metre of ambient air (2000 mg/m3) 

            °C          = ambient air temperature in degrees centigrade 

           MW      = molecular weight of CO2 (44.01) 
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          At 25°C,   ppmv = 1111.77. 

     Hence, for grain quality monitoring, the carbon dioxide sensor should be able 

to measure at least 1112 ppm to detect incipient grain spoilage. 

 

Table 4.1 Carbon dioxide concentrations as an index of infestation in grain 

stores. Source: Semple et al. (1988) 

 

CO2 Concentration 

(ppm) 

 

Indication of infestation 

 

 

380 to 500  

<1100 

1100 to 3500  

 

3500 to 5000 

 

5000 to 9000 

>10000 

 

Atmospheric concentration (no spoilage) 

Incipient spoilage 

Slight insect infestation and (or) infestation of 

microorganisms 

High insect infestation and (or) a higher infection of 

microorganisms 

Severe spoilage and limit of dangerous storage conditions 

Highly unsuitable storage conditions 
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4.2 Instrumentation 

 
4.2.1 Gas flow management system 
 

     A proper gas flow management system is crucial for successful sensor 

characterization. The gas flow management and the sensor evaluation system 

consists of a flow system to control the desired gas flow rates to the Teflon 

testing chamber, and a data collection system to record data from the sensor.  

     An automated vapor delivery system was custom built by Plasmionique Inc., 

St Hyacinthe, PQ which can produce up to 8 vapors from solvents that are stored 

in 8 different glass bubblers. The flow rate of the vapors can be controlled using 

mass flow controllers and solenoid valves and be delivered to a Teflon gas 

mixing chamber and then delivered to the sensor-testing chamber. This system 

allows the user to produce mixtures of analyte at various flow rates and at 

desired concentrations of analyte solutions. The automated gas flow 

management system affords several advantages including unattended operation 

during long sequences of tests, reduced user exposure to toxic chemicals and 

precise data measurements. This automated system provides enough flexibility 

and capabilities to allow the users to build and design experiments with 

applications without the concern of limitations and / or expansion capabilities. 

This custom built automated vapor delivery system was used for characterizing 

the developed CO2 polymer sensors. A schematic of the custom built gas flow 

management system (Plasmionique Inc., St Hyacinthe, PQ) is shown in Figure 

4.1. 
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4.2.2 Data collection system 

 

     The data collection system used for characterization of the CO2 sensor 

consists of an Agilent 34980A Data Acquisition Switch Unit (Agilent 

Technologies, Inc., Santa Clara, CA). The dc resistance of the sensor was read 

sequentially by the Agilent data acquisition unit. The control computer was 

interfaced with data collection system through an IEEE general purpose interface 

board (GPIB). The resistance data were initially stored in the data acquisition unit 

and once a complete set of data were recorded, the GPIB communications 

protocol sent the data to the control computer where the data were stored in a 

tab-limited text file. The gas flow management system and the data collection 

system were interlinked and connected through a LabVIEW (National 

Instruments Corporation, Austin, TX) algorithm to efficiently control and 

simultaneously record the gas mixture readings and the sensor response output 

values. 
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Figure 4.1 Schematic diagram of the Gas Management System. Source: 

Plasmionique FLOCON Vapor delivery system manual. 
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     Commercially available gas cylinders (Praxair, Edmonton, AB) with a blend of 

CO2/air mixture of 9820 ppm concentration and a nitrogen cylinder of ultra high 

purity (99.99%) were used for the measurements. To achieve the required ppm 

levels of CO2 concentrations, gas from 9820 ppm level was diluted to appropriate 

concentrations by mixing and varying the gas flow rate from the nitrogen cylinder. 

For example, a flowrate of 100 sccm of 9820 ppm and 100 sccm of nitrogen in 

the Teflon mixing chamber measured at the same pressures and temperatures 

produced 200 sccm of 4910 sccm of CO2 (Table 4.2). In a similar fashion, desired 

levels of CO2 concentrations were achieved by mixing various levels of nitrogen 

and CO2 from a 5000 ppm CO2 in air.  
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Table 4.2 Gas flow mixture ratio of nitrogen (99.99%) and carbon dioxide 

(9820 ppm) to achieve desired CO2 concentrations. X indicates the flow rate 

of nitrogen inside bubbler containing water. 

 

MFC 8 
(sccm) (CO2) 

 

MFC 9 (sccm) 
(N2) 

 

MFC 1 
(sccm) (N2 
through 
water) 

 

CO2 ppm 

 

7.8 

 

192-X 

 

X 

 

382 

20 180-X X 982 

30 170-X X 1473 

50 150-X X 2455 

60 140-X X 2946 

75 125-X X 3682 

100 100-X X 4910 

 

     The sensor to be characterized was placed inside a custom made Teflon 

(PTFE) sensor testing chamber and, exposed to the gaseous mixtures of CO2 in 

nitrogen delivered via the gas flow management system.  Figure 4.2 shows the 

schematic of the PTFE testing chamber. 
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Figure 4.2 Flow cell cartridge for the sensor characterization for CO2 

measurement. 

4.3 Materials 

 

     The reagents, chemicals and adhesives including 3-aminophenylboronic acid, 

poly aniline, phosphoric acid, sodium fluoride, ammonium persulfate, poly vinyl 

alcohol, potassium chloride, nafion, cyanoacrylate (Permabond 105), poly vinyl 

chloride, used for the sensor construction were of analytical grade and 

purchased from Sigma-Aldrich Inc (St. Louis, MO). All aqueous and buffer 

solutions were prepared with 18.2 MΩ quality deionized water using an ultrapure 

water system (Millipore Corporation, Billerica, MA). Carbon dioxide porous PTFE 

membranes with 60 µm thickness and with average pore diameter of 0.2 µm 

were acquired from Thermo Scientific (Waltham, MA). Chemically resistant 

perfluoroelastomer O-rings of 0.3 mm diameter and 0.1 mm wall thickness used 

for mounting the PTFE gas permeable membrane were purchased from Fisher 

Scientific (Pittsburgh, PA). 

Flow Chamber 

Inlet Outlet 

CO2 Sensor Chips 
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4.4 PABA Film Synthesis 

 

Poly aniline 3-boronic acid (PABA) film was synthesized according to established 

procedures (Deore and Freund, 2009). The PABA dispersion solution was 

synthesized chemically using 10 mM 3-APBA (monomer) + 50 mM NaF + 5 mM 

ammonium persulphate (oxidant) in 0.1 M phosphoric acid. The chemical 

synthesis of PABA polymer is easily water dispersible, and hence it facilitates to 

form smooth, adherent and uniform thin films on the electrode surface. The 

particle size of PABA is in the range of 50-100 nm and provides a higher surface 

area for sensing. 

4.5 Sensor Construction 

 

     A cross-sectional and a schematic side view of the constructed sensor 

assembly are shown in Figures 4.3 and 4.4, respectively. Gold interdigitated 

array electrodes (IDAs) to be used as the sensor substrate platform, deposited 

on a 1 mm thick printed circuit board (PCB) was custom designed upon 

consultation with Iders Inc, Winnipeg, MB. The sensor chip was fabricated by 

Dynamic & Proto Circuits Inc, Stoney Creek, ON. Each sensor chip has seven 

sensor elements (detectors) (Figure 4.6). The dimensional details of the 

interdigitated electrode are shown in Figure 4.5.   

     The PABA was used as the sensing material in preparing the electrically 

conductive region for the sensor. A 2 µL PABA solution was deposited on the 

IDAs through a micropipette as a physical dispersion process and was allowed to 
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dry for 20 min. A 2 µL of Nafion solution was superimposed directly on top of the 

PABA thin film in the electrically conductive region of the sensor. The solution 

was then allowed to evaporate in air at 25°C and a dried residue was left to form 

the conductive sensing material. 

     Similarly, an internal electrolyte-hydrogel solution prepared from an aqueous 

solution of 99.99% hydrolyzed polyvinyl alcohol (0.5 wt/vol %) with 0.0001 M 

sodium bicarbonate and 0.0001 M potassium chloride was also used for building 

the sensor assembly. A 4 µL of the internal electrolyte/hydrogel composite was 

superimposed directly on top of the PABA thin film in the electrically conductive 

region of the sensor. The solution was allowed to evaporate and a dried residue 

was left to form the ion-selective gas permeable membrane. 

     The PTFE membrane was applied directly on top of the dried residue of the 

internal electrolyte (Nafion or PVA electrolyte-hydrogel membrane) with the aid of 

an O-ring. The membrane was cut into circular shapes of approximately 11 mm 

diameter and was attached to the O-rings by applying small amounts of 

cyanoacrylate adhesive. The O-ring with the mounted membranes was glued 

carefully to the PCB substrate of the sensor assembly, forming a cavity with the 

electrolyte/hydrogel composite and the PABA thin film below the membrane. 

Care was taken to apply the adhesive only on the rim of the O-ring and thereby 

avoiding the adhesive contact with the sensing material. The gap between the 

gas permeable membrane and the surface of the electrolyte/hydrogel composite 
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was kept at a minimum distance (<0.2 mm) using an O-ring to maintain the thin 

layers of the electrolyte and sensing material. 

 

 

 

 

Figure 4.3 Pictorial cross-sectional view of the CO2 sensor (i) Gold 

interdigitated electrode PCB array, (ii) PABA polymer, (iii) Nafion, (iv) 

O-ring, (v) Gas permeable membrane. 

 

 

 

 

 

Figure 4.4 Schematic side view of the constructed CO2 sensor. 

 

 

 

(i) (ii) (iii) (iv) (v) 

PCB Substrate 

Gold Interdigitated Electrode 

Polyaniline Boronic acid 

Nafion 

Selective Gas Permeable 

 Membrane 
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      Figure 4.5 Schematic of interdigitated gold electrodes. 

 

 

 

Figure 4.6 Custom built sensor chip showing 7 detectors. 

 

4.6 Humidity Setup  

 

     The humidity of the various concentrations of CO2 gases were increased from 

20 to 80% relative humidity by bubbling through water. The controlled humidified 

analyte gases at room temperature (25±2ºC) were introduced steadily at a 

constant flow rate from the bubblers into the flow cell. The actual humidity of the 

analyte gas was monitored by a calibrated humidity sensor (Model HIH-4000, 

Honeywell Sensing and Control, Golden Valley, MN).  

     The HIH-4000 sensor contains a capacitive sensing die, set in thermoset 

polymers that interact with platinum electrodes. The HIH-4000 sensor has an 

integrated circuit which when supplied with an excitation voltage produces a DC 

Finger length (f) = 8.075 mm 
Finger height (h) = 27 µm 
Interdigitated spacing (w) = 100 µm 
Number of electrodes = 4+5 = 9 

Total area = 1.962225 mm
2
 

Top View 

f 

w 

h 

Sensor detectors  
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voltage output which is proportional to the relative humidity. The HIH-4000 

sensor was connected to an Agilent data acquisition 37970A unit ((Agilent 

Technologies, Inc., Santa Clara, CA) through a screw terminal which supplied the 

excitation voltage. The calibration of HIH-4000 sensor was done against known 

concentrations of standardized KOH solutions of different concentrations. The 

display output from the data acquisition system was calibrated against the 

readings, with the slope and offset (Greenspan, 1977; Solomon, 1951).  

     The relationship between humidity level and ratio of flow rate passing through 

a bubbler containing water to the total flow rate is shown in Figure 4.7. For 

example, gas flow of 97 sccm of N2 through bubbler by MFC1 and 103 sccm of 

N2 from MFC9 into the mixing chamber will produce 70% r.h. at 25°C. 

 

Figure 4.7 Relationship between humidity level and flowrate of nitrogen 

through MFC1 and MFC 9. 
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5. RESULTS AND DISCUSSION 

 

5.1 Volatiles from Multiple Species 

 

     The GC-MS is composed of gas chromatograph and the mass spectrometer. 

The gas chromatograph utilizes a capillary column which depends on the 

column's dimensions such as length, diameter, film thickness as well as the 

phase properties. The working principle is based on the concept that the 

difference in the chemical properties between different molecules in a mixture will 

separate the molecules as the sample travels the length of the column. The 

molecules take different amounts of retention times to elute from the gas 

chromatograph. The different elution and retention times allows the mass 

spectrometer downstream to capture, ionize, accelerate, deflect, and detect the 

ionized molecules separately. The mass spectrometer accelerates the molecules 

by breaking each molecule into ionized fragments and detects these fragments 

using their mass to charge ratio. GC-MS analysis of the pure wheat samples at 

16.5 and 19% m.c. stored for six weeks had octanol and nonanal volatile 

metabolites. This may be due to the formation of fungi in the wheat bulk. Fungal 

infection was also observed visibly on grain kernel surfaces from these samples. 

Hence, these samples were not used for control samples for background 

subtraction and only 14% moisture content samples were used as controls. 
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     The chewing of wheat kernels by insects and chemical reactions caused by 

fungal infection on the kernel surface inside the grain bulk can alter the flavor and 

nutritive value and produce a range of volatiles (Magan and Evans, 2000).     

     This study emphasized on identifying volatile metabolites produced by wheat 

bulks infested by a co-occurrence of species. Microbial analysis enables 

characterization of the microorganism profile (type and the amount of fungi) and 

also can quantify the concentration of volatile metabolites produced by fungi and 

insects. However these analyses are time-consuming and require an 

experienced microbiologist to correlate fungi concentration with odor. 

Methodology used to elute volatiles from infested grain did not allow to accurately 

quantifying the concentration of volatile metabolites produced by fungi and insect 

species inside wheat bulks.  Quantification is possible by calculating the peak 

area of each volatile in the GC-MS spectra and by comparing with the peak area 

of a standard for relative percent calculations but converting it to per unit mass of 

grain or per unit insect is not easy. Also, it is not possible that each grain kernel 

will be similarly infected by fungi. Therefore, quantification was not done and only 

the presence of compounds was recorded. 

     Table 5.1 shows the compounds identified by the GC-MS analysis of the 

infested samples. Volatile metabolites produced by wheat bulk infested by 

Aspergillus niger, Penicillium spp., rusty grain beetle and red flour beetle alone 

correlate with the published results (Sinha et al., 1988; Loschiavo et al., 1986; 

Seitz and Ram, 2000). Infestation of wheat bulk by A. niger and red flour beetle, 

A. niger and rusty grain beetle produced only one compound methyl isobutyl 
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ketone. Wheat bulks infested by Penicillium spp. and rusty grain beetle produced 

methyl isobutyl ketone and 2,3-dimethyl-2-butanol. A combination of Penicillium 

spp. and red flour beetle produced methyl isobutyl ketone and 1,4-

dimethoxybenzene metabolites. Moisture content had no significant effect on the 

identity of volatile metabolites as wheat of all three moisture contents produced 

the same compounds except for the wheat bulk infested with Aspergillus niger.  

 

Table 5.1 Volatiles obtained from Canada Western Red Spring wheat 

infested by insects and fungi. 

Moisture 

content 

Infestation type Volatile 

 

14% 

16.5% 

19% 

 

14% 

16.5% 

19% 

14% 

16.5% 

19% 

 

Aspergillus niger 

Aspergillus niger 

Aspergillus niger 

 

Penicillium spp. 

Penicillium spp. 

Penicillium spp. 

Rusty grain beetle 

Rusty grain beetle 

Rusty grain beetle 

 

1-octanol; nonanal; 2-ethyl-2-hexenal 

1-octanol; nonanal; 2-ethyl-2-Hexenal 

1-octanol; naphthalene; 2-ethyl-2-hexenal; 1,2,3-

trimethyl-benzene 

2-methyl-1-butanol; 1-octen-3-ol; 3-octanone 

2-methyl-1-butanol; 1-octen-3-ol; 3-octanone 

2-methyl-1-butanol; 1-octen-3-ol; 3-octanone 

2-methyl-3-phenyl-propanal; 3-dodecen-11-olide 

2-methyl-3-phenyl-propanal; 3-dodecen-11-olide 

2-methyl-3-phenyl-Propanal, 3-dodecen-11-olide 
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14% 

 

16.5% 

 

19% 

 

14% 

 

16.5% 

 

19% 

 

14% 

 

16.5% 

 

19% 

 

14% 

 

16.5% 

 

Red flour beetle 

 

Red flour beetle 

 

Red flour beetle 

 

Aspergillus niger + 

Penicillium spp. 

Aspergillus niger + 

Penicillium spp. 

Aspergillus niger + 

Penicillium spp. 

Rusty grain beetle + 

red flour beetle 

Rusty grain beetle + 

red flour beetle 

Rusty grain beetle + 

red flour beetle 

Aspergillus niger + 

rusty grain beetle 

Aspergillus niger + 

rusty grain beetle 

2-ethyl-1,4-dimethoxybenzene; 1,4-dimethoxybenzene; 

1-pentadecene 

2-ethyl-1,4-dimethoxybenzene; 1,4-dimethoxybenzene, 

1-pentadecene 

2-ethyl-1,4-dimethoxybenzene; 1,4-dimethoxybenzene; 

1-pentadecene 

1-(4-ethylphenyl)-ethanone; Methyl ester dodecanoic 

acid; (2-methylpropyl)- Benzene; 2,4-Pentanedione 

1-(4-ethylphenyl)-ethanone; Methyl ester dodecanoic 

acid; (2-methylpropyl)- benzene 

1-(4-ethylphenyl)-ethanone; Methyl ester dodecanoic 

acid; (2-methylpropyl)- benzene 

Methyl isobutyl ketone; 2,3,5,6-tetramethyl-phenol 

 

Methyl isobutyl ketone; 2,3,5,6-tetramethyl-phenol 

 

Methyl isobutyl ketone; 2,3,5,6-tetramethyl-phenol 

 

Methyl isobutyl ketone 

 

Methyl isobutyl ketone 
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19% 

 

14% 

 

16.5% 

 

19% 

 

14% 

 

16. 5% 

 

19% 

 

14% 

 

16. 5% 

 

19% 

Aspergillus niger + 

rusty grain beetle 

Aspergillus niger + 

red flour beetle 

Aspergillus niger + 

red flour beetle 

Aspergillus niger + 

red flour beetle 

Penicillium spp. + 

rusty grain beetle 

Penicillium spp. + 

rusty grain beetle 

Penicillium spp. + 

rusty grain beetle 

Penicillium spp. + 

red flour beetle 

Penicillium spp. + 

red flour beetle 

Penicillium spp. + 

red flour beetle 

Methyl isobutyl ketone 

 

Methyl isobutyl ketone 

 

Methyl isobutyl ketone 

 

Methyl isobutyl ketone 

 

Methyl isobutyl ketone; 2,3-dimethyl-2-butanol 

 

Methyl isobutyl ketone; 2,3-dimethyl-2-butanol 

 

Methyl isobutyl ketone; 2,3-dimethyl-2-butanol 

 

Methyl isobutyl ketone; 1,4-dimethoxybenzene 

 

Methyl isobutyl ketone; 1,4-dimethoxybenzene 

 

Methyl isobutyl ketone; 1,4-dimethoxybenzene 
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5.2 Sensor Principle 

 

     The sensing mechanism is based on the interconversion between conducting 

emeraldine salt form and the insulating emeraldine base form of poly aniline and 

PABA through protonation and deprotonation. 

     When the analyte (gaseous CO2) permeates through the gas permeable 

membrane, CO2 reacts with water from PVA to create a bicarbonate ion (HCO3
–) 

and a proton, which protonates the poly aniline. When the CO2 diffuses through 

the gas-permeable membrane, the following equilibria are sequentially 

established (Jensen and Rechnitz, 1979). 

       (2) 

               (3) 

                            (4)     

     As the CO2 partial pressure increases, the conductivity increases due to 

increase in the amount of protonation. This changes the pH of the internal 

electrolyte. The change in pH is related to the potential of the PABA thin film 

through the Nernst equation (Eq 5). The potential changes linearly with the pH 

and thereby the concentration of the analyte can be measured. 

       (5) 
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where z is the number of moles of the electrons involved in the reaction, a is the 

chemical activity for the relevant species, Red is reduction and Ox is oxidation. 

     Nernst equation relates the potential of electrochemical cell (or sensing 

assembly) as a function of concentration of ions in the reaction. Figure 5.1 

illustrates the potentiometric response of PABA to changes in H+ ion 

concentration revealing a Nernstian response slope of m = -59 mV pH-1 for buffer 

solutions from pH 1 to 8.  

 

 

 

 

 

 

 

Figure 5.1 Open-circuit potential response of PABA film with varying pH of 

solution. 

     Sensing measurements were done at different potentials using amperometry 

at the working electrode. For all the amperometric measurements, a constant 

pH 
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potential of 0.01 V (optimized potential) on the sensor was applied which 

facilitated a wider linear range, steady-state, response current output. 

     Figure 5.2 shows typical response behaviour of the PABA film to change in 

pH at an excitation voltage of 0.2 V which was determined as an optimum 

voltage during preliminary experiments at 0.1 to 0.5 V. A 3 µL PABA solution 

deposited and dried on the gold IDA was characterized for its sensitivity to 

change in pH in 0.1 M KCl and sodium phosphate buffer solution. The change in 

pH of the buffer solution was achieved by adding 1 M H2SO4. The PABA showed 

linear response in the near neutral pH range of 4-7, and therefore, was selected 

for use as sensing material for constructing a CO2 sensor. The results of this 

experiment confirmed the desired pH response properties of PABA thin film such 

as stability, response time and linear range.  

 

Figure 5.2 Current measurement of PABA film at 0.2 V as a function of pH 

of solution. 
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     The sensors were placed in the Teflon test chamber and were exposed, 

alternately, to clean dry background air and air containing analyte. The sensor 

exposures alternated between 5 min of clean background air and 5 min of 

different analyte concentrations for each analyte concentration. Baseline 

resistance for each sensor was established by flowing background air (air 

containing 380 ppm of CO2) and at 0% humidity prior to various nitrogen and CO2 

exposure levels. Sensor data were recorded as resistance versus time and the 

events such as an exposure to various CO2 levels or a change in humidity or 

temperature were analyzed as normalized changes in resistance (ΔRm/Rb).  

 

Rm = sensor resistance at the plateau of the response 

Rb = resistance prior to the event 

     The displayed graph data were processed using background determination as 

Rb prior to an exposure of analyte to correct for baseline drift. 

The PABA film thickness was calculated from the volume of the solution (3 µL) 

divided by the area of the electrode (0.0609 cm2) as 492 microns.  This 

calculation of average film thickness is prone to errors considering the coulombic 

efficiency, sticking coefficient and substrate tilt angle. 
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5.3 Performance of PABA Sensor without Electrolyte 

 

     For functional feasibility, the sensor industry prefers solid electrolyte over 

liquid electrolyte to maintain compactness of sensor cells considering the size of 

packaging components, leakage, and drying up of liquid electrolyte under high 

humidity/temperature conditions. Among the solid electrolyte polymers known, 

Nafion is the best in terms of conductivity and chemical resistance properties 

(Viswanathan et al., 2007; Hu et al., 2008). Nafion functions as an acid catalyst 

due to strongly acidic properties of the sulfonic acid group, and also as an ion 

exchange resin. The sulfonic acid groups in Nafion have a very high water-of-

hydration. Interconnections between the sulfonic acid groups lead to rapid 

transfer of water through the Nafion. Nafion has been widely used as a proton 

exchange membrane in polymer electrode fuel cell applications. 

     The sensor electrodes prepared with only PABA and without Nafion were 

exposed to different concentrations of CO2 at various humidity levels.        

     No response was observed from the electrodes below 40% r.h. For 

protonation to occur to facilitate the exchange of ions upon exposing to analyte, 

PABA requires water molecules. So, at higher humidity levels above 40% RH, 

the PABA was able to respond to analyte concentrations (Figure 5.3) and this 

could be due to the absorption of water molecules from air. The resistivity was 

seen to increase slightly from 40% to 70% RH. The baseline resistance of the 

sensor during background airflow increased from 4300 ohms at 40% RH to 5750 

ohms at 70% RH. The sensors exhibited quick response for changing humidity 
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and the response and recovery times were of the order of few seconds. The 

variation in the resistance parameters was nearly linear and was repeatable. The 

sensor electrodes show a saturation effect at 2455 ppm.  

 

Figure 5.3 Response of PABA sensor electrodes (without electrolyte) to 

various concentrations of CO2 at different humidity levels and at 25° C for 5 

replicates. 

5.4 Effect of Humidity 

 

     The results of the relationship between resistance and CO2 concentration for 

the PABA-Nafion sensor under various humidity levels are shown in Figure 5.4. 

     The humidity has less pronounced effect on the performance of the PABA 

Nafion sensor. It has been reported (Skotheim et al., 1998) that the conductivity 

of conducting polymers increases when the film absorbs the moisture. The 



56 

 

resistance value of PABA decreased with humidity level due to the possibility of 

proton exchange between the water molecules and the protonated and the 

unprotonated forms of PABA.  

     PABA-Nafion sensor showed two step sensing response to humidity levels. 

The resistance value of the sensor electrodes decreased when RH increased 

from 20 to 50% indicating that the water molecules might have been absorbed by 

the PABA film. The charge transfer process of conducting species with water 

molecules resulted into the decrease in the resistance value. The resistance 

values of the sensor increased when RH increased from 50% to 70%. The 

mechanism of charge transfer process may be different for the humidity levels 

between 50 to 70% RH. The deviation in the linearity could be attributed to the 

size of the pores of polymer. Similar deviation in the linearity behaviour was 

observed by Parvatikar et al. (2006) in a PANI/WO3 composite sensor when 

exposed to humidity levels between 20 to 90% RH. The polymer might swell due 

to water absorption and there may be breakdown or increase in contact between 

the dispersed conductive nano particles affecting the resistance value with the 

change in humidity. The polymer backbone might swell due to the change in 

humidity and the pathways inside the film might be saturated with water leading 

to change in the diffusion rate of gases into the polymer matrix. As the humidity 

increases from 20% to 50% RH, there may be more hydrogen carbonate ions 

and protons produced on the PABA film, thus lowering the resistance of the film. 

Above 50% RH level, the pores might be saturated causing a change in diffusion 

pathways. The variation in the resistance parameter was curvi-linear and 
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repeatable. The film’s response to change in analyte concentrations at various 

humidity levels was very stable until 70% RH and becomes noisy above 70% 

RH. At humidity levels above 70% RH, the sensors might still perform well when 

provided with a rugged membrane protection and a proper sensor packaging. 

Irrespective of the change in resistance values at different humidity levels, all the 

PABA-Nafion sensors responded to various levels of CO2 concentrations up to 

2455 ppm. 

     The variations in the resistivity as a function of relative humidity value for the 

PABA sensor is depicted in the Figure 5.5.  

The percentage sensitivity as a response to humidity is defined as: 

  (7) 

where RH2 is the resistivity of the PABA sensor for humidity at level 2, and RH1 

the resistivity of the PABA sensor for humidity at level 1. 

     PABA-Nafion sensor’s sensitivity shows two step responses at various 

humidity levels. The behavior of the sensors is almost linear from 20 to 40% RH 

(Figure 5.4). A saturation effect is observed between 40 to 50% RH and the 

sensitivity of the sensor decreases above 60% RH. The conductivity of PABA 

increases when the sensing material absorbs the moisture. With the adsorption 

of water molecules at increasing humidity levels, the resistance decreases from 

20 to 40% RH. Partial charge transfer process of conducting species with water 
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molecules might result into the decrease in the resistivity. This mechanism might 

be different at higher humidity levels. 

     The decrease in the resistivity value or the increase in conductivity could also 

be attributed to the geometry of the polymer and the charge transfer across the 

polymer chains. The sensor electrodes display a saturation effect above 2455 

ppm of CO2. The sensor’s working principle depends on the extraction of ions 

and electrons and due to the change in protonation state from the PABA film. 

With larger porous structure, the PABA film will provide a large reaction surface 

and inner space for the electrolyte penetration into the film. So, this might shorten 

the diffusion pathways for the counter ions and lead to quicker response time. 

Changing the morphology of films by creating a higher surface area through 

nanorods or nanofiber structures in the poly aniline film might enhance the 

sensitivity and response time of the sensor (Virji et al., 2004). 

 

 

 

 

 

 

Figure 5.4 Variation of resistance with change in relative humidity (%) for 

PABA-Nafion sensor at 25°C for 7 replicates. 
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Figure 5.5 Variation of sensitivity with change in relative humidity (%) for 

PABA-Nafion sensor at 25°C for 7 replicates. 

5.5 Effect of Temperature 

 

     The influence of temperature on the performance of the constructed sensors 

was evaluated by allowing the analyte gas to pass through a copper coil 

immersed in heated water bath circulator (Model 12108-20 Cole-Parmer 

Instrument Company, Vernon Hills, IL). The temperature range was maintained 

from 25°C to 55°C. The sensor chip was also tested at various CO2 levels after 

storing the chip at -25°C for 48 h and then at the room temperature for about 2 h 

before placing it in the testing chamber at 25°C. The temperature of the analyte 

gas inside the testing chamber was monitored using a temperature sensor 

(Model 44034 Omega Precision Thermistor, Omega Engineering Inc, Stamford, 

CT).  
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     For the PABA-Nafion sensor, the resistance value decreased from 6000 to 

1044 ohms when the temperature increased from 25°C to 55°C when exposed to 

2455 ppm CO2. Experiments were conducted by changing the order of heating 

the CO2 gas flow and similar trend was observed indicating that the phenomenon 

is reversible irrespective of the temperature order. The decrease in the 

resistance value upon increase in temperature (Figure 5.6) may be due to the 

loss of protonation and expulsion of water molecules from the polymer 

composite. In terms of thermal stability, the influence of the acid used for the 

protonation of PANI is more than the poly aniline backbone itself, because poly 

aniline has the ability to sustain exposure to an elevated temperature of 173°C 

without decisive damage (Prokes and Stejskal, 2004). Thermogravimetric 

analysis of PABA by Yu et al. (2005) proves that the thermal stability of PABA is 

greater than that of other self-doped forms of poly aniline. When exposed to 

above 400°C, poly aniline experiences complete decomposition of the backbone, 

while PABA remains intact and possesses a high level of conductivity. The 

increase in resistance value with exposure to -25°C may be explained by the 

change in the morphology of the film and the restriction of the transportation of 

charge carriers.  

     The percentage sensitivity as a response to temperature is defined as: 

       (8) 

where T2 is the resistivity of the PABA sensor for temperature level 2, and T1 is 

the resistivity of the PABA sensor for temperature at level 1.  
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     PABA-Nafion sensor’s sensitivity shows saturated response to analyte 

between 25°C to 45°C (Figure 5.7). The sensitivity of the sensor decreases 

above 45°C.  The conductivity of PABA decreases with loss of moisture from the 

sensing material. The chain alignment of the polymer and the charge transfer 

between the polymer chains and dopants might be influenced by thermal curing 

leading to decrease in resistance value. When poly aniline is serving as a donor, 

the thermal excitation of electrons in poly aniline facilitates the charge transfer. 

However, if poly aniline assumes the role of an acceptor, the charge transfer 

becomes less efficient at higher temperatures (Li et al., 2004). In our study, the 

charge transfer complex formed between poly aniline donor and carbon dioxide 

acceptor molecules might explain the difference in sensitivity level of the sensor 

towards carbon dioxide at different temperatures. The boronic acid dopant may 

act as tunneling bridges for charge mobility along the polymer backbone as well 

as donor and acceptor sites for the target carbon dioxide molecules. The sensor 

did not respond to various CO2 concentrations and the response became noisy 

above 55°C. To assess the influence of temperature, experiments were 

conducted at 50% RH for measurements at 25°C. As the temperature increased 

from 25 to 55°C, the water molecules in the air might be reduced to a greater 

extent.  Further investigations are needed to evaluate the performance of PABA-

Nafion sensor at various temperatures and at higher humidity levels. 



62 

 

 

Figure 5.6 Variation of resistance with change in temperature (°C) for 

PABA-Nafion sensor at 50% RH level for 7 replicates. 

 

Figure 5.7 Variation of sensitivity with change in temperature (°C) for 

PABA-Nafion sensor at 50% RH level for 7 replicates. 
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5.6 Repeatability and Reproducibility 

 

     Sensor repeatability refers to the successive runs made using a single sensor 

to evaluate discrepancies in its response. Sensor reproducibility refers to the 

sensor variations in response between individual chips of a batch of similarly 

constructed sensors. The repeatability of the sensor was studied by using the 

same sensor to repeatedly (five times) measure the response to different CO2 

concentrations (Figure 5.8). At the same time, the reproducibility of the sensor 

was studied by using five similarly constructed sensors to measure the response 

at various CO2 gas levels (Figure 5.9). 

     In the reproducibility study, the same response trend was observed for all of 

the sensors on the same chip. Each sensor chip has seven sensors and the 

response of the sensors is shown in Figure 5.8. The response of the sensors was 

not stabilized initially and over the course of time, it became stabilized. The 

relative standard deviation (R.S.D.) for reproducibility of the sensor was 11%. 

Variation in the response of the sensor could be due to the construction variation 

and operational variation. The sensitivity got better with time/exposure as trial 4 

and trial 5 responses are nearly overlapping. The same trend was observed for 

all sensor electrodes in different chips (data not shown). 



64 

 

 

Figure 5.8 Response of PABA-Nafion Sensor Chip #64 (5 trials, same 

electrode) to various concentrations of CO2 at 40% RH and at 25° C. 

 

Figure 5.9 Response of 5 different similarly constructed PABA-Nafion 

sensors to various concentrations of CO2 at 40% RH and at 25° C. 
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     To study the human-error prone fabrication procedures and to observe the 

replication on reproducibility, sensors were prepared by another researcher 

(operator 2) with similar construction parameters. Operator 2 prepared the 

sensor electrodes using the physical dispersion process and tested the same 

under various concentrations of CO2 at 50% RH. 

     Variation between the sensor responses prepared by 2 different researchers 

could be due to the operational and constructional parameter variations. The 

relative standard deviation was 6% and 7% for the operator 1 and operator 2, 

respectively, which is less than 11%, the reproducibility R.S.D of the sensor 

prepared by user 1 (Figure 5.10). Hence, the human-error prone fabrication 

errors are not significant. Performance wise, sensors prepared by user 1 and 

user 2 behaved in a similar fashion as the saturation effect was observed above 

2455 ppm of CO2. 
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Figure 5.10    Response of similarly constructed PABA-Nafion sensor chips 

by 2 different users to various concentrations of CO2 at 40% RH and at 

25°C (Means of 5 replicates for each sensor). 

5.7 Dynamic Characteristics 

 

     Sensitivity, linearity, accuracy, drift and hysteresis properties have transient 

effects that are settled to their steady state and are the static characteristics of 

sensor. The experimental results on the effect of humidity and temperature 

indicate that the response of the PABA-Nafion sensor to various levels of CO2 is 

linear up to 2455 ppm and above that a saturation effect is observed. Prior to 

actual measurements, the sensor was exposed for 20 min in the background gas 

flow to achieve stabilized response and to reduce associated drift. The 

repeatability and reproducibility experiments results show that the PABA-Nafion 
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sensor is accurate with higher sensitivity. A sensor's sensitivity indicates how 

much the sensor's output changes upon exposure to analyte. Drying the sensor 

electrodes after material deposition over 30 min reduced the drift to a large 

extent.  

 

Figure 5.11 Response of the PABA-Nafion sensor operated in step and 

ramp mode to various concentrations of CO2 and subsequent exposure to 

background air at 40% RH and at 25°C.  

     The dynamic characteristics of a sensor are determined by analyzing the 

response of the sensor to variable input of analyte (CO2) concentrations such as 

step mode, ramp mode (Figure 5.11) and random measurement (Figure 5.12). 

Characterization of the PABA-Nafion sensor’s dynamic response was evaluated 

by comparing the step mode and ramp mode measurement. The ramp mode 

response curve shows that the PABA-Nafion sensors did not respond to CO2 
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levels above 2455 ppm. The step or pulsed mode measurement shows that the 

response curve was reversible upon exposure to background gas.  

 

Figure 5.12 Response of the PABA-Nafion sensor operated in random 

mode to various concentrations of CO2 and subsequent exposure to 

background air at 40% RH and at 25°C.  

 

5.8 Evaluation of Gas Permeable Membrane 

 

     The gas permeable membranes play an important role in limiting the diffusion 

rate of CO2 as well as selectively pass the analyte into the electrolyte reservoir. 

By selecting appropriate gas permeable membranes with different pore size and 

thickness, the sensitivity and (or) the linear range of the sensor can be optimized 

to certain extent. The membranes act as a protecting cover for the electrolyte 
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and the sensing material in the sensing reservoir on the electrode arrays. The 

PTFE membrane is highly selective to CO2 and does not allow other gas 

molecules to pass through hence aiding in reducing the cross-sensitivity effect of 

the sensor (Figure 5.13). 

 

Figure 5.13 Response of the PABA sensor with and without selective gas 

permeable PTFE membrane to various concentrations of CO2 and 

subsequent exposure to background air at 40% RH and at 25°C for 5 

replicates.  

5.9 Effect of Cross Sensitivity 

 

     For efficient functioning of sensors, there is a need to find out whether the 

sensor is interfered by other gases in addition to target analyte gas. The dc 

resistance values decreased with increasing CO2 concentration indicating an 

increase of conductivity due to CO2 concentration levels. But upon random 
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exposure of 1% (percent of vapour pressure) of methanol, acetone and 1-

propanol (representative of compounds expected in stored grain) in air for 3 min, 

followed by various levels of CO2 did not change the resistivity of the sensor. The 

PABA-Nafion sensor works on the principle of pH change and CO2 being acidic 

reacts with the electrolyte to induce ionic exchange resulting in decreased 

resistivity. The gas permeable membrane is selective to CO2 and allows only 

CO2 molecules to pass through. Hence there was no response (Figure 5.14) due 

to alcohols and ketones in air. 

 

 

Figure 5.14 Response of the PABA sensor with selective gas permeable 

PTFE membrane to CO2, methanol, acetone and 2-propanol analytes of 1% 

in air at 40% RH and at 25°C. 
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5.10 Influence of PVA Electrolyte 
 
     Similar to Nafion, Poly vinyl alcohol (PVA) is highly hydrophilic and capable of 

absorbing and retaining large amounts of water molecules from the atmospheric 

air. PABA sensors prepared with PVA electrolyte were tested under various 

concentrations of CO2 in air. The sensor’s response was similar to PABA-Nafion 

and a saturation curve was observed when exposed to above 2455 ppm of CO2 

gas (Figure 5.15). As the concentration of the CO2 increases, the pH changes 

from neutral to acidic, which causes an increase in the conductivity of proton and 

thereby reducing the resistance of the flowing current in the film. The PVA sensor 

exhibited severe drift in comparison with PABA-Nafion sensor. But PVA sensor 

exhibited similar reversibility characteristics in sensing the CO2 analyte in 

comparison with PABA sensor. 

 

Figure 5.15 Response of PABA sensor with PVA hydrogel electrolyte to various 

concentrations of carbon dioxide at 25°C. 
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5.11  Results of Experiments to Increase Sensor Detection Range 

     Tailoring the pH response range of PABA sensor was attempted by using KCl 

as a dopant. It was hypothesized that chloride anions from KCl will exchange out 

the phospate from PABA resulting in the dedoping of PABA and thereby inducing 

the ionic conductivity. This might help to increase the detection range of the 

sensor and hence the PABA-Nafion sensor would be able to measure above 

2455 ppm levels of CO2. To increase the sensor’s detection range, 2 µL of PABA 

deposited on sensor electrodes and dried for 20 min were immersed in 20 ml of 1 

M, 0.5 M, 0.1 M, 0.01 M concentrations of KCl solutions and their resistance was 

monitored until the resistance data stabilized. This was done to ensure that the 

KCl is exchanging out the phosphate. The sensor electrodes were removed from 

the KCl solution and dried for 30 min and a 2 µL nafion was deposited on the top 

of the dried PABA phosphate exchanged out material. After drying for 30 min, the 

electrodes were tested under different concentrations of CO2 levels. The results 

did not show increase in the detection range and the response curves were 

similar with same detection window (stabilization after 2455 ppm) to the without 

treatment PABA-Nafion sensors. 

     To achieve more controlled doping of KCl with phosphoric acid in PABA, five 

different solutions of various ratios of KCl and Phosphoric acid were prepared 

and PABA was dispersed in these solutions. As there are no proper methods to 

measure or detect the degree of exchange, the resistance values from the 

sensors prepared using the five different PABA solutions might give an idea of 

the doping levels. The resistance value of the sensors prepared from these five  
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solutions were measured. The baseline resistance value increases due to the 

influence of KCl ions on PABA. Though the baseline resistance value increases 

(Table 5.2),  the detection range of the sensor remains the same and the 

saturation effect is observed above 2455 ppm levels (Figure 5.16). 

     The sensitivity of sensor’s performance is also dependent on the surface-to-

volume ratio of the polymer material.  

 

Table 5.2 Variation in resistance due to change in ratio of H3PO4 and KCl 

suspension solutions used for synthesizing PABA. 

          

Solutions 

Concentrations of 

Solutions Used for 

Suspending 

Synthesized PABA 

Baseline Resistance in  

Air (Ohms)  - PABA 

only No Nafion 

Baseline Resistance in         

Air    (Ohms) – PABA 

and Nafion 

s1 0.1 M H3PO4 (100 

ml) 

3840 16,772 

s2 70 ml of 0.1 M 

H3PO4  + 30 ml of 

0.1 M  Kcl 

7360 64,108 

s3 50 ml of 0.1 M Kcl + 

50 ml of 0.1 M 

H3PO4 

5006 90,274 

s4 30 ml of 0.1 M 

H3PO4 + 70 ml  of 

0.1 M Kcl 

6385 304,548 

s5 100 ml of 0.1 M Kcl 8158 191,700 
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                 (a) 

                                                               

                                                                       (b) 

Figure 5.16 (a), (b) Response of PABA Nafion sensor prepared with 5 different 

solutions to various concentrations of CO2 at 50% RH and at 25°C. 
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5.12 Sensor Packaging 

 

     Miniature sensor elements will usually not function on their own. The sensor 

packaging gives the sensor a suitable shape or form, provides electrical 

connection to the sensor, and provides a window from the sensor to the outside 

world.  In addition, the sensor elements need mechanical and chemical 

protection. To package the CO2 sensor for preliminary testing in bulk grain 

several options were considered to ensure that the packaging components avoid 

contamination of the sensing material and the substrate by undesirable 

components including grain dust and foreign material in grain. The dimensional 

details of the sensor chip and gas diffusion properties of the packaging material 

were considered in selecting the packaging components. The performance 

characteristics of the sensors depend on the geometry of electrodes, thermal 

design of the structure and the nature of the electronic interface. On practical 

applications, there will be a trade off between cost and performance. 

 

5.13 Grain Bulk Measurement 

 

     The CO2 sensor packaged in the prototype housing assembly (Figure 5.17) 

was tested in plastic pails (4 L capacity) filled with wheat.  The pails were purged 

with different CO2 concentrations to simulate spoilage of grain.  The sensor 

exhibited excellent response (Fig 5.18) to change in CO2 levels inside grain bulk.  

The CO2 gas at desired levels was passed through the bottom of the pail while 

the sensor was kept immersed in the grain bulk at the top. The plastic pail was 
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covered tightly with duct tape to prevent atmospheric exchange into the grain 

bulk. Gas samples from the outlet tube were analyzed using GC-MS to determine 

the concentrations of the outlet gas.  

 

 

 

 

Figure 5.17 Picture of the Sensor Housing Assembly Packaging 

 

Figure 5.18 Response of PABA Nafion Sensor with packaging kept inside 

grain bulk to concentrations of CO2 at 50% RH and at 25°C for 5 replicates. 
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6. CONCLUSIONS 

 

     The co-occurrence of insect and fungal species inside bulk wheat produced 

new volatile metabolites. Methyl isobutyl ketone is a new compound identified in 

this study as a result of co-occurrence of multiple species inside the wheat bulk. 

The results of this research provide information that can be used in the 

development of odour sensor arrays. More knowledge is necessary to 

understand the patterns of interrelations among insects and fungi within wheat 

bulks for quantification of the volatile concentrations.  

     A sensitive tool for detecting incipient or ongoing deterioration of stored grains 

by measuring CO2 levels was developed using PABA conducting polymer. The 

CO2 sensor can monitor the CO2 concentration, which requires water in the air to 

operate, permitting the detection of CO2 between 20 to 70% equilibrium relative 

humidity. The sensor dynamically detected up to 2455 ppm of CO2 levels in the 

grain bulk. The CO2 sensor exhibited dynamic performance in its response, 

recovery time, sensitivity, selectivity, stability and response slope. The CO2 

sensor responded well to various concentrations of CO2 at temperatures 

between 25°C to 55°C. The sensors respond to various levels of CO2 at ambient 

temperature without artificial cooling. The packaging unit allowed measurement 

of CO2 concentration in grain bulk. The methodology used for building the CO2 

sensor device is compatible with the MEMS process (printed circuit board 

process) and can be mass manufactured using screen printing technology.  
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