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ABSTRACT 
 

  

 

Development of Colorimetric Indicators for 

Intelligent Food Packaging 
 

  

 

Yanan Zhang       Advisor: 

University of Guelph, 2016     Professor Loong-Tak Lim 

 
  

   

Intelligent packaging systems with enhanced communication functions are getting an 

increasing amount of attention in the food packaging field, because they can inform the 

consumer of the actual quality of the products. This thesis is an investigation of the 

development of colorimetric indicators intended for use in intelligent food packaging. 

Two colorimetric indicators have been successfully developed to detect CO2 and NH3. 

The first CO2 colorimetric indicator described in this thesis used pH dyes and certain 

phase transfer agent to prepare the sensing inks.  Thermal inkjet printing technology and 

multiplexing method were used to fabricate indicators and modify the indicator 

performances respectively. The effect of different printing substrates and printing passes 

on the indicator performance were studied. It was found that 10 printing passes on paper 

has the optimal color response towards CO2. The influence of multiplexing ratios using 

inkjet printer on indicator performance was also investigated. Results showed that the 

indicators based on multiplexed inks exhibited higher sensitivity upon the changes of 

CO2, and a multiplexing ratio of 5:5 was the most sensitive to CO2 and presented the most 

pronounced color change. The second colorimetric indicator outlined in this thesis is a 

4×4 array indicator, targeted at CO2 and NH3. These 16 sensing elements were prepared 
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using pH dyes with or without dopants in binding material (ethylcellulose polymer). 

∆RGB patterns were generated by subtracting the “before” exposure image from the 

“after” exposure image. Multivariate analysis, e.g. PCA, was used to interpret the ∆RGB 

patterns. The influence of temperature was also studied. The array was found to be more 

sensitive at 4 than 25℃. At both temperature, the array successfully discriminate CO2 

from NH3, as well as their mixtures. Different ∆RGB patterns were obtained for NH3 and 

CO2 of different concentrations, as well as their mixtures with different blending ratios. 

pKa and chemical structures of the pH dyes were found to be crucial for indicator 

sensitivity upon detection of CO2 and NH3. The observed results clearly indicate that for 

these colorimetric indicators, there is a potential application in food packaging systems, 

especially modified atmosphere packaging systems for perishable foods.
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1. Literature Review  

1.1 Introduction  

Ideal food packages are developed to contain and protect food products to enable 

transportation and extend storage shelf-life. Moreover, packages also provide functional 

features to facilitate end-use and product information to communicate with consumers 

(Yam & Lee, 2012). Figure 1.1 summarizes the four functions of an ideal food packaging 

system. One of the critical aspects of communication of food packaging is to inform the 

consumer on the freshness of the containing product, which is typically achieved through 

the use of “Best Before” date. The Canadian Food Inspection Agency advised that the 

“Best Before” date should be treated as a reference to the quality of products (source: 

http://www.inspection.gc.ca/food/information-for-consumers/fact-sheets/date-

labelling/eng/1332357469487/1332357545633; accessed on 01/01/2016). It neither 

guarantees that the food is safe before that date, nor that the food is unsafe after that date. 

This static information does not truly reflect the actual freshness of the product, which 

can be affected by the efficacy of processing, post-process handling, storage conditions, 

integrity of the package, transport handling, and so on. Also, consumers tend to 

misinterpret the “Best Before” date as the “Expiry” date. Discarding food products that 

exist beyond the “Best Before” date that are still fit for consumption has resulted in 

considerable food waste. Every year, consumers in developed countries waste almost as 

much food (222 million tonnes) as the entire net food production of sub-Saharan Africa 

(230 million tonnes) (source: United Nations Environment Programme; 

http://www.unep.org/wed/2013/quickfacts/; accessed on 03/27/2016). By applying 

innovative packaging systems (active packaging and intelligent packaging) with 
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enhanced performance and improved communication function to inform about the real 

product quality may lead to reduced food waste and improved food safety. 

 

 

Figure 1.1 Four functions of an ideal food package, adapted from Mihindukulasuriya & Lim 

(2014) 

 

The concepts of active and intelligent packaging is summarized in Figure 1.2. 

Active packaging systems refer to “packaging in which subsidiary constituents have been 

deliberately included in or on either the packaging headspace to enhance the performance 

of the package system” (Robertson, 2013). Examples of active packaging systems have 

been studied in the literature are O2 scavengers to prevent oxidation of oil-rich-products, 

CO2 emitters to inhibit microbial growth in order to extend shelf life, and moisture 

absorbents to reduce water activity (Dainelli, Gontard, Spyropoulos, Zondervan-van den 

Beuken, & Tobback, 2008; Vermeiren, Devlieghere, Van Beest, De Kruijf, & Debevere, 

1999). On the other hand, intelligent packaging “contains an external or internal indicator 

to provide information about aspects of the history of the package and/or the quality of 
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the food” (Robertson, 2013). One variant of intelligent packaging contains an 

“intelligent” component/device that could detect the targeted compounds in the food 

matrix or the package headspace to provide real time information about the actual quality 

of the products. The information could be generated via various signal transductions, 

which may be visible color changes from a colorimetric indicator, electrical signals from 

an electronic sensor, or physical deformations from an interactive material. The 

incorporation of these components/devices in food packaging can result in enhanced 

communication function, potentially help improving food safety and reducing food waste. 

More specific examples of intelligent packaging are discussed in the following section. 

 

 

Figure 1.2 Schematic diagram showing active and intelligent packaging concepts, 

source: Lim (2011) 
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1.2 Overview of intelligent packaging  

Intelligent packaging systems have one or more components that are capable of 

responding to environmental (e.g., temperature, humidity, and light), food compositional 

(e.g., pH and metabolism products of food), or headspace gas changes (e.g., CO2, O2, and 

organic vapors). Different criterions are used to classify intelligent packaging systems.  

Based on the end-use functionality, intelligent packaging systems are classified into three 

categories (Robertson, 2013): (1) indicating product quality, such as, quality indicators, 

temperature and time (TTIs) and gas concentration indicators; (2) providing more 

convenience during preparation and cooking of foods; and (3) providing protection 

against theft, counterfeiting and tempering. On the basis of the interactive components 

incorporated into the package, Vanderrost et al. (2014) categorizes intelligent packaging 

into three groups: (1) sensors, (2) indicators, and (3) radio frequency identification 

(RFID) systems (Vanderroost, Ragaert, Devlieghere, & De Meulenaer, 2014).    

On the basis of functionality, several types of intelligent packaging systems have 

been reported in the literature. TTIs are mostly used for chilled and frozen products, 

based on mechanical, chemical, or enzymatic principles to detect temperature changes 

with time (Taoukis & Labuza, 1989). Freshness indicators are intended for perishable 

foods, such as fish and vegetables, by detecting microbial growth and volatile compounds 

produced as products (e.g., diacetyl, ammonia, organic acid, ethanol, amines, CO2 and 

hydrogen sulphide) undergo spoilage (Smolander & Ahvenainen, 2003). Thermochromic 

inks printed on food containers are developed to provide indication on whether a product 

is chilled to optimal temperature for consumption or provide warning that the product is 

hot (Christie & Bryant, 2005). Ripeness indicators for fruits are developed to monitor the 
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changes of volatile metabolites in package headspace to reflect the ripeness of fruits 

(Lang & Hübert, 2012). Biosensors intended for the detection of microorganisms, such as 

Escherichia coli, Campylobacter jejuni, Salmonella, and Listeria monocytogenes, are 

mostly based on biochemical and enzymatic reactions and immunoassays (Ko & Grant, 

2006; Mello & Kubota, 2002; Ohk, Koo, Sen, Yamamoto, & Bhunia, 2010). 

Although the terminologies “sensor” and “indicator” are often used 

interchangeable in the literature, strictly speaking, indicators are referring to the one 

using optical changes as transduction mechanism, while sensors are referring to those 

equipped with electrical circuits. Electronic sensors need an outside device to read the 

signal transduction, which could be voltage, current or resistance. For example, RFID 

tags, which are being used for the identification and tracking in food industry, are made 

up of low-cost printed integrated antennas that harness radio frequency electromagnetic 

radiation and convert into electrical current to power a microchip (Yam, Takhistov, & 

Miltz, 2005). The electrical signals generated by these kinds of sensor must be 

deciphered using a reader, which is not be feasible in most of the consumer end-use 

applications. On the other hand, “smart” materials that change shape upon interacting 

with the target analytes may be deployed in intelligent packaging systems, although the 

materials are expensive and difficult to fabricate in a cost-effective manner (Rogers, 

1990).  

Optical indicators with a transduction based on fluorescence intensity, 

absorbance, wavelength and reflectance, rely on measurements such as illumination 

intensity and emission collection efficiency (Hutchings, 1999). Unfortunately, these 

measurements need expensive equipment and well-trained end user. On the other hand, 
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colorimetric indicators that are incorporated with dyes that change colors upon 

interacting with the target analytes, are cost-effective and easy-to-read (Zhang & Suslick, 

2005). Colorimetric indicators can present visually discriminable colors when exposed to 

different conditions. Furthermore, the fabrication methodology is relatively 

straightforward. Technologists and researchers have developed commercial and 

developmental colorimetric indicators for intelligent packaging applications. For 

examples, FreshTag® indicator labels (COX Recorders, USA) can detect volatile amines 

from spoiled fish and meat with a visible color change, providing a color transition from 

pH 1 to about pH 6 (Miller, Wilkes, & Conte, 1999). Goldsmith (1994) patented a 

colorimetric detector in the form of “bar code” to identify the toxins for mass-produced 

food products in prepackaged containers, which include a tray and a plastic wrap 

material, in retail outlet. Selected toxins from Salmonella sp., Listeria Sp., E.coli, 

ciguatoxin or related marine polyesters, domoic acid and aflatoxin, are printed on a 

transparent film. An antibody that is labeled with a colored latex bead and also specific to 

the selected toxins, is then bound to the printed toxin in order to visualize the barcode. 

After that, the barcode is attached on the package and is placed in contact with the food. 

If the selected toxins are present in the food, the antibody will release from the bar code 

and bind to the toxins present in the food, thus destroying the barcode. By presenting the 

indicator as bar codes, such as those appear on food package, toxin contaminated 

products can be rejected at the check-out counter due to the disruption of the pattern in 

the bar codes, rendering them non-recognizable by the reader (Goldsmith, 1994). Another 

commercial indicator is known as RipeSenseTM (Figure 1.3), designed for providing an 

indication on the ripeness of selected fruits. In packaged pears, the indicator changes 
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from red (firm and sour), through orange, to yellow (soft and juicy) as the fruits ripe 

(source: www.Plantandfood.co.nz; accessed on 05/01/2016). One of the disadvantages of 

these indicators is that they are product-specific. In addition, the color change reaction in 

the indicator is irreversible.  In order to determine the freshness of food products, a 

reversible indicator would be desirable to continuously monitor the headspace volatile 

compounds that are changing during storage. The use of low-cost indicators would be 

also desirable.  

 

 

Figure 1.3 RipeSenseTM intelligent packaging showing four pears packaged within thermoformed 

trays with a colorimetric ripeness indicator (source: Ripesense® website; 

http://www.ripesense.co.nz/; accessed on 02/15/2016) 

 

1.3 CO2 optical indicators  

As an additive, CO2 is often being used as an acidity regulator in many food 

products (e.g., carbonated soft drink, cottage cheese). It could be generated as a result of 

roast processing, such as in roasted coffee products, where CO2 continues to evolve after 

they are being packaged (Saleeb & Zeller, 1985; Wang & Lim, 2014). CO2 is also being 
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used, in conjunction with other gases (e.g., O2 and N2), in modified atmosphere 

packaging (MAP) of fresh fruits and vegetables to reduce the respiration rate of plant 

tissues to extend the product shelf-life. In MAP of meats, CO2 is being used as a 

bacteriostatic gas to inhibit the growth of spoilage microorganisms (Kader, Zagory, 

Kerbel, & Wang, 1989). In certain food products, fermentation of sugar by yeasts can 

generate CO2, indicative of spoilage (Stratford, 2006). In many of these situations, the 

deployment intelligent packaging concept for the detection of CO2 many be beneficial to 

validate the performance of the package, as well as to determine the freshness of the 

packaged product.  

The most developed detecting method for CO2 is the Severinghaus electrode 

sensor, which has been in use for almost 40 years. The sensor is made up of a pH 

electrode placed in an aqueous sodium bicarbonate solution, which trapped within a gas-

permeable and ion-impermeable membrane (Vurek, Feustel, & Severinghaus, 1983). The 

concentration of CO2 is measured by the pH electrode in the sensor, because there is a pH 

decrease when CO2 diffuses through the membrane and dissolves in the aqueous solution. 

However, the Severinghaus electrode sensor is bulky and inconvenient for packaging 

applications. Recently, there has been many studies in reports of sensitive, inexpensive 

and easily miniaturized optical indicators (Aguayo-Lopez, Capitan-Vallvey, & 

Fernandez-Ramos, 2014; Puligundla, Jung, & Ko, 2012; Wolfbeis, Weis, Leiner, & 

Ziegler, 1988). These indicators usually are either absorbance- or fluorescent-based 

depending on the sensing dyes. Some typical pH sensitive dyes used for detection of CO2 

are summarized in Table 1.1. This section will review the technologies related to optical 

indicators for the detection of CO2. Andrew Mills (2009) has categorized optical CO2 
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indicators into wet indicators and dry indicators (Mills, 2009). A review of these two 

categories is presented as follows. 

Table 1.1 Some typical pH sensitive dyes and their response towards CO2 

Category  Name  Response  

pH dye Methyl red1 Red → yellow  

Phenol red1 Red → yellow 

Cresol red 1 Red → yellow 

Neutral red1 Red → orange/yellow  

Bromothymol blue1 Blue → yellow 

Brilliant yellow1 Red → yellow 

m-cresol purple1 Violet → yellow 

m-nitrophenol1 Yellow → colorless  

Fluorescent dye  1-hydroxy-3,6,8-pyrenetrisulfonic 

acid trisodium salt ( ion pair form 

HPTS)2 

8-hydroxypyrene-1,3,6-trisulfonic 

acid (HPTS)2 

Fluorescein3  

Seminaphthorhodafluor (SNARF)3 

 

Changes of intensity of 

fluorescence  

1 Mills et al., 1992; 2 Mills et al., 1993; 3 Uttamlal and Walt, 1995 

 

1.3.1 Wet optical CO2 indicators 

Typical wet optical CO2 indicators are referring to indicators consisting of an 

aqueous layer, usually is bicarbonate solution, based on the detection of pH changes due 

to carbonic acid dissociation (Mills, 2009). These indicators usually are designed using 

the Severinghaus electrode sensor principle. The sensing dyes are usually fluorescent 

dyes. HPTS is one of the most commonly used fluorescent dyes for the detection of CO2, 

and its structure is shown in Figure 1.4. The dye has two excitation maxima at 405 nm 

and 407 nm from the protonated and deprotonated forms of the dye respectively 

(Wollbeis, Furlinger, Kroneis, & Marsoner, 1983). The ratio of the relative fluorescence 

intensity at these two wavelengths is used to be correlated to CO2 concentration, which is 
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known as the ratiometric approach. This analysis approach compensates for measurement 

errors. Uttamlal and Walt (1995) developed an optical wet indicator for CO2 consisting of 

HPTS in an HCO3
- solution entrapped in a polytetrafluoroethylene (PTFE) support 

covered by a gas permeable and ion impermeable membrane.  The indicator showed a 

sensitivity of 5 × 10-4 atm CO2 based on the ratiometric approach (Uttamlal & Walt, 

1995). Opitz and Lubbers also utilized a thin membrane of PTEF-protected HPTS in 

HCO3
- solution to detect CO2. They introduce a blue LED light (λmax = 490) to collect the 

intensities of luminescence before (ILO) and after (IL) the exposure to CO2, and a linear 

relationship was obtained between (IL0 – IL)/IL and partial pressure of CO2 from 0-100 

torr (Opitz & Lübbers, 1984).  

 

Figure 1.4 Structures of HPTS- 

 

Another emerging wet optical CO2 indicator exploits the pH-dependent solubility 

of organic compounds, which might be proteins or amino group-containing 

polysaccharide (Sillero & Maldonado, 2006). The degree of transparency of the indicator 

solution usually is measured to quantify the CO2 concentrations. Jung et al. (2012) 

prepared an aqueous chitosan suspension for detection of CO2. The indicator suspension, 

prepared at pH 7.0, was opaque in appearance, but gradually became transparent when 
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expose to CO2 due to the formation of carbonic acid and reduced pH of the chitosan 

solution. The indicator was tested under 20% and 100% CO2, and was found that under 

both conditions, the transparency was increased to the same value. Unfortunately, the 

indicator had a relatively long response time of around 45 min, and also it cannot 

differentiate different CO2 concentrations but to identify CO2 (Jung, Puligundla, & Ko, 

2012). In a similar study, Lee and Ko (2014) developed a CO2 indicator based on whey 

protein isolate solutions, which was prepared at pH 7. This indicator was similar to the 

chitosan-based indicator except for the fact that a more intense visual transition from 

transparency to opaque was observed when the indicator solution was exposed to 100% 

CO2 gas (Lee & Ko, 2014). Both of these indicators described above are reversible, i.e., 

the indicator will revert back to the initial state when CO2 concentration in the indicator 

solution is decreased. In another approach, the CO2 indicator color change can be 

rendered irreversible by pre-encapsulating inert color dyes within the chitosan matrix at 

the isoelectric point. As the pH of the solution changes and deviates away from the 

isoelectric point, due to solubilization of CO2, the dyes would be released, causing a color 

change. Once the dye was released from the chitosan carrier, even if the CO2 

concentration were to decrease and the chitosan molecules were to aggregate, the dyes 

could not be re-encapsulated, thus the color of the solution would persist. This concept 

has been tested in the headspace of packaged kimchi products and shown to correlate 

well with the changes of quality parameters (Meng, Lee, Kang, & Ko, 2015). The major 

drawback with wet optical CO2 indicators is that they can be easily influenced by the 

relative humidity or osmotic pressure (Mills, 2009). Also, the dyes have a tendency to 

leach from the carrier, and they are not as convenient as dry optical indicators for food 
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packaging applications. 

 

 

1.3.2 Dry optical CO2 indicators 

Dry optical CO2 indicators, also known as solid-state CO2 indicators, can be 

classified into two categories: indicators targeted at only humid gaseous CO2, and those 

targeted at dry gaseous CO2. Dry optical indicators for humid CO2 has been tested in 

several types of food packages. Hong and Park (1999) described a CO2 indicating sachet 

consisting of CO2 absorbent (calcium hydroxide) and pH dyes (bromocresol purple and 

methyl red). Calcium hydroxide and pH dyes (10:1, w/w) were incorporated into 

polypropylene (PP) resin at 5% (wt.). Extrusion blowing process was used to produce the 

indicator film. The indicator was tested in fermentating Kimchi, and the color changes 

were closely correlated with pH and titratable acidity values of the Kimchi (Hong & 

Park, 1999). Recently, Nopwinyuwong et al. (2010) developed a dry optical CO2 

indicator comprised of a mixture of bromothymol blue and methyl red pH dyes (2:3, 

w/w) for monitoring the spoilage of an intermediate-moisture dessert product due to yeast 

fermentation that produced CO2. The indicator solution was consisted of methylcellulose 

(3%, w/v) as a binder, polyethylene glycol-400 (1%, w/v) as a plasticizer, and pH dyes 

(1%, v/v) in ethanol. The indicator was prepared by casting the indictor solution on a 

nylon/linear low density polyethylene (LLDPE) film with a cellulose-based coating 

(0.75%, w/v) surface layer. The indicator was capable of detecting CO2 at as low as 2.5% 

(Nopwinyuwong, Trevanich, & Suppakul, 2010). Similarly, a colorimetric mixed-pH 

dye-based indicator (bromothymol blue, bromocresol green and phenol red) was 
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developed to detect the CO2 changes in fresh skinless chicken breasts aseptically 

contained in sterilized 1000 mL Erlenmeyer flasks at 4 and 10 ℃  (Rukchon, 

Nopwinyuwong, Trevanich, Jinkarn, & Suppakul, 2014). These researchers were able to 

deploy these indicators for spoilage detection because of the water activity values for 

these products were relatively high, which is essential for solubilizing the CO2 to 

generate the H3O
+ ions. For products in which moisture content is limited, the sensitivity 

of these indicators towards CO2 will be impeded. 

To overcome this limitation, hydrophilic and non-volatile moisture-carriers, such 

as glycerol, were utilized in the early research. For example, a dry optical CO2 detector 

was introduced for dry gaseous CO2 by Kirk and Bickley (1994). pH dyes, creosol red 

and MCP, were dissolved in alkaline solution, which prepared by adding 0.072 g calcium 

hydroxide and 0.06 g sodium hydroxide into 300 mL de-ionized water. Then, 20 mL of 

glycerol, which served as a non-volatile moisture-carrier, was added. The resulting 

solution was being wicked into a filter paper and then dried to form the final CO2 

indicator. This indicator was said to be sensitive to at least 3.5% CO2, and had a response 

time within 1 to 15 s (Kirk & Bickley, 1994).  However, this indicator needs a protective 

CO2-permeable hydrophobic membrane, which will inevitably lengthen the response time 

of the indicator (Mills, Lepre, & Wild, 1997).  

In order to improve the performance of optical indicators for dry CO2, phase 

transfer agent (PTA) was incorporated into the indicator formulations. PTA is capable of 

retaining adequate moisture as bound water molecules in the CO2 indicator system to 

facilitate the reactions (Mills, Chang, & McMurray, 1992). Previously, PTAs are mostly 

used in the reactions involving heterogeneous two-phase systems to facilitate interphase 
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transfer of ions (Chapelet, Lubin, & Nouguier, 1980). The principle of PTA is presented 

in Figure 1.5, showing that a small number of water molecules are bound with the ion 

pair (Q+Y-) where PTA facilitates the transfer of Y- into the organic phase (Mills et al., 

1992). The main purpose of PTA is to provide the necessary H2O for CO2 to dissolve in. 

Dr. Andrew Mills’s group at Strathclyde University was the first to experiment with PTA 

and a lipophilic organic polymer for the development of an optical CO2 indicator (Mills 

et al., 1992). Here, the lipophilic organic polymer is a binder that protects the dyes from 

leakage and moisture, while the PTA acts as an ion pair for the indicators preventing their 

leaching, as well as providing water of hydration adequate for the pH dyes to function. A 

typical formulation would contain a blend of PTA (e.g., tetraoctylammonium hydroxide 

(TOAH), tetrabutylammonium hydroxide (TBAH)), pH sensitive dyes (Table 1.1) and a 

hydrophobic organic polymer (e.g., ethylcelluose, polyethylene, and poly(vinyl butyral)) 

dissolved in a volatile solvent (e.g., ethanol, methanol, and toluene). The prepared 

indicators were sensitive to dry CO2, with a detection limit of as low as 1.25 % (Mills, 

2009; Mills et al., 1992; Mills, Grosshans, & Skinner, 2014). Similar PTA methods have 

been successfully utilized by other researchers for the development of moisture-

independent pH indicator systems (Chu & Lo, 2008; Dansby-Sparks et al., 2009; 

Davenport, Hickey, Phillips, & Kyriacou, 2015; Meng, Kim, Puligundla, & Ko, 2014). 
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Figure 1.5 Principle of PTA in transferring an anion from a polar medium (aqueous 

phase) to a less polar medium (organic phase), where Q+X- is PTA; Z+Y- and RX are 

reactant in two incompatible phases; and Z+X- and RY are the products. Adapted from 

Hashimoto & Maruoka (2008).  

 

1.4 Inkjet printing technology 

To produce indicator for packaging applications, it is important to apply a 

manufacturing technology that is efficient, simple, low-cost, and scalable. Methodologies 

that have been applied for the fabrication of indicators include film casting (Mills, 2005), 

immobilization on optical fibers (Lin, 2000), electrospinning (Mihindukulasuriya & Lim, 

2013), and inkjet printing (Dua et al., 2010). Among these methods, inkjet printing is 

relatively attractive from cost and ease-of-use standpoints. Moreover, it is a well-

established technology widely adopted by the packaging and labelling industries. As a 

result, researchers are currently looking into developing low cost inkjet-printed indicators 

for intelligent food packaging applications (Vanderroost et al., 2014). 

Inkjet printing can be broadly divided into thermal and piezoelectric techniques 

(Magdassi, 2010). Thermal inkjet printing, also known as bubble-jet printing, ejects ink 

droplets via applying a pulse of current to the heater housed within a small chamber. The 

heater causes the ink to vapourize, forming a bubble that results in pressure spike, thereby 

propelling the ink through a nozzle towards the target print substrate. By contrast, 

piezoelectric inkjet printing is equipped with a piezoelectric material (instead of a heater) 

that changes shape when a voltage is applied. As the piezoelectric deforms, a pressure 
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pulse is generated, thereby ejecting the ink (Figure 1.6). Considering that thermal inkjet 

and piezoelectric inkjet printings are based on different operating principles, the 

properties and compositions of the ink formulations must be optimized accordingly to 

achieve maximal print quality. Among the solution properties, viscosity and surface 

tension are the most critical in influencing the formation of ink droplet and the stability of 

the ink-jetting process. As an ink droplet is being expelled from the orifice of a nozzle, 

the viscosity must be low enough to allow the nozzle channel to be refilled. On the other 

hand, the surface tension of the ink solution should be low enough to allow jetting, while 

high enough to hold the ink at the nozzle tip without dripping. For piezoelectric inkjet,  

printing inks typically have viscosity and surface tension at 8-15 cP and 30-34 dyn/cm, 

respectively (Lee, Chou, & Huang, 2005). For thermal inkjet printing, ink viscosity of 

less than 15 cP and a surface tension of between 20 to 25 dynes cm-1 at 90 ℃ are typical 

(Vaught et al., 1984). To manipulate the solution properties, modifiers are often added to 

the ink formulation to adjust the viscosity and surface tension of the ink to achieve 

optimal printing quality. Surfactants, such as alcohol ethoxylates (Chatterjee, 2003), are 

used to lower the surface tension. Viscosity modifiers, such as poly(ethylene glycol) 

(Hauser & Reiniger, 1992), could be added in ink formulation to modify the viscosity of 

the ink. Another factor that influence the printing quality is the interactions between the 

printing ink and printing surface (substrate). The surface roughness, the substrate 

morphology and opacity are properties that affect ink deposition, absorption and 

runnability on the surface. Optical properties of the printing substrates affect color 

contrast. Moreover, surface free energy of plastic substrates, which is defined on the basis 
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of the contact angle obtained for different measurement liquid, is the key factor 

influencing the printing quality (Izdebska & Thomas, 2015).  

 

 

Figure 1.6 Schematic diagram showing the principles of operation of inkjet printing 

systems (A: Thermal inkjet printing; B: Piezoelectric inkjet printing), adapted from 

Derby (2010) 

 

In general, thermal inkjet printer is lower in cost, produces smaller drop size, has 

higher print resolution, and requires fewer components in ink formulation, than 

piezoelectric inkjet printing (Magdassi, 2010). There are several commercially available 

indicator products that are manufactured based on inkjet printing. For example, the 

OnVuTM TTI label, patented by Ciba Specialty Chemicals & Freshpoint, Basel, 

Switzerland (patent W/O/2006/048412), is based on non-toxic printable ink containing 

UV-sensitive organic photochromic pigment. Upon UV irradiation, the indicator is 

activated, turning from colorless to blue. Krevenschmidt et al. (2010) investigated the 

performance of OnVuTM TTI under non-isothermal conditions. The printed indicator had 

a discoloration time of 4 h within the first scenario where indicators were stored for 24 h 

at 4 ℃, a 3 h at 7 ℃ and then again at 4 ℃. In contrast, the indicator had a discoloration 

time of 18 h within the second scenario where indicators were stored for 24 h at 4 ℃, for 



18 
 

1 h at 15 ℃ and then at 4 ℃  (Kreyenschmidt, Christiansen, Huebner, Raab, & Petersen, 

2010). An enzyme-based sensor has been fabricated by thermal inkjet printing, as 

described by Serri et al. (2007). This biosensor is developed for the detection of hydrogen 

peroxide (H2O2), based on horseradish peroxidase (HPR). Two different inks were 

prepared to print this biosensor. The ink consisted of 1.7 mg/mL HPR in a 0.1 M 

phosphate buffer (pH 6.5), 1.5 mM tetrasodium salt hydrate (EDTA) as antimicrobial 

agent and 10% (w/v) of glycerol as stabilizer. The electronic ink consisted 20 mL of 1.3 % 

(w/w) conductive conjugated polymer (poly(3,4-ethylenedioxythiophene/polystyrene 

sulfonic acid), PEDOT/PSS) in 30 mL distilled water and 6.5 mM Tween 80 as surfactant. 

A commercial inkjet printer Canon i905D was used. The electronic ink was printed with 

10 passes on an indium tin oxide (ITO) coated glass slide, then the biological ink was 

printed in a single pass. The biosensor was finally dip-coated with a cellulose acetate 

membrane. A linear relationship was obtained between 0-1.2 mM H2O2 and current at an 

applied potential of -0.10 V (Setti et al., 2007).  

 

1.5 Optical array sensing technology  

Typical optical indicators respond to a single stimulation, such as temperature, pH, 

or a product from enzyme reactions (Taoukis & Labuza, 2003; Terry, White, & Tigwell, 

2005; von Bültzingslöwen et al., 2002). These indicators have limited ability to detect 

complex mixtures of compounds/analytes in the headspace of food package. Instead of 

relying on a single sensing element to detect the target analyte, array sensors/indicators 

are made up of integrated multiple elements that respond to different analytes and/or 

stimulations simultaneously. The resulting signals are analyzed using multivariate, 
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chemometric, pattern-recognition, artificial neutral network analyses to discriminate the 

test specimens (Janzen, Ponder, Bailey, Ingison, & Suslick, 2006; LaGasse, Rankin, 

Askim, & Suslick, 2014; Suslick, Feng, & Suslick, 2010; Zhang & Suslick, 2005).  This 

is the operating principle for electronic nose – inspired from human olfactory system to 

achieve a broad-spectrum recognition of complex specimens. Typical electronic nose 

machine comprises of two major components, an array of electronic chemical sensors 

with partial specificity and a software component with algorithms for the classification of 

signals into different categories or classes (Gardner & Bartlett, 1994). The optical array 

sensing technology is a powerful analytical tool for the discrimination of specimens with 

complex compositions, such as the headspace within a food package made up of many 

volatile compounds. 

In order to build an optical array indicator, a chemoresponsive dye that interacts 

with analytes to produce color change or florescence change is required. Askim et al. 

(2013) utilized five categories of dyes to prepare colorimetric array indicators: (1) Lewis 

acid-base dyes; (2) pH indicators; (3) dyes with large permanent dipoles; (4) redox dyes; 

and (5) chromogenic aggregative colorants (Askim, Mahmoudi, & Suslick, 2013). Other 

potential dyes for the development of colorimetric array indicators are summarized in 

Table 1.2. Recently, researchers have exploited array sensing approach to develop 

indicators that are either machine or human readable. Recent developments in this area 

are presented in the following section. 

 

Table 1.2 Potential dyes useful for the development of colorimetric array indicators  

Chemo-responsive dyes  Examples  
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Metal ion containing dyes  Metalloporphyrins (MTPP), e.g., H2TPP, 

ZnTPP, CuTPP, CoOEP, FeTF5PP(Cl), 

Zn(TMP), CuPc, Pb(CH3CO2)2, and 

Cu(neodecanoate)2
1. 

pH dyes  Cresol red, Indigo carmine, Metanil yellow, 

Methyl red and Nile red1. 

Vapochromic dyes (porous coordination 

complexes) 

Square planar Pt(II) d8 compounds1 

Redox indicator dyes  Anilinic acid, Diphenylamine, Eriogreen, 

m-cresol-indophenol, Methylene blue, and 

Nile blue[1] 

1 Askim, Mahmoudi and Suslick (2013) 

 

 

1.5.1 Colorimetric array indicators  

Several colorimetric array indicators have been reported in the literature. Rakow 

and Suslick (2000) used an array of metalloporphyrins to detect metal-ligating vapors, 

such as amines, phosphines, and thiols. The array contained a series of metalated 

5,10,15,20-tetraphenylporphyrins, MTPP (Figure 1.4).  TPP-2 is an anion capable of 

strongly binding most divalent and trivalent metal ions. The principle for MTPP detecting 

metal-ligating vapors is that they have intense coloration and present large spectral shifts 

upon their axial ligation to the metal-ligating vapors. MTPPs have been prepared in either 

methylene chloride or chorobenzene, and then transferred onto reverse phase silica thin-

layer-chromatography plates by microcapillary tubes. Array indicators that provide 

unique color responses upon exposing to alcohols, amines, ethers, phosphines, 

phosphites, thioethers and thiols were developed, with sensitivities below 100 parts per 

billion for these analytes (Rakow & Suslick, 2000). Another advantage of MTPPs is that 

they can be modified to be shape-selective in array indicator for molecular recognition 

(Fang, Wilson, & Suslick, 2008; Suslick, Rakow, & Sen, 2004). Janzen et al. (2006) 
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developed 6×6 array indicators for the discrimination of 100 volatile organic vapors 

(VOCs), including 22 alcohols, 9 aldehydes, 20 aliphatic amines, 9 aromatic amines, 3 

aromatics, 16 carboxylic acids, 4 esters, 7 hydrocarbons, 3 ketones, 2 phosphines, and 5 

thiols. They employed 36 different chemo-responsive dyes, including 12 

metalloporphyrins, 18 pH dyes, and 6 solvatochromic dyes, to fabricate the array 

indicator.  Hierarchical cluster analysis (HCA) results showed that the array indicator 

correctly discriminated different chemical classes of the analytes with only one 

misclassified VOC. The array indicator showed good responsiveness to amines, 

carboxylic acids, thiols, and phophines, but exhibited lower responses towards esters, 

ketones, alcohols, arenes, and hydrocarbons (Janzen et al., 2006). Huang et al. (2015) 

developed a nanoporous colorimetric sensor array for the detection of trimethylamine 

(TMA) based on TiO2. The nanoporous structure improved the stability and homogeneity 

of the sensor array. Sol-gel method has been used to fabricate TiO2 nanoporous film 

substrates. Eight pH indicators and eight porphyrins were spotted on the TiO2 nanoporous 

film to obtain the sensor array. The sensor array exhibited a sensitive response to TMA at 

10 ppm to 60 ppb (Xiao-wei et al., 2016). 
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Figure 1.7 Chemical structure of MTPP (Suslick, 2004) 

 

Array indicators have also been developed to discriminate origins or classes of 

foods. The same array indicator as Janzen et al. (2006) developed was used to 

discriminate 18 different beers, using HCA and PCA with an error rate of identification 

of <3% (Zhang, Bailey, & Suslick, 2006). An improved 6 × 6 array indicator was 

developed employing 6 metalloporphyrins, 12 pH dyes, 6 vapochromic dyes, and 6 metal 

salts dyes for the discrimination of coffee. The array indicator correctly identified 10 

commercial coffees and readily distinguished roasted coffee beans with different roasting 

temperature and time (Suslick et al., 2010). Zaragoza et al. (2015) presented an indicator 

array for blue cheeses. They fabricated 1×5 array indicators incorporated with pH dyes 

capable of classifying blue cheeses with different array patterns. However, a longer time 

period (5.5 h) was necessary to achieve 100% classification (Zaragozá, Ros-Lis, 

Vivancos, & Martínez-Máñez, 2015).  

The array indicator is a powerful discrimination tool that is portable, rapid, 

sensitive, specific, and inexpensive. However, most of the array indicators discussed 



23 
 

above are not reusable, and they were not applicable for continuously monitoring of food 

freshness. A reusable array indicator that responses reversibly to the target compounds 

would be useful for reflecting the actual food quality during storage. 

 

1.5.2 Colorimetric array indicators for food freshness monitoring  

Array indicators have been applied to monitor the freshness of meat products. 

Morsy et al. (2016) monitored the spoilage of Atlantic salmon fillet using a colorimetric 

sensor array, which incorporated sixteen chemo-sensitive dyes including pH dyes and 

organic dyes extracted from plants. The fillets were stored in closed jars at 4℃. The array 

responded differently when exposed to spoilage compounds compared to fish freshness 

markers. They validated the array for fish spoilage through correlating array responses 

with changes in pH, total volatile basic nitrogen (TVB-N) content (e.g., ammonia, TMA 

and dimethylamine (DMA)), as well as the microbial growth profile (Morsy et al., 2016). 

Similarly, Salinas et al. (2014) developed a colorimetric indicator array composed of 

seven sensing elements for monitoring pork sausage spoilage. Their array consisted pH 

indicators and chromogenic reagents selective to metabolites of fresh pork sausage which 

are packaged in polypropylene-polyamide trays covered with transparent film similar to 

those used by retailers. Sensory tests and microbial counts were used to monitor the 

freshness, and the array was able to differentiate pork sausages with a 7-day difference in 

storage time (Salinas et al., 2014). In these studies, it is noteworthy that the indicators are 

exposed to the headspace air samples that consisted not only the target analytes, but also 

other compounds that might have interacted with the sensing elements and/or the target 

analytes, resulting in array fingerprints unique to different products. 
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1.6 Color measurement  

In order to quantify the response of indicators, systematic measurement of color is 

needed. While there are many color models being used, the two most commonly used are 

CIELAB system or Hunter Lab and RGB color-coordinate system. For digital image 

processing and printing, the RGB color-coordinate system is more commonly being used, 

whereas the CIELAB system is usually used for the quantification of color in physical 

objects with the help of an instrument. An overview of these two color model systems is 

summarized as follows. 

 

1.6.1 CIELAB system  

The CIELAB system is a colorimetric system defined by the International 

Commission on Illumination (Commission Internationale d’Eclairage: CIE) based on the 

earlier system of Hunter Lab (1942) (source: Adobe technical guides; 

http://dba.med.sc.edu/price/irf/Adobe_tg/models/cielab.html; accessed on 03/31/2016). 

Both of these two systems are derived from CIEXYZ system, in which X, Y, and Z 

indicate the reformulated tristimulus values for red, green and blue for creating a 

standardized color model (source: Adobe technical guides; 

http://dba.med.sc.edu/price/irf/Adobe_tg/models/ciexyz.html; accessed on 03/31/2016). 

The main difference between CIELAB and Hunter Lab is the mathematical function: 

Hunter Lab is the square roots of CIE XYZ, while CIELAB is the cube roots of CIE XYZ 

(Hunterlab, 2012). Same as Hunter Lab, the CIELAB system provides distinctions 

between light and dark, red and green, and blue and yellow, with L*, a*, and b*
 axes, 

http://dba.med.sc.edu/price/irf/Adobe_tg/models/cielab.html
http://dba.med.sc.edu/price/irf/Adobe_tg/models/ciexyz.html
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respectively, in a 3-dimensional space. On the “a*” axis, positive values indicate intensity 

of red while negative values indicate intensity of green of the specimen being measured. 

For the “b*” axis, positive values indicate the intensity of yellow while negative values 

indicate intensity of blue. The L* axis, which spans from 0 to 100, shows the brightness 

of the color; L* = 0 being black and L* = 100 indicates white color. At the origin (0, 0, 

0), the test sample will appear neutral gray (McGuire, 1992). The advantage of this 

system is that it is device-independent and strongly correlated with the human visual 

perception (Tkalcic & Tasic, 2003). However, it has a small dimension of 100 × 100 × 

100 and the values are set, which could not be modified. 

Several studies adopted the CIELAB color system for the analysis of color. 

Nopwinyuwong et al. (2010) developed a novel colorimetric indicator label for 

monitoring the freshness of intermediate-moisture dessert, golden drop, through visible 

color change to CO2. They applied casting film method to prepare the indicator labels, 

which contains mixed pH dyes. Visually, the indicator turned from green to red as CO2 

concentration increased from 0 to 2.5%. They measured the color with a 

spectrophotometer, expressed in Hunter Lab color space (L*, a*, and b* values). The 

color change, ∆E, was calculated according to (Hunt & Pointer, 2011): 

 

∆E = [(∆L)2 + (∆a)2 + (∆b)2]1/2   Eq. (1.1) 

 

where The equation 

quantified the color change for correlating the response of indicator with the freshness of 

the dessert product, as determined by microbial counts (mesophilic bacteria, yeast and 
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mold, and osmophilic yeast) and changes in CO2 during storage at 10℃. Their results 

showed that the Hunter Lab color space could reflect the indicator color changes, which 

correlated well with the spoilage parameters (Nopwinyuwong et al., 2010). Swerin et al. 

(2014) developed an ink-jet printed indicator for the detection of charged 

macromolecules and surfactant, such as dodecyl trimethyl ammonium bromide (DTAB). 

They exploited the color-changing phenomenon of metachromatic o-toluidine blue, 

which changes from blue to pink, upon interacting with anionic macromolecules. They 

measured the color spectra of the samples with a spectrophotometer using the CIELAB 

color model system, successfully correlated the color difference value with the quantity 

of the charged macromolecules and surfactant (Swerin & Mira, 2014).  

 

1.6.2 RGB color-coordinate system  

Another color measurement system is the RGB color-coordinate system. This 

system uses red (R), green (G), and blue (B) to represent the color of a sample. The RGB 

color-coordinate system has 255 × 255 × 255 dimension, which is larger than the CIE 

Lab space. This model is generated from the trichromatic theory (Sherman, 1981), based 

on the principle that three types of photoreceptors in the human’s eyes are sensitive to the 

red, green, and blue region of the electromagnetic spectrum. The disadvantage of this 

model is that it is device-dependent, i.e., the RGB values depend on the sensitivity of the 

capturing instrument. Despite this shortcoming, the RGB color-coordinate system is the 

most common one being used in color printing and display devices. Furthermore, it could 

be transformed into other color spaces as needed, such as CIELAB system.  

The characterizations of many indicator arrays utilized RGB color coordinate 
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system in the literature. For example, the 6 × 6 array indicator was developed by Zhang 

and Suslick (2005) to recognize organic compounds in water (amines and oxygenates, 

e.g., 1-octylamine, pyridine, and aniline). The R, G, B values from scanned indicator 

images upon analytes were collected in the study, and HCA results conducted on the 

RGB database successfully distinguished aliphatic amines, aromatic amines and 

oxygenates in water (Zhang & Suslick, 2005). A new 4 × 4 liquid sensing array indicator 

based on the immobilization of pH dyes within a nanoporous sol-gel matrix was 

described by Lim et al. (2008) for the discrimination of sugars, such as saccharin, 

sorbitol, D-glucose, and β-lactose. The array indicator was analyzed by extracting R, G, 

and B values from scanned images upon exposure to analytes, and it correctly 

differentiated 15 monosaccharides, disaccharides, and artificial sweeteners (Lim, Musto, 

Park, Zhong, & Suslick, 2008).  
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2. Research Objectives  

Consumers often rely on “Best-Before” date to determine the freshness of 

packaged food products. However, the dated information may not truly reflect the actual 

quality of the product due to physicochemical and microbiological abuses that may have 

occurred during production and distribution. Although consumers can assess the 

freshness of certain products through the senses (e.g., sight, smell, and/or touch), many 

products do not produce detectable sensory cues when they are contaminated with 

microorganisms. This study will exploit colorimetric indicators for the detection of gases 

that are associated with food product freshness or spoilage. NH3 is chosen as a model 

compound to simulate basic nitrogen compounds (e.g., trimethylamine, ammonia, and 

dimethylamine) that are formed during the spoilage of meat due to microbial growth 

(Gill, 1983; Newton & Gill, 1978; Kakouri & Nychas, 1994). Fermentative spoilage 

reactions in intermediate-moisture foods, such as those caused by osmotolerant yeasts, 

are characterized by pH drop due to the formation of carbon dioxide as the spoilage 

process progresses (Nopwinyuwong & Suppakul, 2010; Stratford et al., 2002; Deak, 

1991). 

The overall objective of this thesis is to develop colorimetric indicators intended 

for intelligent packaging that provide more accurate indication of food freshness than the 

“Best Before” date label. The indicator should provide visual feedback to the consumers 

or suppliers, and easy to fabricate. In order to achieve this goal, two studies were 

conducted, each of which has specific objectives: 

Studies (1) – Development of colorimetric CO2 indicators that incorporates pH-

indicator dyes with a phase transfer agent encapsulated in a modified cellulose polymer. 
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The specific objectives here are to: (i) screen and evaluate pH-indicator dyes that are 

suitable for the detection of a broad range of CO2 concentration levels using a casting 

film approach; (ii) optimize ink formulations to produce high resolution printed 

indicators; (iii) characterize the indicator, including sensitivity, correlation with has 

concentration, visual change intensity, and stability; and (iv) integrate different pH-

indicator dyes to manipulate sensitivity. 

Studies (2) - Development of array indicators with enhanced ability to 

simultaneously detect NH3 and CO2. Specific objectives are to: (i) evaluate pH-dyes 

suitable for NH3 and CO2 detection; (ii) develop methodology to assemble the array 

indicator; (iii) evaluate ability of array indicator to discriminate different concentrations 

of NH3 or CO2; (iv) study the temperature influence on the array performance; and (v) 

evaluate the stability and reusability of the indicators. 
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3. Inkjet-printed CO2 colorimetric indicators  

3.1 Introduction 

  Many consumers rely on “Best Before” date to evaluate the freshness of packaged 

products. However, because the printed info does not account for the potential thermal abuses or 

microbial contamination/proliferation that occur during distribution/storage, it can only be used 

as a guideline. In the worst-case scenario, false assurance from the “Best Before” date can lead to 

serious foodborne illnesses (Sharp & Reilly, 1994). On the other hand, the “Best Before” can 

also result in food wastage because consumers misinterpreted it as an “expiry” date. Significant 

amount of foods are being discarded in North America and elsewhere in the world because they 

passed the “Best Before” date, although they are still fit for consumption (Newsome et al., 2014; 

Williams et al., 2012). 

To address these issues, various intelligent packaging systems are being developed. 

Unlike “Best Before” date approach, intelligent packaging systems are capable of providing 

information on the actual product freshness, through interacting with compounds associated with 

product spoilage. For example, colorimetric indicators (e.g., label, prints, patch) exhibit visible 

color changes upon interacting with the target compounds present in the package headspace, 

such as CO2, O2, ammonia gas, and aldehydes (Feng, Musto & Suslick, 2010; Mihindukulasuriya 

& Lim, 2013; Mills, Chang & McMurray, 1992). Among these gases, CO2 is a promising 

indicator analyte for many packaged food products since it is related to microbial activities, 

respiration in live tissues, degassing phenomena in roasted products, mass transfer in modified 

atmosphere packaging (MAP), and so on (Roberson, 2012; Smolander et al., 1997; Wang & Lim, 

2014). The incorporation of CO2 indicator in packages for these foods may be beneficial to 

monitor product freshness. 
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Several colorimetric indicators have been developed for the detection of CO2. For 

example, researchers have exploited the pH-dependent solubility of proteins in solutions in 

developing CO2 indicators. At a pH far away from the isoelectric point, the proteins remain 

soluble and the indicator solution appears transparent. However, when the pH approaches the 

isoelectric point, i.e., the net charge of a protein is zero, the protein would precipitate out from 

the solution and appear to be opaque or turbid (Jung et al., 2012; Lee & Ko, 2014; Meng et al., 

2015; Sillero & Maldonado, 2006). Considering that the isoelectric points of proteins occur in a 

narrow range and that these indicators provide only transparency changes, the sensitivity of the 

protein solution may be limited. An alternate approach would be to use pH-sensitive dyes 

capable of providing color response over a wide pH range. The main limitation of pH dye 

indicators is that water is needed to facilitate the proton transfer needed to induce color change. 

Thus, the sensitivity of dye-based CO2 indicators is humidity-dependent, and they tend to be 

useful for intermediate to high moisture food products. To overcome this limitation, some 

researchers have utilized a non-volatile phase transfer agent (PTA) to facilitate the dispersion of 

hydrophilic pH dye in a hydrophobic polymer to prevent dye leaching. The PTA also provides a 

trace amount of water to solvate the hydrophilic dye, allowing the dissolution of CO2 to facilitate 

the proton transfer (Mills et al., 1992; Chu & Lo, 2008; Davenport et al., 2015; Meng et al., 

2014). Tetraoctylammonium hydroxide and tetrabutylammonium hydroxide (TBAH) have been 

used as PTAs in CO2 indicators containing pH dyes (e.g., m-cresol purple and cresol red) 

encapsulated within hydrophobic matrices (e.g., ethylcellulose, polyethylene, and poly(vinyl 

butyral)), achieving a detection limit of as low as 1.25 % CO2 (Mills et al., 1992, Mills, 2009; 

Mills, Grosshans & Skinner, 2014). 
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Inkjet printing is an efficient, flexible, and cost-effective downstream processing 

technology used in the food packaging industry. Inkjet printing can be based on thermal or 

piezoelectric technologies (Magdassi, 2010). In thermal inkjet printing, also known as bubble-jet 

printing, ink droplets are ejected from print nozzle due to the pressure generated from vapour 

bubble expansion, while piezoelectric inkjet printing is achieved via physical deformation of 

piezoelectric materials within a nozzle in response to an applied pulse electric field. Thermal 

inkjet printing tends to produce smaller droplet size and higher nozzle density than the 

piezoelectric counterpart. The solution properties of the ink, such as viscosity, surface tension, 

and solvent volatility, are important for manipulating the droplet formation, controlling the 

tendency of nozzle clogging, and determining the ink-substrate compatibility (Swerin & Mira, 

2014). Typical substrates for printing are papers and polymer films, selected based on the end-

use requirements and conditions (Crowley et al., 2008; Kuswandi et al., 2012; Lawrie, Mills & 

Hazafy, 2013). 

The objectives of this study are: (1) to develop a pH dye-based CO2 colorimetric 

indicator using thermal inkjet printing technology; (2) to investigate the effects of printing 

parameters and substrates on indicator performance; and (3) to characterize multiplexing 

indicators containing two sensing inks.  

 

3.2 Materials and Methods 

3.2.1 Material  

Unless otherwise indicated, chemicals used were purchased from Fisher Scientific 

(Ottawa, ON, Canada) and were used without further purification. All gases were purchased 

from Linde Canada Limited (Mississauga, ON, Canada).  
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3.2.2 Preparation of sensing ink   

 The component effects of ethylcellulose (EC; Ethocel Std. 4, The Dow Chemical 

Company, Calgary, AB, Canada) concentration (0.25 to 6%) and solvent ratio (0:1, 1:2, 1:1, 2:1, 

1:0 ethanol:1-butanol) on printing and CO2 detection properties were evaluated by preparing 

homogeneous polymer solutions, followed by the addition of pH dye (bromophenol blue, 

chlorophenol red, methyl red, M-cresol purple (MCP) or  phenol red (PR)) and 

tetrabutylammonia hydroxide (TBAH, 1.0 M). The solutions were stirred with the aid of a 

magnetic stirrer until the pH dyes fully dissolved to form the final ink formulations. The inks 

were stored in the dark until use. Preliminary studies showed that MCP- and PR-based indicators 

exhibited the most sensitive color responses. Therefore, these two dyes were chosen for further 

investigation, in single-ink and two-ink (9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 PR:MCP) 

formulations.  

 

3.2.3 Thermal inkjet printing  

 Indicators were printed using a thermal inkjet printer (HP DeskJet F4435, Hewlett-

Packard Inc., Mississauga, ON, Canada). Before printing, ink cartridges (HP 60 tri-colour and 

black inkjet cartridges, CC643WC, Staples, Guelph, ON, Canada) were cut open, the sponge 

inside was removed, and the ink reservoir was cleaned thoroughly with ethanol and then 1-

butanol. An aliquot of 2 mL of the formulated ink, pre-filtered through a 0.2 µm nylon 

membrane (Fisher Scientific, NJ, USA), was syringed into the cartridge. The commercial printer 

used in this study adopted the CMYK color model with four different inks, namely cyan (C), 

magenta (M), yellow (Y) and key (K, i.e., black). Cyan, magenta and yellow inks were contained 
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in separate reservoir compartments within one cartridge, while the black ink was contained in a 

separate cartridge. PR-based sensing inks were loaded into the magenta compartment while 

MCP-based sensing inks were loading into the cyan compartment in the tri-color cartridge. 

Photoshop software was used to design printing templates with the different C:M ratios (9:1, 1:9, 

8:2, 2:8, 7:3, 3:7, 6:4, 4:6, 5:5). The printer was set to print at 600 dpi resolution on either pure 

cellulose chromatography papers (0.19 mm thickness, No. 05-714-1, Fisher Scientific, NJ, USA) 

or poly(vinyl chloride) transparency film (0.098 mm thickness, M280/01, Klöckner Pentaplast, 

Oshawa, ON, Canada). Printing was done in 2, 5, 10 or 15 passes to evaluate the effect of the 

quantity of ink deposited on the substrates. After printing, the indicators were store in a glass 

container and continuously purged with nitrogen in the dark for at least 2 days to remove the 

solvent.   

 

3.2.4 Characterization and color measurements of indicators  

 Color response of the indicators was measured in situ by exposing them to different 

concentrations of CO2 in nitrogen (3:97, 5:95, 15:85, 25:75, 60:40 and 100:0 v/v CO2:N2) at 

25℃. To this end, the printed indicators (1 cm × 1 cm) were placed within cuvettes and held 

down by holders pushing the indicator specimens against the cuvette sidewall facing a flatbed 

scanner (HP Scanjet 4890 Photo scanner, Hewlett-Packard Co., Mississauga, ON, Canada), as 

illustrated in Figure 3.1. Digital images of the indicators before and after the exposure to CO2 at 

various concentrations were collected on the scanner at 600 dpi resolution. A stopwatch 

(A09Q67, Traceable Products, Texas, USA) was used to determine the gas exposure time. The 

color recovery of the indicators was monitored by flushing N2 through the cuvette for 3 min. A 

proportional gas mixer (Model 299-016-3; Tescom Corp., MPLS, MN) was used to prepare CO2 
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and N2 gas mixtures. A gas analyzer (Gaspace Advance Headspace Analyser; Illinois 

Instruments Inc., IL, US) was used to determine the CO2 concentration in the gas mixtures.  

 

 

Figure 3.1 Experimental setup schematic to monitor color changes of indicator samples at 

different CO2 concentrations 

 

 To quantify the color, the images were analyzed with Adobe Photoshop CS6 software 

(Adobe Systems, Inc., Mountain View, Calif.) using the histogram analysis module function. To 

eliminate the edge effect of the printed inks, only the central portion of the indicator, 

representing about 2/3 of the surface coverage, was analyzed. The colors of the area being 

analyzed were averaged and converted into RGB color scale. All the analyses were conducted in 
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triplicate. Euclidean distance (∆E) values were calculated to evaluate the overall change in color 

before and after exposing the indicator specimens to CO2:  

 

∆E = √(𝑅0 − 𝑅1)2 + (𝐺0 − 𝐺1)2 + (𝐵0 − 𝐵1)2   Eq. (3.1) 

 

where the subscripts “0” and “1” represent the R, G, B values of the indicators “before” and 

“after” the exposure to CO2, respectively.  

 

3.2.5 Scanning electron microscopy analysis 

 The surface morphologies of the paper and transparency film substrates, before and after 

printing, were analyzed using a scanning electron microscope (SEM; S-570 Hitachi High 

Technologies Corp., Tokyo, Japan) at 10 kV accelerating voltage. Samples were coated with 

gold (20 nm) with a sputter coater (Model K550; Emitech, Ashford, Kent, England) prior to 

SEM analysis.  

 

3.2.6 Characterization of ink properties  

 Dynamic surface tension values of the ink solutions (PR, MCP, and PR-MCP mixed 

formulations) were determined at 22 ± 2 ℃ with a bubble pressure tensiometer (SITA Pro Line 

F10; SITA Messtechnik, Dresden, Germany) using bubbling frequencies ranging from 1 to 10 

Hz. Viscosity values of the ink solutions were characterized using a rheometer (AR2000; TA 

instruments, New Castle, DE). A 2.09°cone (4 cm dia) and plate geometry was employed to 

determine the ink’s rheological properties. Steady shear rate sweeps were carried out over shear 

rates ranging from 0.1 to 300 s-1. All rheological measurements were made at 25℃. All the 
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measurements were carried out in triplicate.  

 

3.2.7 Statistical analysis 

 The ANOVA analysis was carried out with SPSS software (SPSS Inc., Chicago, IL, US) 

on the experimental measurements with 95% confidence level. To optimize TBAH and dye 

concentrations, a two-factor central composite design, consisting of 13 different factorial 

treatments with uniform precision, was used to determine the factor combination that maximizes 

the ∆E value (Table 3.1). Response surface analysis was conducted in SAS 9.2 software (SAS 

institute Inc, Cary, NC, USA). 

 

Table 3.1 Experimental design for surface response analysis of the effects of dye and TBAH 

concentrations on Euclidean distance of the CO2 indicator 

No. 1 2 3 4 5 6 7 8 9 10 11 12 13  

 

Dye, D 

(mg/10g 

sensing ink) 

60 60 88 32 88 88 60 32 60 100 20 60 60 

 

 

TBAH 

(mL/10g 

sensing ink) 

 

0.2 0.5 0.5 0.712 0.712 0.288 0.5 0.288 0.8 0.5 0.5 0.5 0.5 
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3.3 Results and Discussions 

3.3.1 Ink preparation and optimization 

EC is a food grade polymer often used as coating substrate in paper-based packaging 

structures for high moisture and fatty food products (Zou et al., 1998).  EC was used in the 

present study because it is relatively hydrophobic and permeable to CO2, which are desirable 

properties for encapsulating the dye components within the polymer to prevent leaching into the 

contacting food, as well as allowing the dye to interact with CO2. In a typical pH indicator 

system, color change in the dye is achieved by first solubilisation of CO2 gas into aqueous phase 

to form carbonic acid, which is further dissociated into and proton and bicarbonate ions. The 

proton ion then reacts with the deprotonated dye (D-, color A) to form protonated dye (DH, color 

B) (Figure 3.2A). In this reaction, water is essential to facilitate the transfer of the proton ion. In 

the present study, encapsulating the pH dye within the hydrophobic EC polymer will impede the 

color development due to the limited supply of water. To overcome this limitation, TBAH, was 

incorporated in the ink formation as a PTA to facilitate the transfer of proton in the indicator 

(Figure 3.2B).  Here, TBAH forms an ion pair with the dye that contains a small amount of water 

of solvation molecules (x∙H2O) within the hydrophobic EC carrier. The formation of dye-TBAH 

ion pair also allows the dispersion of the polar dye into a relatively hydrophobic EC polymer 

matrix (Mills, 2009). In the reaction scheme, rate constant K1 is expected to be smaller than K2 

as the rate-determining step for the formation of carbonic acid within the ion pair is likely 

governed by the rate of solubilization and diffusion of gaseous CO2 in the EC matrix. 
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Figure 3.2 (A) Reaction scheme of a typical CO2 indicator in an aqueous environment, showing 

the requirement of water for inducing color development in the dye, D; (B) Reactions of CO2 

indicator containing TBAH as a phase transfer agent. The TBAH-dye ion pair, being less polar 

than the deprotonated dye, allows the dispersion of the dye into a more hydrophobic EC polymer 

matrix, as well as providing small quantities of water adequate for the development of color. 

Adapted from Mills et al. (1992) 

 

Among the pH dyes tested, only MCP-based and PR-based indicators resulted in 

prominent color changes after being exposed to dry CO2 gas.  This observation may be explained 

as follows. According to the Henderson-Hasselbalch equation, the pH of CO2 (g) when dissolved 

in water is:  
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    Eq. (3.2) 

 

At equilibrium, i.e., when H2CO3 and HCO3
- are in equal molar, the pH is around pKa of the 

carbonic acid, which is 6.35 (Silberberg, 2007). Similarly, a pH dye (DH in Figure 3.2A) can be 

considered as a weak acid in an aqueous medium. In equilibrium, the dye can be deprotonated 

into the conjugated base (D-), with a pH value equivalent to pKa when the unprotonated and 

protonated species are in equal molar concentrations. To achieve maximal sensitivity, it would 

be ideal for the dye to exist in an aqueous medium above its pKa, such that when the dye is 

exposed to CO2, the amount of protonated dye species (DH) produced is sufficient to cause a 

large color change (Mills, Chang & McMurray, 1992). This would be the case when the pH is 

reduced to a level below the pKa of the dye, when the majority of the dye molecules are 

protonated. This concept is consistent with the results observed in this present study; with pKa 

values greater than those of carbonic acid (6.35), PR and MCP (8 and 8.32), indicators prepared 

from these two dyes responded strongly to CO2. On the other hand, BPB, CPR and MR dyes 

(pKa 4, 6, and 4.8 respectively) provided minimal response to CO2 since the majority of the dye 

molecules remained dissociated (Silberberg, 2007). 

The viscosity of solution, as affected by the polymer concentration, will determine the 

pressure required to eject the ink from the printer nozzle. Within the EC concentration range 

tested (0.25 to 6%), the maximal polymer concentration that allowed a consistent ink ejection 

was 1.5%, beyond which the ink failed to eject. Therefore, 1.5% EC concentration was chosen in 

all formulations to maximize the polymer matrix available for encapsulating the dye 

components. Another factor that governed the tendency of print head clogging is the volatility of 

pH = pKa + log
HCO3

-é
ë

ù
û

H2CO3[ ]
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the solvent. To evaluate the effect of vapor pressure, indicator inks were prepared in solvents of 

different ethanol:1-butanol blend ratios (0:1, 1:2, 1:1, 2:1, 1:0). The ink prepared from 1-butanol 

produced a wet printed surface susceptible to smearing. In contrast, ink formulations prepared 

from 1:0 and 2:1 ethanol:1-butanol solvents tended to clog the printer head. Whereas the 1:2 

ethanol:1-butanol solvent provided the most stable and continuous printing with the best 

resolution. These observations can be attributed to the volatility of the solvents, governed by the 

vapour pressures of the blend solvents which can be determined from the Clausius-Clapeyron 

equation (Smith, 2004): 

 

P0 = exp [-
∆𝐻𝑣𝑎𝑝

𝑅
(

1

𝑇𝐵
−

1

𝑇0
)]𝑃𝐴𝑇𝑀   Eq. (3.3) 

 

where P0 is the vapour pressure of the solvent; ∆𝐻𝑣𝑎𝑝 is the heat of vaporization (1-butanol: 56 

kJ/mol; ethanol: 38.6 kJ/mol (source: technical data sheet; http://msdssearch.dow.com/; accessed 

on 03/03/2016)); TB is the boiling point of the solvent (1-butanol: 117.7℃; ethanol: 78.37℃  

(Polimg et al., 2001)); T0 is the test temperature 25℃; and PATM is the atmosphere pressure. 

Vapour pressures of the mixtures were calculated from Raoult’s law: P0,mix = Xethanol P0,ethanol + 

Xbutanol P0,butanol    where X is the mole fraction. The calculated vapor pressures for 0:1, 1:2, 1:1, 

2:1, 1:0 ethanol:1-butanol blend solvents are 6.0, 4.3, 3.4, 2.6, and 0.9 kPa, respectively. Of the 

solvents tested, a solvent vapor pressure of 4.3 kPa provided an acceptable compromise to allow 

continuous printing and rapid ink drying to prevent ink smearing. 

On the basis of these observations, the base formulation of the indicator inks was fixed at 

1.5% EC polymer concentration using 1:2 ethanol:1-butanol blend as a solvent. Next, the ink 

was optimized by maximizing the ∆E value by varying TBAH and PR dye concentrations, using 

http://msdssearch.dow.com/
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100% CO2 at 0% RH as a test gas. A two-factor quadratic model was used to fit the experimental 

data: 

 

𝑦1 =  𝛽0 +  𝛽1𝑥1𝑖 + 𝛽2𝑥2𝑖 + 𝛽3𝑥1𝑖
2 + 𝛽4𝑥2𝑖

2 + 𝛽5𝑥1𝑖𝑥2𝑖 + 𝜀𝑖  Eq. (3.4) 

 

where 𝛽0is the regression coefficient for the intercept; 𝛽𝑖 (i = 1, 2) is the regression coefficient 

for the linear terms; 𝛽𝑗 (j = 3, 4) is the regression coefficient for the quadratic terms; 𝛽5is the 

regression coefficient for the interaction terms; 𝑥𝑖𝑗  is the independent variables; and 𝑦1is the 

response variable. ANOVA showed that both linear and the cross product regression coefficients 

were significant (P < 0.05), and therefore these were retained in the model, with a coefficient of 

determination of 0.6366: 

 

∆ 𝐸 = 141.7929 − 585.9998 𝑥1 − 91.7971 𝑥2 + 1220.6758 𝑥1𝑥2   Eq. (3.5) 

 

where 𝑥1 is fraction of dye and 𝑥2 is the fraction of TBAH. Canonical analysis shows that the 

stationary point was a saddle point. From the ridge analysis, the maximum ∆E response observed 

was 0.088 g dye (PR or MCP) and 0.712 mL TBAH in 10 g sensing ink solution (Figure 3.3). 

This optimized formula was used for the subsequent studies.  
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Figure 3.3 Two dimensional contour plot for changes of ∆E value as affected by dye and TBAH 

concentrations 

 

3.3.2 Effects of printing passes and substrates on indicator performance  

The number of printing passes determines the amount of ink deposited on the printing 

substrate; increasing the number of printing passes will increase the initial color intensity of the 

printed indicators due to the greater amount of ink deposited. However, the extent of color 

change before and after the CO2 exposure, which dictates the sensitivity of the indicator, needs to 

be considered as well. Figure 3.4 shows the ∆E values of MCP- and PR-based indicators with 

different printing passes when exposed to 5 and 47.5% CO2. At these CO2 concentrations, ∆E 

value of film-based indicators increased with increasing number of printing passes due to the 

darker initial color of indicators and available CO2 that reacted with the majority of dyes. The 
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PR-paper-based indicators reached the greatest ∆E value at 10 printing passes, and MAP-paper-

based indicators tended to show greatest ∆E value at 15 printing passes. A comparison of Figures 

3.4C and 4A shows that changes in ∆E value with print passes for film-based indicators was 

larger than that of paper-based indicators for both PR and MCP. This indicates that the film-

based indicators were more sensitive to the number of printing passes. The lower sensitivity for 

the paper-based indicator might be due to the porous nature of the substrate, allowing the ink to 

penetrate below the surface, instead of accumulating the ink on the surface as in the transparency 

film. Based on these observations, 10 printing passes was used for subsequent comparison of 

film- and paper-based indicators because less ink is being used, as well as offering suitable initial 

color and providing enough ∆E value for both indicators. It is noteworthy that the plastic film 

took approximately 3 minutes to dry, while the porous paper dried within 30 s, indicating that the 

plastic film substrate will present a greater limitation in printing throughput than paper substrate 

(Calvert, 2001).  



51 
 

Figure 3.4 Effects of number of print pass on ∆E values, as affected by CO2 concentration and 

print substrate: (A) paper-based indicators, 5% CO2; (B) paper-based indicators, 47.5% CO2; (C) 

plastic film-based indicators, 5% CO2; and (D) plastic film-based indicators, 47.5% CO2 

 

As for the correlation between CO2 concentrations and ∆E values, overall, the MCP 

indicators exhibited greater ∆E values than the PR indicators (Figure 3.5). Moreover, the paper-

based indicators showed greater ∆E values as compared to the film-based counterparts, which 

can be attributed to the porous and opaque properties of paper substrate that enhanced the 

sensitivity and increased the reflectance of color (Manns, 1995). Considerable changes in ∆E 

value were observed for PR indicator in 3 to 5% CO2 range, while more gradual changes in ∆E 

value were observed for the MCP-based indicators spanning over a larger concentration range (3 

to 15% CO2). Visually, these changes corresponded to purple-to-pink and blue-to-grayish yellow 

color changes for PR and MCP indicators, respectively (Figure 3.6). The film-based indicators 

tended to exhibit darker initial color than the paper-based counterparts, although color transitions 
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were more pronounced in the latters. The darker initial color in the film-based indicators was 

caused by the increased deposition of dye on the plastic film surface as the number of print 

passes increased. On the other hand, for the cellulose paper, the dye tended to absorb into the 

porous substrate (Calvert, 2001). Comparing with the MCP indicator developed by Mills and 

Skinner (Mills & Skinner, 2010), their indicator exhibited blue-to-yellow transition at higher 

CO2 concentration (~40-70%), instead of 3-5% as observed in the present study, which can be 

attributed to the different ink formulations (i.e., hyroxyethylcellulose polymer, glycerol 

plasticizer, and NaHCO3 base dissolved in distilled water) and dye-forming method (spun-coated 

on microscope slide) used by the researchers. This observation suggested that the CO2 sensitivity 

range of the dye is tunable through component optimization. Mills and Skinner (Mills & Skinner, 

2010) also investigated another solvent-based formulation similar to the present study (i.e., 

ethylcellulose in 8:2 toluene:ethanol solvent; MCP, TBAH and tributyl phosphate in methanol). 

They reported that the solvent-based indicator has a tendency to decolorize within 5 weeks of 

storage in the dark under ambient conditions. However, the indicators developed in the present 

study remained stable in a dry and dark environment for more than 2 months without apparent 

discoloration and change in sensitivity to CO2 (data not shown). This observation suggested that 

ink components, as well as indicator preparation and storage conditions used for the indicators 

are important in determining the indicator stability. Mills and Skinner (Mills & Skinner, 2010) 

highlighted that the exposure of indicator to acidifying species during storage and preparation 

that react irreversible with the dye, should be avoided. 
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Figure 3.5 Correlations between ∆E value and CO2 concentrations for (A) PR-based indicators 

and (B) MCP-based indicators, printed on paper and plastic film with 10 printed passes 
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Figure 3.6 Color changes of PR-based and MCP-based indicators (10 passes) exposed to 

different CO2 concentrations 

 

3.3.3 Characterization of indicators with mixed dyes 

Combining two or more sensing dyes can be beneficial for manipulating color and 

enhancing sensitivity of a colorimetric indicator. This can be achieved readily through inkjet 

printing by accurately depositing different quantities of inks on a substrate (Zhang, Lyu & Liu, 

2014). By varying the C and M values, while setting Y and K values to zero (not being used), 

multiplexed PR and MCP sensing inks were readily prepared. Figure 3.8 summarizes the ∆E 

values of paper-based indicators with 9:1 and 1:9 PR:MCP ratios, tested at different CO2 

concentrations. For 1:9 PR:MCP indicator tested at 100% CO2 the ∆E value reached 29 within 

0.5 min and remained constant for the next 3 min, showing that the indicator had a short 

response time. As shown in Figure 3.8, multiplexing PR with MCP resulted in overall decrease 

in ∆E values, but did not affect change in ∆E values with respect to CO2 variation. Linear trends 

were observed between ∆E value and CO2 concentration in the range of 10 to 100% CO2. 
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Comparing the ∆E values of single dye (Figure 3.5) with the multiplexed indicators (Figure 3.7), 

one can see that the latters had lower ∆E values throughout the entire CO2 concentration range 

tested, implying less color change in the mixed dye before and after the exposure to CO2. 

However, the change in ∆E with respect to CO2 concentration, as determined by the slope of the 

plots in Figures 3.5 and 3.7, are higher with the multiplexed indicators, suggesting that the 

multiplexed indicators were more sensitive in detecting the change in CO2 concentration than the 

single dye counterparts. Figure 3.8 summarizes the ∆E values at different PR:MCP ratios, 

showing that at higher PR proportion (9:1, 8:2, 7:3, and 6:4 PR:MCP), the ∆E values tended to 

decrease with increasing MCP fraction. On the other hand, when MCP was the major fraction of 

the multiplexed sensing dyes (4:6, 3:7, 2:8, and 1:9 PR:MCP), the ∆E value decreased with 

increasing MCP fraction. These results show that there was an interaction effect between the two 

dyes in sensing CO2 when they are co-printed as an indicator, possibly due to the competing 

effect of the two dyes for CO2.  The multiplexed indicator with 5:5 PR:MCP ratio gave the 

largest ∆E value at low CO2 concentration. Photographic images of the multiplexed indicators at 

selected CO2 concentrations are illustrated in Figure 3.9, showing the effects of  dye-mixing and  

CO2 exposure on their  visual colour appearance.  
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Figure 3.7 Correlations between ∆E value and CO2 concentrations for multiplexed dyes at two 

different PR and MCP ratios, printed on paper with 10 printed passes
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Figure 3.8 ∆E value values of paper-based indicators prepared at different PR and MCP ratios, after exposing to air with different 

CO2 concentrations 
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Figure 3.9 Photographic images of of multiplexed indicators after the exposure to 0-100% 

CO2, showing the effects of PR:MCP ratio and CO2 on their visual color appearance 

 

3.3.4 Characterization of inks  

  SEM analysis was conducted to study the microstructures of the ink-jet printed 

indicators. SEM micrographs show that the cellulose paper has a fibrous morphology 

with some continuous regions that represent the binder (Figure 3.10A). After ink-jet 

printing, the surface became smoother due to the deposition of the dye components. The 

ink had also partially penetrated the voids between the cellulose fibers (Figure 3.10B). In 

contrast, for the plastic transparency film, a continuous layer of ink was formed on the 

substrate surface (Figure 3.10D), with small bead-

could be the bubbles generated along with the printing process. Due to the more porous 
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surface morphology of the paper substrate, indicators printed on paper would be more 

sensitive than those fabricated on transparent film. This is consistent with the larger ∆E 

value observed with the paper indicators (Figure 3.5). 

 

 

Figure 3.10 SEM micrographs of (A) pure cellulose paper; (B) indicator printed on pure 

cellulose paper; (C) The SEM image of transparency film; (D) The SEM image of printed 

transparency film 
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Surface tension and viscosity data of the optimized ink formulation (0.088 g dye 

and 0.712 mL TBAH in 10 g EC solution) are presented in Figure 3.11. Considering that 

printing is a dynamic process, in this study, surface tension was evaluated by dynamic 

bubble pressure tensiometry. The higher surface tension, the greater the force required to 

initiate jetting of the inks from the orifice. As shown in Figure 3.11A, the surface 

tensions versus frequency of indicator solutions of two different sensing inks presented a 

similar trend. The surface tensions were all in the jettable range (< 30 mN/m), which is 

low enough to jet out of the orifice and high enough (>20 mN/m) to prevent dripping 

(Magdassi, 2010). The MCP-based ink had higher viscosity values than the PR-ink in the 

shear rate range of 10-300 s-1. Minimal changes in viscosity were observed for both ink 

solutions in the shear range tested (Figure 3.11B), showing that these solutions exhibited 

Newtonian behavior. This property is desirable in ink-jet printing to ensure consistent 

jetting (Seerden et al., 2001). 
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Figure 3.11 (A) Surface tension (A) and viscosity (B) values of a representative indicator 

ink solution (88 mg dye and 0.712 mL TBAH in 10 g EC solution) 

 

3.4 Conclusions 

Single- and mixed-dye CO2 indicators were developed in this study by printing 

PR- and MCP-based ink formulations on cellulose paper and plastic transparency film, 

using a commercially available ink-jet printer and ink cartridges. TBAH, deployed as a 

PTA in the ink formulation, resulted in indicators that are sensitive to CO2 in the absence 

of moisture. Comparison studies between paper-based and plastic-based indicators 

showed that the former had a higher sensitivity towards changes in CO2 concentration. 
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Under the experimental conditions investigated, 10 print passes provided a maximum 

color change. Indicators with combined PR and MCP dyes provided a greater sensitivity 

to changes in CO2 concentration than those fabricated with individual dyes. The 

indicators with different multiplexed ratios had a CO2 detection sensitivity of lower than 

3.5%, with PR:MCP ratio of 5:5 showing the most prominent color changes.  

The indicators developed here could be promising for monitoring CO2 due to 

microbial activities in food products. Through simple color change optimized for the 

visual detection or more sophisticated machine-readable array codes, these indicators 

may be useful for consumers, retailers and producers to accurately evaluate product 

quality, providing rapid detection of compromised products throughout the distribution 

chain. This indicator may be used in conjunction with the “Best Before” date on packages 

to reflect more accurately the quality of food, preventing the sale of expired/contaminated 

products, as well as reducing food wastage caused by premature disposal of food. The 

indicator, with further optimization, can potentially useful for MAP applications, where 

the typical CO2 concentration ranges from 5 to 20%. 
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4. A colorimetric array indicator for  NH3 and CO2 used for intelligent packaging 

4.1 Introduction and Background 

 NH3 is produced during the degradation of amino acid (McCaldin, 1960) during the 

spoilage of meats and high-protein containing products. Some expired canned vegetables also 

give off an undesirable ammonia-like odors because of the NH3 gas produced from the 

hydrolysis of amides, glutamine or asparagine (Damodaran, Parkin, & Fennema, 2007). On the 

other hand, CO2 is important in both food preservation and food deterioration. It is being used as 

in modified atmosphere packaging (MAP) to extend the shelf-life of perishable foods by 

retarding bacterial growth (Daniels, Krishnamurthi, & Rizvi, 1985; Zagory & Kader, 1988). CO2 

is also a by-product of food deterioration from microbial activities and respiration (Eaton, 

Kilgore, & Livingston, 1977). From an intelligent packaging standpoint, NH3 and CO2 may be 

exploited as indicators for the freshness of food.  

The technologies for the detection of NH3 (Fu, 2014; Ganiga & Cyriac, 2016; Jin, Su, & 

Duan, 2001; Tang et al., 2015) and CO2 (Chong et al., 2015; Lee, Jo, Lee, Xu, & Yoon, 2015; Li 

et al., 2016; Schutting, Borisov, & Klimant, 2013) include electronic sensors and colorimetric 

indicators.  However, the electronic sensors require an instrument for acquiring and processing 

electrical signal. For colorimetric indicator systems, many have long response time, limited 

storage life, and most of them are irreversible and non-reusable (Barat et al., 2008; Star, Han, 

Joshi, Gabriel, & Grüner, 2004; Wang et al., 2009).  Moreover, these sensors have been found to 

be sensitive to either CO2 or NH3, but not designed for the detection of both gases.  

Most indicators are developed based on single sensing element for the detection of one 

specific target analyte, such as O2 or CO2 (Mihindukulasuriya & Lim, 2013; Nopwinyuwong, 

Trevanich, & Suppakul, 2010). The development of a compact, low-cost, rapid, reusable, and 
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cross-responsive indicator that responds to various analytes would be desirable. One example of 

such systems is array indicator. Mimicking the olfactory system, an array indicator possesses 

multiple sensing array elements capable of detecting a wide variety of volatile molecules (Lledo, 

Gheusi, & Vincent, 2005). Often time, each of the array elements is made up of 

chemoresponsive dyes, which upon interacting with volatile compounds of specific chemistry, 

resulting in unique array patterns that could be correlated with the chemical characteristics of the 

gaseous specimens through multivariate and pattern recognition analyses (Askim, Mahmoudi, & 

Suslick, 2013; Janzen, Ponder, Bailey, Ingison, & Suslick, 2006; Li et al., 2014).  

Researchers have developed various dye-based colorimetric arrays for the discrimination 

of organic volatiles (Janzen et al., 2006), organic compounds in water (Zhang & Suslick, 2005), 

soft drinks (Zhang & Suslick, 2007), and coffee (Suslick, Feng, & Suslick, 2010). These arrays 

were based on specific chemical interactions between analytes and dyes, including hydrogen 

bonding, Lewis acid-base, dipolar changes, and π-π interactions (LaGasse, Rankin, Askim, & 

Suslick, 2014). These arrays are developed mainly for single-use to discriminate test specimens, 

but may not be optimal for continuous freshness monitoring.  

In the present study, a reversible array indicator was developed to detect NH3 and CO2 in 

air, for applications such as to monitor the freshness of food products that produce NH3 and CO2 

during spoilage and in MAP applications involving CO2. The main objective of this study is to 

develop a reliable indicator array to discriminate NH3, CO2, and their mixtures, that can be 

applied to relate the freshness of foods. To this end, a 4×4 colorimetric array indicator was 

fabricated based on pH-sensitive dyes, and tested at different temperatures. Storage tests were 

performed to verify its reusability and stability. 
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4.2 Materials and Methods 

4.2.1 Materials 

pH dyes and tetrabutylammonium hydroxide (TBAH) (1.0 M in methanol) were 

purchased from Sigma-Aldrich Corp. (St. Louise, MO, USA). Ethylcellulose (EC) (Ethocel Std. 

4, The Dow Chemical Company, Calgary, AB, Canada), 1-butanol, sodium carbonic, 

concentrated sulfuric acid (H2SO4), concentrated hydrochloric acid (HCl), ammonia solution 

(28.7%), and anhydrous ethanol were purchased from Fisher Scientific (Ottawa, ON, Canada). 

Plastic transparency films (poly(vinyl chloride), 0.098 mm thick, M280/01) were from Klöckner 

Pentaplast (Oshawa, ON, Canada). 

 

4.2.2 Chemicals and stock sensing solution preparation  

The EC stock solution (10% w/w) was prepared by dissolving 1 g of EC in a 1:2 

ethanol:1-butanol blend solvent (3 g ethanol and 6 g 1-butanol). The solution was stirred until 

EC was fully dissolved. Dye stock solutions were prepared by dissolving 15 mg of indicator dyes 

in 1.5 mL ethanol. The indicator dyes used are shown in Table 4.1 and their sensitive pH ranges 

and pKa values are listed in Table 4.2. Sensing stock solutions were prepared by adding 0.5 mL 

of the dye stock solution and 125 µL of doping solution (38% HCl or TBAH) to 2.5 g 10% EC 

stock solution. To evaluate the effect of the doping solution, another set of dyes were prepared 

by replacing the doping solution with the ethanol:1-buthanol blend solvent. Thus, 16 sensing 

solutions were prepared, each of which was used for preparing elements in the indicator array. 
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Figure 4.1 Position assignments of sensing elements of a 4 x 4 array indicator 
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Table 4.1 Dye formulations used for indicator array 

Array element position Dye formulation 

[A1] Universal Indicator + TBAH 

[A2] Phenol Red + TBAH 

[A3] Thymol Blue + TBAH 

[A4] m-Cresol Purple + TBAH 

[B1] Thymol Blue + 38% hydrochloride acid 

[B2] Phenol Red + 38% hydrochloride acid 

[B3] Methyl Red + 38% hydrochloride acid 

[B4] Chlorophenol Red + 38% hydrochloride acid 

[C1] Universal pH Indicator (2-10) 

[C2] Dimethyl Yellow 

[C3] Methyl Red 

[C4] Chlorophenol Red 

[D1] Methyl Orange 

[D2] Phenol Red 

[D3] Thymol Blue 

[D4] m-Cresol Purple 

TBAH: 1.0 M tetrabutylammonium hydroxide in methanol  
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Table 4.2 Sensitive pH range and pKa of the selected pH dyes 

pH dye 
Structures1 pH range2  pKa

2 

Color2  

Phenol red 

 

6.4-8.0 7.4 Yellow-

Red  

m-Cresol 

purple 

 

7.4-9.0 8.32 Yellow-

Purple 

Chlorophenol 

red 

 

4.8-6.4 6.0 Yellow-

Violet 
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Thymol blue 

 

8.0-9.6 

 

1.2-2.8 

8.9 

 

1.6 

Yellow-

Blue 

 

 

Red-

Yellow  

Methyl red 

 

4.4-6.2 4.95 Pink-

Yellow  

Methyl 

orange 

 

3.1-4.4 3.4 Pink-

Yellow 

Dimethyl 

yellow 

 

2.9-4.0 3.3 Red-

Yellow 

1 Adapted from http://www.chemspider.com; assessed on 22 Apr 2016; 2 Sabnis, 2007 

 

4.2.3 Fabrication of the array indicator  

To prepare the indicator array, a plastic capillary tube (Kunststoff-Kapillaren, 20 µL 

inner diameter, Fisher Scientific, Ottawa, ON, Canada) was used to transfer approximately 1 µL 

the sensing solutions onto the surface of a plastic transparency film, following the array pattern 

as illustrated in Figure 4.1. The array indicators were then placed in a 45℃ vacuum oven for 4 h 
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to remove the solvent, followed by storage in a nitrogen-flushed air-tight container in the dark 

for 24 h before testing.  

 

4.2.4 Evaluation and discrimination of different analytes  

The experimental setup for detection is illustrated in Figure 4.2. Four indicator arrays 

were mounted onto the walls of a 250 mL clear French square glass bottle (Fisher Scientific, 

Ottawa, ON, Canada) equipped with a PTFE lined closure. To generate CO2 in the bottle, various 

known amounts of sodium carbonate (Na2CO3) and 6 N H2SO4 solution were added. To generate 

NH3 gas in the bottle, various amounts of 28.7% ammonia solution were added. Images of the 

array indicators, before the exposure to the test gases, were acquired by using a digital camera 

(DMC-FZ 50, Panasonic Canada Inc., Mississauga, ON, Canada). The indicators were then 

exposed to the test gases for 10 and 30 min for CO2 and NH3, respectively, to ensure that the 

color change has reached equilibrium. Photographic images of the indicators were taken again 

and compared with those taken before the test gas exposure. PhotoshopTM software was used to 

analyze the color of each of the elements on the array indicators, using the RGB color model. 

Color change for each of the elements was calculated by subtracting the images before gas 

exposure from those after the exposure. All data was collected from 3 trials with 4 replicates in 

each trial. Tests were conducted at 4 and 25℃. 

RGB values for each of the elements, around the central portion of the element, were 

determined using PhotoshopTM software. Standardized images of the array indicators, before and 

after exposing to the test gases, were created by using the averaged RGB values from four 

replicates. Color change of the array indicator was then determined by subtracting the 

standardized image before with that after the exposure, i.e., red value of the “after” image minus 
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red value of “before” image, and likewise for the green and blue values. This procedure resulted 

in ∆RGB patterns (Figure 4.2).  

 

 

Figure 4.2 Schematic diagram showing the conversion of images for the array indicator into 

∆RGB pattern after the exposure to test air samples containing NH3 and/or CO2 

 

4.2.5 Stability and reusability tests  

To test the stability of the array indicator, four indicator samples were packaged in 

multiplayer vacuum pouches (laminated nylon and polyethylene film) using a vacuum sealer 

(V3460, FoodSaver, ON, Canada).  Another four unprotected indicator samples were exposed to 

ambient air. Samples were stored either at 4 or 25℃ in the dark for 20 days. Color responses 

were evaluated at predetermined time intervals.  

To evaluate the reusability of the indicator, the indicators were exposed to 20 µg/mL of 

NH3 or 20% CO2 in a glass bottle, at either 25 or 4℃. When the color changes were stabilized, 
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the images of the indicator were taken. The same indicators were then removed from NH3 and 

allowed to recover to their original color (~5 min), following which the indicators were placed 

back into the storage bottle and continued with the storage experiment. The same process was 

repeated on day 4, 9, 14, and 19 during the storage. The differences in color were analyzed as 

described above. 

 

4.2.6 Statistical Analyses  

Principal component analysis (PCA) was used to analyze the ∆RGB datasets (Tables A10 

and A11) in order to reduce dimension and discriminate the ∆RGB patterns. Pirouette v.4.0 

software (Infometrix Inc., woodinville, WA, USA) was used for the statistical analysis without 

preprocessing of the datasets.  

 

4.3 Results and Discussions 

4.3.1 Design of the array indicator  

 The sensing mechanism for the array indicator was based on pH change of the dyes due 

to solubilisation of acidic CO2 and/or basic NH3 gases into the array elements. To enable CO2 

detection, pH dyes in several elements (Row A, Figure 4.1) within the array were doped with 

organic alkali TBAH to increase the pH of the dye system to around 12 (Mills, Chang, & 

McMurray, 1992). When CO2 dissolved into the dye formulation, the pH drop resulted in color 

change. Likewise, dyes in the sensing elements (Row B, Figure 4.1) intended for the detection of 

NH3 were doped with hydrochloric acid to lower the pH of the dye system to approximately 2, 

rendering the dye sensitive to alkaline gases. Other elements (Row C, and D, Figure 4.1) were 

not doped with neither TBAH nor hydrochloric acid would respond to other acidic and alkaline 
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gaseous species depending on their sensitive pH ranges.  

 The events that take place prior to color changes in the pH dye systems can be 

summarized as follows (Mills & Skinner, 2010): 

 

CO2(g) CO2(aq)      Eq. (4.1) 

CO2(aq) + H2O(l) H+
(aq) + HCO3

-
(aq)   Eq. (4.2) 

H2CO3(aq) H+
(aq) + HCO3

-
(aq)    Eq. (4.3) 

HCO3
-
(aq) H+

(aq)
 + CO3

2-
(aq)    Eq. (4.4) 

NH3(g) NH4(aq)      Eq. (4.5) 

NH3(aq) + H2O(l) NH4OH(aq)    Eq. (4.6) 

NH4OH(aq) NH4
+

(aq) + OH-
(aq)    Eq. (4.7) 

 

The water required in these reactions can be derived from moisture in the air. However, since the 

RH of the package headspace can vary substantially, the availability of water may be limited for 

the dissociation reactions, especially when the pH dyes are exposed to low RH conditions. The 

incorporation of phase transfer agent (PTA), TBAH, into the formulation will help overcome this 

limitation by providing a small amount of water of solvation molecules sufficient for the proton 

transfer to take place. Moreover, PTA also forms ion pair with the dye molecule, facilitating its 

dispersion of the polar dye into the relatively hydrophobic EC polymer matrix (Mills, 1992; 

Mills, Chang, & McMurray, 1992). EC was used as an encapsulant to prevent the leakage of dye, 

which it is safe for food contact applications (Cellulosics, 2005). In the color changing reaction, 

the pH dyes are either protonated due to protons generated via reactions shown in Eqs. (4.1)-

(4.4) or deprotonated due to reactions shown in Eqs. (4.5)-(4.7) that generate hydroxide ions. 
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4.3.2 Discrimination of NH3 gas of different concentrations  

The ∆RGB patterns of indicators exposed to headspace air samples with different NH3 

concentrations are summarized in Figure 4.4. As shown, at 25℃, weak signals were mainly 

derived from elements in Row B that are doped with acid under low NH3 condition, except [B3] 

(methyl red doped with HCl) which showed minimal response to NH3 concentration variation 

(Figure 4.4, Table 1). The minimal response of [B3] might be due to the interaction of carboxylic 

acid group in methyl red (Table 4.2) with the alcohol group in EC (binder polymer in sensing 

solution) (Figure 4.3). The added HCl might have promoted the following Fisher-Speier 

esterification reaction in the methyl red dye solution (Li, 2014): 

 

 

Eq. (4.8) 

 

Because of this reaction, the methyl red dye might have been inactived, rendering it insensitive 

to NH3. During the preparation of [B3] sensing solutions, the dye solution (ethanol, methyl red 

EC) was red in color, suggesting that the dye was protonated (Table 4.2). However, the sensing 

solution turned into yellow when the HCl was added, implying that the dyes must had already 

been deprotonated before being exposed to NH3, and thus reducing its sensitivity. 

 At 25oC, above 5 µg/mL concentration, elements from Rows C and D began to exhibit 

color change, with 30 μg/mL displayed the greatest ∆RGB signals. Row A showed nearly no 

response to NH3, which is expected because these sensing elements were doped with organic 
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alkaline. On the other hand, at 4℃, the elements tended to respond stronger to low NH3 

concentrations than those tested at 25oC, especially in Rows B, C and D. Several elements ([B4] 

and [C4]) reached saturation when exposed to less than 10-15 µg/mL of NH3. The overall 

stronger array signal at 4oC is consistent with the higher solubility of NH3 in the polymer matrix 

and dye system at lower temperature (more discussions in the following sections). 

 

 

Figure 4.3 Chemical structure of ethyl cellulose (source: Cellulosics D. ETHOCEL™, 2005) 

 

To better understand the relative contribution of the sensing elements in the detection of 

NH3, ∆E value for each of the sensing element was calculated: 

 

∆E = √(𝑅0 − 𝑅1)2 + (𝐺0 − 𝐺1)2 + (𝐵0 − 𝐵1)2   Eq. (4.9) 

 

where the subscripts “0” and “1” represent the R, G, and B values before and after the exposure 

to NH3, respectively. ∆E values for each element, as affected by the concentration of NH3, are 

summarized in Figure 4.5. In general, the ∆E values followed similar trend as the ∆RGB array 

patterns. Elements [B1], [B2], [B4], [C3], [C4] and [D2] displayed strong color change after the 

exposure to NH3, with [C4] exhibited the strongest signal. On the other hand, Row A, [B3], [C1], 
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[C2] and [D1] exhibited weak color changes. The signals tended to be more intense at 4℃ than 

that at 25℃. Comparing elements [B2], [B3], and [B4] that were doped with HCl with those 

containing the same pH dyes but without the dopant ([D2], [C3], and [C4], respectively), it is 

evident that the doped elements exhibited lower ∆E value. This observation was likely caused by 

the presence of excess HCl that neutralized the dissolved NH3 for elements [B2] and [B4], 

reducing the sensitivity of the dye. The possible reactions involved are as follows (Malins, 

Butler, & MacCraith, 2000; Mills, Wild, & Chang, 1995): 

 

NH3(aq) + H+ NH4
+   Eq. (4.10) 

NH3(aq) + HD NH4
+D-   Eq. (4.11) 

 

where HD refers to pH dyes, and H+ is the proton from HCl. On the other hand, HCl-doped 

thymol blue ([B1]) had a higher ∆E values than the un-doped counterpart ([D3]). With a pH 

sensitive range of 1.2-2.8, doping thymol blue with HCl to reduce the pH below its pKa value 

(1.6, Table 4.2) would be desirable, because the reaction of the doped dye with NH3 would 

produce sufficient deprotonated species to induce a large color change. These results indicate 

that doping with acid in dye systems of sensing elements can either impede or improve the 

sensitivity towards alkaline volatile compounds; for pH dye with a relatively lower pKa (1~2), 

doping with acid can improve their sensitivity to alkaline volatile compounds. However, for 

those pH dyes with a relatively higher pKa (6~8), doping them with acid can impede their 

sensitivity towards alkaline volatiles. This phenomenon can be exploited to alter the sensitivity 

of the sensing elements in different pH ranges of interest. 

 



80 
 

 

Figure 4.4 ∆RGB patterns of array indicator obtained by subtracting standardized array images 

before and after the exposure  to air samples containing different concentrations of NH3 at 25 and 

4oC. 
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Figure 4.5 Euclidean distance values of the array elements after exposing to different 

concentrations of NH3 at 25 and 4℃ 
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To evaluate the ability of the array indicator to discriminate air samples with different 

NH3 concentrations, PCA was conducted (Figure 4.6). For tests conducted at 25℃, the score plot 

for the first two principle components (PC1 and PC2) shows two clusters corresponding to 3-5 

µg/mL and 10-30 µg/mL of NH3, with the main difference along PC2 (21.2%) (Figure 4.6). For 

samples tested at 4℃, the PCA score plot shows three clusters corresponding to 3 µg/mL, 5-10 

µg/mL and 15-30 µg/mL of NH3 (Figure 4.6). Previous studies have shown that meat products 

(e.g., seafood) with NH3 concentration in the headspace of higher than 20 µg/mL are no longer 

considered as acceptable (Sarnoski, O’Keefe, Jahncke, Mallikarjunan, & Flick, 2010; Kuswandi 

et al., 2012; Ellis & Goodacre, 2001). The ability of the array indicator to distinguish low (3-10 

µg/mL) and high (15-30 µg/mL) concentrations of NH3 may provide an avenue for making 

“acceptable/not-acceptable” decision when evaluating the freshness of meat products. For the 

array indicator, at 25℃, 91.8% of the variance within the database is contained in the first 9 PCs. 

90.8% of the variance is contained in the first 8 PCs at 4℃. However, electronic noses typically 

have 95-99% variance explained in their first two PCs (Janzen et al., 2006). The indicator array 

presented strong discrimination ability using less than 70% variance of the database (PC1 and 

PC2).  
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Figure 4.6 First and second principal components score plots of color change responses of array 

indicators exposure to air samples containing NH3 at different concentrations: A1 (3 μg/mL), A2 

(5), A3 (10), A4 (15), A5 (21), A6 (25), and A7 (30) at 25 and 4℃. 

 

 

4.3.3 Discrimination of CO2 gas of different concentrations 

 CO2 is an important antimicrobial gas used in MAP of fresh fruits and vegetables, 

typically in 5 to 20% concentration range (Kader, Zagory, Kerbel, & Wang, 1989) and for meats, 

20 to 30% (Jakobsen & Bertelsen, 2000). Therefore, indicators capable of discriminating air 

samples with CO2 concentrations ranging from 1 to 40% would be useful for many MAP 

applications.  

TBAH-doped dyes from Row A (Figure 4.8).  The ∆E values followed a similar profile (Figure 

4.9), showing that elements [A1], [A2], [A3], and [A4] responded to changes in CO2 

concentration with [A4] showing the highest ∆E value while [A1] the lowest. This observation 

can be explained on the basis that these four elements were doped with alkaline TBAH, i.e., the 

dyes were deprotonated, rendering them sensitive for the detection of acidic CO2. Considering 



84 
 

that the pKa of the dissolved CO2 is 6.35 (Silberberg, 2007), dyes optimal for CO2 sensing should 

have a pKa value greater than 6.35, such that a maximal color transition is observed upon 

reacting of CO2. As shown in Table 4.2, phenol red, thymol blue, and m-cresol purple ([A2], 

[A3], and [A4] respectively) have pKa values of 7.4, 8.9, and 8.32 respectively, which are all 

higher than the pKa of carbonic acid, consistent with this requirement. The chemical structures of 

these dyes are highly similar with different benzene substituents (Table 4.2), suggesting that the 

sulfonephthalein structure is useful for the detection of CO2. Cresol red (pKa = 8.46), with a 

similar sulfonephthalein structure (Figure 4.7), has been reported to be useful for the detection of 

CO2 in air (Mills, Grosshans, & Skinner, 2014).  

 

Figure 4.7 Chemical structure of cresol red (source: http://www.chemspider.com; accessed on 

24 Apr 2016) 

 

 

 

http://www.chemspider.com/
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Figure 4.8 ∆RGB patterns of array indicator obtained by subtracting standardized array images 

before and after the exposure to air samples containing different concentrations of CO2 at 25 and 

4oC. 
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Figure 4.9 Euclidean distance values of the array elements after exposing to different 

concentrations of CO2 at 25 and 4℃ 
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In Figure 4.9, the overall higher ∆E values at 4℃ than those at 25℃ can be attributed to 

the higher solubility of CO2 in the element matrices at lower temperatures (Cotton, Wilkinson, 

Murillo, Bochmann, & Grimes, 1999), increasing the concentration of reactant and enhancing the 

reaction rate. Principal component score plots of ∆E data tested at both 25 and 4℃ are 

summarized in Figure 4.10. At 25oC, PCA discriminated the color change into two CO2 

concentration clusters, one below 3% and the other 3% and higher. By contrast, at 4oC several 

distinctive clusters are discernible, with a considerable overlap in 15 to 30% concentration range.  

These results indicate that the indicator potentially could be used as an indicator to validate the 

CO2 concentration in MAP of fruits and vegetables, which is often stored under refrigerated 

conditions (Stammen et al., 1990; McMillin, 2008). The array indicator potentially can be used 

for the detection of CO2 generated from microbial activities in foods due to spoilage due to its 

sensitivity at low CO2 concentration (< 1%) (Figure 4.8). 
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Figure 4.10 First and second principal component scores plot of color changes of indicators 

exposure to CO2: B1 (1%), B2 (3), B3 (5), B4 (10), B5 (15), B6 (20), B7 (30) and B8 (40) at 25 

and 4℃ 

 
 

4.3.4 Discrimination of NH3 and CO2 mixtures 

Spoilage of fresh meats results in the formation of ammonia and other amines by 

enzymatic and bacterial activities (Eom, Hyun, Lin, & Kim, 2014). In meat products, MAP 

packaging with an elevated CO2 composition is common to inhibit the growth of spoilage 

microorganisms. In this typical of MAP system, elevated ammonia concentration and reduced 

CO2 concentration in the package headspace could be indicative of compromised package or 

expired products (e.g., leakage, inadequate packaging barrier properties, suboptimal gas 

mixture). Therefore, array indicators capable of reacting with NH3 and CO2 in package 

headspace air would be beneficial for continuous monitoring of product freshness. 

Figure 4.11 summarized the ∆RGB patterns of the array indicator when exposed to air 

samples containing different concentrations of NH3 and CO2. At 25 ℃  and low NH3 

concentration (5 µg/mL), signals were mainly derived from Row A. Moreover, variation in CO2 



89 
 

concentration from 5 to 20% concentration did not result in detectable changes in color. Row B 

started to exhibit signals when the indicator was exposed to higher concentration of NH3 (21 

µg/mL), while the effect of CO2 concentration was minimal. These results show that, in the 

concentration rages tested, the color changes were mainly determined by the presence of NH3, 

but not the presence of CO2.  By contrast, at 4℃, more striking changes in ∆RGB patterns were 

observed than those at 25℃. The general signals of the array indicator were more intense than 

those at 25℃, consistent with the fact that the solubility of these gases in the EC polymer 

increased as the temperature decreased. Row B exhibited increased signal upon the exposure to 

mixtures containing 21 µg/mL of NH3. Increasing CO2 concentration also resulted in increased 

signals from rows C and D, which were not detected when tested at 4oC. These trends are 

consistent with the ∆E values of the array elements (Figure 4.12). The different ∆E profiles 

observed can be attributed to the complex interactions between NH3 and CO2 at different 

temperatures, beyond just the protonation/deprotonation reactions in the pH dyes. For instance, 

besides the aforementioned reactions (4.1)-(4.7), it is conceivable that CO2 and NH3 can react 

according to: 

 

CO2 (g) + NH3 (aq) + H2O (l) ↔ NH4HCO3 (aq)    Eq. (4.12) 

 

This is a known reaction involving in scalping of CO2 by aqueous ammonia (Liu et al., 2009). 

Therefore, it is reasonable to speculate that competitive reactions existed between NH3 with the 

indicator dyes and the dissolved CO2. Other phenomena that dictated in the ∆E profiles could be 

related to the different permeation rates of CO2 and NH3 in EC, as well as the reaction of NH3 

with HCl dopant. 
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 The different ∆E values observed at 4 and 25oC can be attributed to the temperature-

dependent solubility of the gaseous analytes in water. According to the Henry’s law, NH3 has a 

Henry’s Law solubility constant (H) of 0.59 mol/(m3∙Pa) while CO2 3.3×10-4 mol/(m3∙Pa) at 

25℃ (Sander, 1999), implying that NH3 is more soluble in water than CO2. The H value is 

temperature dependent, and the relationship can be described with Van’t Hoff equation (Atkins, 

1986; Sander, 1999):  

 

𝑑 𝐼𝑛 𝐻

𝑑 (1/𝑇)
=  

−∆𝑠𝑜𝑙𝐻

𝑅
   Eq. (4.13) 

 

where ∆sol H is the enthalpy of dissolution, and R is the gas constant, 8.314 J/(mol∙K). The d (In 

H)/ d (1/T) values for NH3 and CO2 are 4200 and 2400 K, respectively (Sander, 1999). From 

these values, the calculated H values for NH3 and CO2 at 4℃ are 1.71 and 6.1×10-4 mol/(m3∙Pa), 

respectively. Thus, the solubilization of NH3 is more sensitive to temperature change than CO2. 

The substantial increased in solubility of NH3 as temperature decreased explained the 

observation that Row B exhibited signals towards low concentration of NH3 (5 µg/mL) at 4℃ 

while presented nearly no signals at 25℃. 
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Figure 4.11 ∆RGB patterns of array indicators obtained by subtracting standardized array 

images before and after the exposure to air samples containing both NH3 and CO2 at 

different concentrations.  
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Figure 4.12 Euclidean distance values of the array elements after exposing to different 

mixtures (NH3, μg/mL, CO2, %) at 25 and 4℃ 

 

At 25℃, PCA score plots showed two separate clusters due to variation in NH3 

concentration (21 and 5 µg/mL) (Figure 4.13). At 4℃, the array indicator exhibited 

weaker discrimination ability towards mixtures. There were two groups with some 

overlapping area representing mixtures with higher CO2 concentration (20-40%) mixtures 

and mixtures with lower CO2 concentration (1-5%) and lower NH3 concentration (5 
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µg/mL) respectively. However, the array indicator could not distinguish between 

mixtures with the same concentration of CO2, but with either a higher NH3 concentration 

or a lower NH3 concentration. This inability to discriminate might be because the NH3 

concentration was much lower than CO2, and a lower temperature leads to a quicker 

diffusion and absorption of CO2, which might have masked the response of the arrays to 

NH3. Also, the array exhibited higher sensitivity at 4℃ , and tended to be saturated 

towards lower concentrations of CO2 (5%) and NH3 (5 μg/mL). The indicator array 

correctly discriminated the mixture consisting of 21 µg/mL NH3 and 5% CO2 from the 

mixture consisting of 5 µg/mL NH3 and 20% CO2 at 25℃. This characterization makes 

the array indicator to be promising in the MAP application at 25℃ as it can differentiate 

between two mixtures indicating either a fresh food headspace or a leaking packaging.  

 

Figure 4.13 First and second principal component scores plot of color changes of 

indicators exposure to gas mixtures at 25 and 4℃ : NH3, μg/mL, CO2, %: C1 (5, 20), C2 

(5, 5), C3 (21, 5), C4 (21, 20), and C5 (21, 40) 
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4.3.5 Stability of the array indicator  

The reusability of the array indicator is important for reversible applications, such 

as for long-term monitoring of products. To evaluate their reversibility and stability, the 

indicators were first exposed to 21 μg/mL NH3 immediately after manufacturing, allowed 

to degas in the air for 15 min at room temperature, and then stored in dark at 25 or 4℃, 

for up to 19 days. During the storage, the indicators being exposed to 21 μg/mL NH3 

periodically, and the color responses were recorded. As shown in Figure 4.14, there were 

no detectable differences between response patterns throughout the storage period. 

Similar experiment was conducted with the indicator array by exposing them to 20% 

CO2. The results followed a similar tends as NH3 (data not shown). These results indicate 

that the array indicators could be re-used and remain stable during the 19-day storage 

period. Furthermore, indicators sealed in plastic bags in vacuum or air showed nearly no 

discoloration and still be sensitive to 21 μg/mL NH3 and 20% CO2 at both 25 and 4℃ 

when stored under a dark environment for at least 20 days (data not shown). 
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Figure 4.14 ∆RGB patterns of array indicator upon exposing to 20 µg/mL of NH3 during 

19 days storage period. 

 

 

4.4 Conclusion 

In summary, a colorimetric array indicator has been successfully developed for 

identification of NH3, CO2 and their mixtures. The array was composed of a series of pH 

dyes with or without dopants to provide unique response patterns of color changes 

because of the interactions between analyte gases and the pH dyes. The array indicator 

exhibited higher sensitivity at lower temperature, with markedly different ∆RGB patterns 

between NH3 and CO2. Acid doping can be used to alter the sensitivity of the dye system 

towards detection of NH3. Through multivariate analysis, the array indicator separated 

the NH3 from CO2 at both 25 and 4℃. Also, the array discriminated between higher than 

15 µg/mL of NH3 from those lower than 15 µg/mL at 4℃, as well as air samples with 

lower than 5% of CO2 from those higher than 20% CO2 at both 25 and 4℃. As for the 

NH3 and CO2 mixtures, the indicator array correctly discriminated the air samples 

consisting 20.5 µg/mL NH3 and 5% CO2 from the mixture consisting 5 µg/mL NH3 and 
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20% CO2. These results show the potential application of the array indicator in MAP 

systems for food. The storage tests showed that the array indicator was stable (at least 20 

days) and reusable (at least 19 days) during storage and application. At this time, the 

interference effects from other volatile compounds are unknown. Further study related to 

this area is needed. Considering the low cost and the simple manufacture process, the 

array indicator is promising for intelligent packaging applications.  
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5. Overall conclusions and future directions  

 Traditional food packaging is developed to contain and protect the food products, 
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as well as provide essential product information to the customer. Intelligent packaging 

enhanced the performance of traditional food packaging by providing the consumers with 

the actual quality information of the product. This study investigated the feasibility of 

colorimetric indicators for intelligent food packaging by studying different chemo-

responsive dyes for the detection of NH3 and CO2, which are two important gases in 

many food products indicative of freshness or spoilage. 

In the first part of this study, a colorimetric CO2 indicator was developed by using 

a commercial printer, which can be scaled up to production easily. To prepare the 

printable inks, responsive inks were prepared by incorporating pH dyes and a phase 

transfer agent, TBAH, into ethyl cellulose solution using 1:2 ethanol:1-butanol solvent. 

The effects of printing substrate and printed cycles were investigated. Indicators printed 

on pure cellulose porous papers had a higher sensitivity, more intense response, economic 

friendly, low cost and industrial producible compared to those on plastic transparency 

films. The bubble jet printer allowed precise control of different combinations of sensing 

solutions, allowing the preparation of multiplexed indicators with variable sensitivity 

towards CO2. 

 The second part of this study focused on the development and characterization of 

an array indicator for the detection of NH3 and CO2. Instead of using two single 

indicators in the packaging for NH3 and CO2 respectively, a detection array indicator of 

both gases was developed for sensing complex gas typically encountered in package 

headspace. The chemical sensing formulations for the array indicator were prepared by 

combining pH dyes and a binding polymer, with or without the addition of either HCL or 

TBAH dopant. Various combinations of sensing dyes were applied onto plastic 
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transparency films with the aid of a capillary tube to produce array indicators consisting 

of 4x4 elements. Digital images of the indicator array, before and after the exposure to 

test analytes, were taken to monitor the change in color for each of the array elements. 

The array indicator provided unique ∆RGB patterns for NH3, CO2 and their mixture. 

Furthermore, the array indicator showed higher sensitivity at a lower temperature. From 

PCA plots, at 4℃, the array indicator clearly discriminated NH3 concentration higher and 

lower than 15 µg/mL, which is a critical concentration to indicate the freshness of meat 

products. For CO2, at both 25 and 4℃, the array indicator could discriminate air samples 

with lower than 5% CO2 from higher than 20% CO2, which is useful for the detection of 

the integrity of MAP systems. As for the mixtures, the indicator array differentiated 

scenarios of high NH3/low CO2 and low NH3/high CO2 combinations at both 

temperatures. These results suggest that the array indicator can potentially be useful for 

intelligent packaging of food. 

 Based on the results gathered during this research, there are some areas that 

require future investigation. First, a strategy is needed to integrate these indicators into 

packaging systems that is flexible, easy to handle and cost effective. For the printed CO2 

indictors, it can be directly printed on the surface of the packaging whose material should 

be gas-permeable but strong enough to contain the food. The influence of +the packaging 

materials on the indicator performance need to be further explored. As for the array 

indicator, it can be adhere to the inside of packages in order to sense the head space. 

Here, a transparent material will be desired to allow the observation of the indicator 

changes. Many other reasonable designs could be tested in future studies. Secondly, 

future work is desired to improve the performance of indicators, including their 
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sensitivity, color response and stability. To improve sensitivity, potentially electrospun 

fibers could be used to increase the surface area of the indicator. Intense color change of 

indicators is desirable for visual detection. Thus, further studies of dye-polymer 

interactions in matrices to understand how polymers affect the color response of the 

indicators could be useful for performance improvement. Stability of the indicators 

observed in this study was adequate when stored in a dark environment. However, more 

studies are needed to improve the stability of the indicators when they are exposed to 

light, especially conditions that are similar to the product shelving Thirdly, as the real 

food headspace is very complex, it is important to evaluate the interference of other 

volatiles on analyte-indicator interactions. Fourthly, further studies are needed to simplify 

the array indicator for visual interpretation. The 4×4 indicator array studied will likely be 

too complex for consumer to interpret. It may be helpful to multiplex several elements 

together as one, and reduce the dimension to for example a 1×3 array which will be 

much easier to read. Lastly, verification of indicator performance using real food under 

storage conditions is needed. The food systems to be studied could be fresh vegetables, 

meat products with MAP system and cheese, because their packaging systems all involve 

CO2 and NH3 in the headspace during storage. Product type, size of package headspace, 

quantity of product, packaging conditions and storage conditions (temperature and light) 

are critical parameters to be addressed in future studies of real food systems. 
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Appendices 

A3.1 SAS output for surface response analysis for optimization of printable inks 

A3.1.1 The RSREG Procedure  

Table A1 Coding coefficients for the independent variables 

Factor Subtracted off  Divided by  

Dye concentration  0.060000 0.040000 

TBAH concentration  0.500000 0.300000 

 

Table A2 Model fitting statistic 

Residual  DF Type I Sum 

of Squares 

R-Square F Value Pr > F 

Linear  2 216.195209 0.2992 2.88 0.1221 

Quadratic  2 29.145687 0.0403 0.39 0.6918 

Crossproduct  1 214.567122 0.2970 5.72 0.0480 

Total Model 5 459.908018 0.6366 2.45 0.1368 

 

Table A3 Factor significance statistic 

Factor DF Sum of 

Squares 

Mean Square F Value Pr > F 

Dye 

concentration  

3 319.504550 106.501517 2.84 0.1154 

TBAH 

concentration 

3 351.519390 117.173130 3.12 0.0971 

 

Table A4 Model fitting statistic: response surface for response variable 

Response Mean 102.489631 

Root MSE 6.124352 

R-Square  63.66% 

Coefficient of Variation 5.9756 

 

Table A5 Regression coefficient analysis 

Regression  DF Type I Sum 

of Squares  

R-Square F Value  Pr > F 

Linear 2 216.195209 0.2992 2.88 0.1221 

Quadratic  2 29.145687 0.0403 0.39 0.6918 

Crossproduct  1 214.567122 0.2970 5.72 0.0480 

Total Model 5 459.908018 0.6366 2.45 0.1368 
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Table A6 Predicted regression coefficients 

Parameter  DF Estimate  Standard 

Error 

t value Pr > |t| Parameter 

Estimated 

from 

Coded Data 

Intercept  1 141.792888 22.899672 6.19 0.0004 102.083032 

X1 1 -585.999829 438.511151 -1.34 0.2232 -4.953511 

X2 1 -91.767087 60.864302 -1.51 0.1754 5.432452 

X1*X1 1 -1234.79880 2902.512497 -0.43 0.6833 -1.975678 

X2*X1 1 1220.675833 510.362687 2.39 0.0480 14.648110 

X2*X2 1 36.634711 51.600222 0.71 0.5007 3.297124 

 

 

 

Table A7 Estimated ridge of maximum response for variable Y (the color difference) 

Coded Radius Estimated 

Response  

Standard Error X1 X2 

0.0 102.083032 2.738894 0.060000 0.500000 

0.1 102.758985 2.728999 0.057742 0.524765 

0.2 103.362072 2.703886 0.057462 0.556902 

0.3 104.015155 2.677662 0.059177 0.589788 

0.4 104.799674 2.674597 0.061389 0.619547 

0.5 1.50739120 2.728174 0.063688 0.647428 

0.6 106.840769 2.875969 0.06606 0.674273 

0.7 108.107564 3.150070 0.068326 0.700502 

0.8 109.540930 3.568559 0.070645 0.726332 

0.9 111.141646 4.134539 0.072962 0.751892 

1.0 112.910176 4.841726 0.088122 0.712259 

 

 

A3.1.2 Canonical Analysis of Response Surface Based on Coded Data 

 

Table A8 Canonical analysis data 

Factor Critical Value  

Coded Uncoded  

Dye concentration -0.466454 0.041342 

TBAH concentration 0.212340 0.563702 

Predicted value at stationary point: 103.815089 
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Eigenvalues Eigenvectors  

Dye concentration TBAH concentration 

8.44834 0.575026 0.818135 

-7.123389 0.818135 -0.575026 

Stationary point is a saddle point  

 

 

 
Figure A1 Ridge of maximum Color difference  

 

A3.2 Analytes for the array indicator tests 

Table A9 Analytes for the array indicator tests 

Code A1n A2n A3n A4n A5n A6n A7n  

NH3, µg/mL 3 5 10 15 21 25 30  

 B1n B2n B3n B4n B5n B6n B7n B8n 

CO2, % 1 3 5 10 15 20 30 40 

 C1 C2 C3 C4 C5    

NH3 (µg/mL), 

CO2 (%) 
5, 20 5, 5 21, 5 21, 20 21, 40    

n= 1~4, refers to the quadruplicate samples 
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A3.3 Row database for PCA analysis of array indicators  

 

Table A10 ∆RGB values for the array indicator operating at 25℃ towards exposure to NH3, CO2, and Mixtures (Part1/4) 

 R1 G1 B1 R2 G2 B2 R3 G3 B3 R4 G4 B4 

A11 4.93 10.10 8.04 9.60 16.33 3.76 28.71 7.16 -0.79 30.27 15.40 -0.22 

A12 -8.72 -2.01 -1.70 6.52 2.56 8.35 -1.00 3.14 12.96 -20.57 -15.43 13.85 

A13 -10.26 -9.78 -14.22 -4.97 -5.15 -5.34 8.43 -7.86 -5.23 16.61 -1.96 -21.78 

A14 13.01 17.04 16.62 27.59 36.11 21.05 28.91 18.87 23.87 4.79 3.42 17.22 

A21 9.49 8.43 9.43 14.58 14.97 11.53 11.44 11.58 23.53 42.84 26.46 13.19 

A22 4.06 -0.20 -5.41 9.46 -2.94 1.17 27.59 1.20 -9.06 9.90 -9.04 -1.36 

A23 -7.90 0.41 -4.97 6.82 11.44 -2.24 -14.00 -9.82 10.46 22.16 6.92 0.82 

A24 24.10 21.66 14.70 25.92 12.28 17.55 36.44 7.95 -0.81 0.38 -16.40 -2.26 

A31 21.85 14.13 3.18 21.12 -3.64 12.68 35.95 22.79 28.57 44.21 15.14 9.28 

A32 3.65 5.03 2.51 22.99 12.55 13.58 24.93 13.08 17.39 25.51 4.42 16.21 

A33 21.85 14.13 3.18 20.42 -2.64 12.16 66.23 22.23 -3.99 44.03 14.75 9.59 

A34 1.88 4.60 1.20 22.80 12.63 12.85 23.96 12.73 16.81 24.23 3.19 16.52 

A41 -4.06 2.99 -0.80 11.20 -7.41 5.64 -21.74 -10.52 14.26 -1.86 -13.81 12.97 

A42 -5.08 5.11 3.78 16.36 -1.36 8.91 -18.47 -7.51 11.59 3.42 -12.15 10.39 

A43 -2.58 -3.94 -4.17 2.62 -12.58 -4.85 -16.86 -14.97 -0.52 -0.91 -15.41 1.81 

A44 -9.36 -9.67 -9.43 4.63 -6.08 -4.49 5.03 -5.26 6.71 -2.98 -17.26 7.87 

A51 2.09 -1.50 -0.15 3.54 -19.55 -4.00 -48.60 -39.86 -6.30 7.78 -11.71 6.08 

A52 -10.25 -7.43 -7.76 6.31 -16.68 -0.55 -35.77 -24.24 6.36 -1.83 -19.82 6.06 

A53 10.75 9.64 10.93 20.86 15.32 6.86 -23.95 -15.21 10.00 6.83 -13.19 11.52 

A54 -4.47 0.54 -1.38 17.95 8.53 7.20 -12.25 -6.95 14.77 -14.63 -26.29 7.97 

A61 0.90 -3.02 -11.68 7.33 1.15 -4.94 19.12 -5.93 -15.20 5.95 -8.69 -2.31 

A62 -2.46 2.13 -2.04 20.97 9.66 11.32 10.56 4.45 16.40 11.93 -8.16 4.47 

A63 11.09 9.58 4.28 13.02 -0.60 4.36 26.96 1.64 -10.30 3.58 -10.71 2.05 

A64 -5.94 -1.75 -3.67 16.74 10.41 5.02 7.12 1.29 17.66 15.35 -4.99 8.87 

A71 9.91 11.29 10.13 31.10 22.13 16.63 -11.25 -8.35 12.09 19.35 -5.25 15.70 

A72 -1.18 -1.64 -5.46 10.61 -17.80 -2.09 0.14 -11.44 -14.68 -0.72 -27.88 -13.62 

A73 1.78 3.90 0.76 21.48 16.14 4.32 -44.69 -30.14 -8.44 8.76 -15.09 -0.15 

A74 5.85 0.27 -1.05 18.19 19.73 -0.29 5.45 -8.91 -6.43 14.10 -14.38 -5.97 

B11 -11.20 -20.95 -39.85 8.25 11.87 -29.51 54.19 2.37 -52.98 75.45 37.82 -39.48 

B12 -12.98 9.18 -11.85 20.94 14.33 -13.56 62.43 8.04 -51.04 63.87 29.55 -39.25 

B13 1.06 -12.34 -30.62 -2.37 -8.93 -34.24 41.44 -5.78 -86.14 62.34 23.83 -48.85 

B14 3.42 -6.37 -25.04 14.10 14.76 -27.79 51.92 0.31 -59.41 58.62 19.57 -58.50 

B21 14.86 1.13 -16.24 39.13 58.97 -32.33 72.47 12.98 -54.78 99.24 54.69 -59.75 

B22 32.59 26.45 2.36 38.50 35.77 -20.92 65.28 8.01 -66.12 95.84 46.38 -63.81 

B23 8.88 2.85 -18.02 41.38 52.02 -30.59 80.29 23.27 -44.51 117.16 68.69 -50.22 

B24 26.08 11.51 -11.20 48.80 59.58 -29.35 81.98 23.64 -43.09 92.73 43.23 -82.11 

B31 29.07 21.21 -19.12 45.91 41.80 -25.02 81.31 20.01 -80.47 103.20 55.55 -69.33 

B32 8.28 -3.32 -43.13 19.20 13.62 -53.61 58.04 -1.36 -74.69 90.79 44.44 -61.48 

B33 -9.22 -18.74 -50.04 22.20 26.87 -59.99 63.40 6.46 -63.90 103.33 56.32 -50.11 

B34 10.87 -2.09 -25.77 28.36 22.60 -46.48 66.11 5.11 -79.08 87.29 40.73 -76.64 

B41 19.04 7.73 -29.69 40.97 72.04 -53.44 73.60 15.94 -73.18 108.87 59.28 -62.95 

B42 55.36 33.67 4.99 64.40 64.48 -45.60 86.19 27.90 -74.17 109.56 59.82 -71.15 
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B43 7.84 -7.31 -39.44 40.75 84.08 -89.44 59.66 -0.14 -67.89 99.01 49.41 -90.60 

B44 30.31 8.90 -24.55 44.43 69.15 -50.60 65.24 2.96 -69.16 101.61 49.68 -82.66 

B51 37.92 22.54 -22.49 65.96 96.58 -58.61 87.78 30.49 -52.10 117.38 68.45 -72.11 

B52 43.34 14.07 -53.15 47.62 88.60 -93.60 66.30 5.50 -55.48 98.10 47.81 -62.16 

B53 38.06 24.28 -18.22 59.72 67.68 -39.07 83.69 18.36 -92.95 109.38 58.17 -79.72 

B54 4.56 -13.12 -52.13 26.61 53.56 -65.69 52.76 -9.13 -86.97 90.05 37.99 -81.99 

B61 33.02 -4.49 -38.88 46.17 84.47 -79.07 76.14 11.85 -61.26 113.86 61.58 -57.32 

B62 16.71 2.30 -40.38 45.55 71.83 -45.65 83.25 21.26 -62.29 118.74 68.41 -65.84 

B63 21.65 6.44 -39.95 49.95 72.41 -42.03 80.52 20.90 -46.93 117.95 64.22 -57.25 

B64 16.80 2.49 -31.81 59.66 104.16 -51.48 83.85 23.61 -52.22 119.32 67.87 -68.24 

B71 21.50 -19.00 -5.82 45.19 91.58 -28.72 75.44 18.88 -43.36 100.59 49.30 -82.91 

B71 26.84 -8.71 -6.11 49.13 94.96 -20.58 74.92 16.24 -33.39 99.57 45.13 -81.47 

B72 2.14 -15.81 -53.86 42.34 87.22 -60.28 72.29 13.99 -46.87 115.08 58.64 -76.63 

B74 10.41 -4.96 -52.97 36.55 96.35 -77.15 81.93 13.88 -53.98 100.05 48.21 -79.19 

B81 35.13 11.96 -36.72 53.23 83.55 -88.46 75.85 13.97 -36.82 116.37 62.10 -63.29 

B82 24.04 -3.40 -29.62 52.68 92.52 -71.42 81.35 25.44 -33.95 112.98 61.07 -80.52 

B83 41.37 14.56 -27.35 60.02 103.51 -14.93 82.79 18.19 -58.41 135.99 83.24 -50.06 

B84 24.26 1.80 -22.89 51.80 90.68 -83.68 82.48 17.89 -55.55 128.86 73.04 -71.35 

C11 -3.19 -12.03 -38.47 7.02 31.36 -65.21 64.03 -0.15 -63.86 68.18 23.32 -73.97 

C12 1.87 -8.06 -38.03 7.84 16.45 -48.34 54.84 -3.43 -77.85 94.70 30.57 -83.03 

C13 9.68 -0.79 -23.63 14.85 42.36 -50.11 89.96 13.62 -43.83 66.85 21.54 -89.88 

C14 25.03 13.05 -14.35 32.50 50.56 -32.12 97.11 31.31 -62.32 92.69 41.89 -63.75 

C21 5.02 -6.00 -36.53 9.00 19.64 -26.59 68.23 17.16 -53.94 105.51 55.94 -56.17 

C22 9.30 -3.66 -29.09 13.50 20.37 -35.23 74.13 8.91 -59.22 94.46 39.37 -71.93 

C23 7.84 0.84 -25.14 16.89 22.26 -30.16 85.06 19.82 -61.77 72.71 26.56 -80.14 

C24 14.82 2.82 -21.76 16.00 26.00 -34.26 86.80 10.66 -72.89 81.85 32.18 -74.65 

C31 11.06 2.17 -18.81 14.14 22.35 -32.31 69.72 11.56 -60.45 75.26 31.49 -67.94 

C32 3.33 -4.78 -29.54 4.76 13.53 -31.98 69.71 4.88 -64.06 82.65 33.89 -84.02 

C33 4.32 -8.46 -36.98 10.74 16.49 -30.85 67.90 8.65 -60.58 82.97 32.18 -79.20 

C34 7.98 -5.14 -30.61 6.11 9.75 -30.10 68.35 3.72 -69.65 92.54 36.02 -96.46 

C41 17.87 3.86 -32.40 20.86 38.52 -36.85 80.50 17.25 -65.50 98.40 45.14 -74.71 

C42 23.09 4.27 -29.70 10.33 27.86 -45.76 98.56 17.74 -75.51 71.16 27.94 -59.95 

C43 20.87 8.94 -26.68 25.59 45.93 -44.45 62.26 11.90 -49.66 66.99 27.89 -53.96 

C44 27.45 9.67 -23.92 28.10 42.50 -33.86 102.29 25.73 -6.35 123.60 57.93 -87.95 

C51 2.69 -5.75 -24.78 29.34 63.85 -43.14 101.28 22.08 -33.80 85.52 38.30 -66.42 

C52 24.26 11.31 -26.81 19.97 36.80 -34.07 94.72 17.40 -64.14 110.31 45.72 -86.29 

C53 2.31 -2.25 -26.32 17.17 26.33 -49.89 53.04 5.77 -87.60 68.03 30.62 -73.84 

C54 30.74 15.03 -27.01 28.14 44.16 -30.73 90.86 21.46 -53.39 77.85 27.00 -80.48 
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Table A11 ∆RGB values for the array indicator operating at 25℃ towards exposure to NH3, CO2, and Mixtures (Part 2/4) 

 R5 G5 B5 R6 G6 B6 R7 G7 B7 R8 G8 B8 

A11 10.22 14.85 -54.17 4.14 -1.55 -37.93 6.87 7.96 -4.89 3.62 -5.31 -45.01 

A12 0.69 5.03 -59.52 2.41 -2.29 -41.51 1.30 9.50 -5.61 -18.62 -33.87 -16.78 

A13 -2.89 -2.35 -64.73 -5.66 -10.51 -39.49 -0.26 2.07 -0.91 -1.24 -11.12 -44.20 

A14 6.09 10.52 -63.36 4.40 -0.08 -43.02 5.96 14.53 -0.50 -26.85 -53.18 -36.57 

A21 17.06 17.98 -71.89 13.49 7.55 -23.95 14.45 29.38 35.48 -24.35 -48.14 -13.01 

A22 -2.67 -0.97 -74.36 -8.02 -29.38 -29.74 -1.53 20.31 23.19 -59.34 -93.73 -17.75 

A23 0.11 2.47 -60.23 -7.98 -12.99 -43.34 -6.32 6.42 16.91 -39.03 -59.44 -30.08 

A24 19.02 23.08 -50.14 5.77 -19.39 -21.36 -3.25 15.56 6.27 -64.59 -95.67 -25.82 

A31 12.08 15.02 -59.26 11.39 -9.58 -2.83 11.51 30.88 26.74 -26.18 -47.15 11.59 

A32 4.97 8.09 -61.99 2.87 -34.45 -29.05 10.94 30.29 12.32 -33.18 -57.77 3.92 

A33 12.12 14.75 -59.83 11.53 -10.98 -4.86 11.28 30.44 24.68 -28.75 -51.51 9.20 

A34 4.19 8.21 -62.84 2.61 -35.34 -28.43 11.33 29.41 9.87 -36.44 -64.31 3.14 

A41 5.90 6.41 -73.15 -5.35 -31.37 -23.86 -1.44 19.72 30.43 -55.51 -86.18 -15.68 

A42 2.04 4.80 -55.83 -2.32 -28.41 -21.83 -1.65 20.74 16.28 -66.10 -106.41 -23.12 

A43 0.24 5.31 -59.36 0.30 -23.91 -18.98 3.90 23.89 24.97 -49.57 -81.44 -4.75 

A44 -1.39 0.81 -75.52 -4.43 -25.72 -20.17 -0.93 20.25 19.28 -49.70 -75.17 -11.11 

A51 -0.55 4.75 -56.73 -4.69 -28.53 -18.49 -4.55 14.91 18.29 -54.80 -84.42 -14.79 

A52 -5.60 -0.83 -64.18 -7.85 -36.80 -26.42 -4.77 14.47 7.68 -48.67 -76.42 -9.56 

A53 13.00 18.59 -49.02 5.15 -19.05 -9.74 6.13 27.17 24.93 -59.61 -99.17 -11.35 

A54 -0.98 4.64 -58.86 -3.22 -28.26 -20.71 -3.22 18.64 11.15 -53.39 -83.04 -13.92 

A61 -7.53 -3.48 -61.90 -9.05 -25.46 -33.67 -5.62 10.77 19.37 -49.09 -77.65 -16.56 

A62 0.68 3.67 -61.49 -0.02 -33.96 -24.81 3.89 26.24 17.89 -43.14 -69.17 -6.18 

A63 4.74 1.69 -83.31 -10.70 -30.95 -42.36 -11.19 1.88 10.08 -59.48 -91.67 -25.65 

A64 0.15 3.86 -60.25 0.80 -21.68 -15.39 5.45 26.70 22.58 -46.98 -77.37 -4.87 

A71 5.38 12.58 -51.06 11.04 -10.40 1.37 9.40 29.44 34.72 -53.58 -89.41 -7.61 

A72 -2.21 4.12 -50.81 -7.00 -42.01 -26.10 -5.41 14.85 11.88 -63.17 -94.53 -21.53 

A73 1.92 7.80 -56.01 4.34 -20.65 -6.18 3.60 24.73 5.84 -50.55 -80.59 -7.48 

A74 -6.11 0.72 -62.47 -5.95 -35.37 -19.39 -2.07 20.13 18.72 -57.92 -88.97 -13.39 

B11 -11.79 -20.00 -38.53 -3.63 -6.06 -31.87 -4.34 -10.66 -3.36 1.23 0.78 -22.25 

B12 6.80 -9.07 -5.61 0.49 -1.29 -15.64 -0.04 -9.37 -0.34 -7.40 -8.58 -10.32 

B13 8.94 0.10 -21.39 3.78 1.86 -27.23 -1.01 -5.10 -4.00 -3.01 -6.70 -29.49 

B14 -3.39 -11.50 -11.42 -3.71 -3.83 -15.53 -5.31 -12.10 -7.95 -10.99 -11.21 -16.98 

B21 14.72 3.67 23.67 4.21 2.69 9.40 -5.41 -23.47 -19.25 -3.70 -2.87 10.46 

B22 6.54 -2.34 24.44 6.39 2.39 14.17 -5.03 -14.21 -9.10 -11.50 -12.54 7.12 

B23 5.62 -9.16 12.03 7.15 7.74 13.33 9.35 -5.03 0.58 14.22 15.66 30.53 

B24 13.72 -0.56 22.35 14.00 12.01 19.60 10.45 -1.51 1.93 -2.64 -0.79 14.07 

B31 15.90 2.97 26.82 10.65 10.48 17.94 11.49 -2.16 8.29 2.73 4.32 22.38 

B32 4.41 -9.98 14.30 -6.31 -8.13 5.55 -8.33 -19.64 3.92 -13.47 -14.26 1.01 

B33 1.77 -17.19 5.60 9.17 9.92 11.19 4.56 -0.89 11.20 4.54 5.30 18.48 

B34 -2.47 -18.49 6.81 0.82 0.69 1.13 -2.63 -1.55 20.47 -5.28 -6.79 7.66 

B41 18.21 2.89 31.03 10.40 9.91 10.47 10.44 -8.13 -9.06 -0.54 0.00 14.74 

B42 13.29 5.51 31.33 17.81 15.93 29.50 7.11 2.12 18.84 5.42 6.80 22.06 

B43 -0.27 -10.37 10.96 -8.73 -10.80 0.33 -10.64 -23.83 5.89 -5.86 -5.24 2.87 

B44 3.72 -5.76 19.44 0.12 -3.55 9.90 -4.18 -10.91 12.97 -7.18 -7.23 12.43 

B51 9.91 -1.56 22.90 4.63 4.08 16.93 0.70 -18.55 -0.11 3.54 5.09 19.15 

B52 3.30 -16.11 23.65 -1.02 -3.36 9.55 -4.12 -14.09 12.76 -5.06 -4.28 10.49 
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B53 20.73 11.56 8.62 13.40 12.40 21.05 12.04 -6.31 13.83 4.82 5.89 15.42 

B54 -4.49 -13.05 3.49 -4.62 -7.53 -1.21 -9.60 -18.29 2.12 -12.01 -12.33 8.21 

B61 3.75 -18.08 18.97 -0.78 -6.39 3.14 -0.99 -22.41 -0.23 -1.31 0.23 13.74 

B62 2.24 -17.64 10.94 2.14 -4.89 5.29 10.56 -2.72 12.86 8.50 9.14 21.18 

B63 6.88 -4.63 12.67 3.85 1.07 6.58 2.44 -12.13 4.24 -0.02 -0.60 11.61 

B64 7.40 -8.36 16.14 10.59 7.58 15.73 14.25 -6.12 11.32 8.84 9.58 16.76 

B71 -1.76 -15.50 13.00 0.82 0.97 18.55 6.73 -6.74 7.79 8.28 9.37 20.76 

B71 -0.10 -16.41 17.91 8.87 5.10 14.91 -5.69 -10.38 29.61 9.93 10.44 26.20 

B72 -4.89 -21.29 2.50 -2.77 6.08 15.08 7.76 -4.44 3.99 5.83 7.36 16.58 

B74 -4.30 -16.11 0.69 11.28 10.45 13.21 -3.99 -7.28 -1.19 13.37 13.72 32.11 

B81 4.44 -11.45 21.07 4.80 2.94 17.03 0.81 -14.14 -13.68 3.83 2.39 19.47 

B82 8.23 -7.00 16.90 10.65 3.91 11.69 6.53 1.21 37.23 3.17 2.84 22.40 

B83 10.66 -7.66 28.65 8.84 7.94 20.48 4.17 -12.18 10.76 19.43 19.50 33.13 

B84 15.47 -2.81 23.45 14.24 10.65 20.85 16.56 -2.53 18.01 18.80 20.47 37.01 

C11 -3.38 -3.34 -84.28 -11.59 -14.49 -34.40 -14.55 -22.66 -28.29 -14.68 -17.32 -76.57 

C12 -4.62 -12.50 -70.66 -9.25 -13.44 -35.44 -14.33 -23.09 -3.59 -15.47 -24.83 -71.07 

C13 2.79 5.80 -34.74 1.55 -1.54 -30.69 -1.08 -11.14 -9.40 -3.18 -7.09 -59.33 

C14 0.79 1.39 -61.79 6.78 5.82 -13.12 6.33 -2.67 9.05 -0.57 -5.60 -94.17 

C21 0.25 -1.57 -75.70 -4.08 -8.60 -40.65 -6.37 -9.33 -8.92 2.71 -2.42 -63.87 

C22 0.41 1.03 -61.38 -4.00 -7.95 -35.20 0.81 -8.58 6.74 6.56 -2.83 -89.93 

C23 -0.37 3.26 -77.35 2.18 -2.05 -34.82 -0.72 -3.75 -8.14 -10.38 -13.32 -90.60 

C24 0.19 -1.15 -59.91 -5.81 -11.70 -30.48 -4.41 -11.98 -10.73 -2.38 -11.56 -86.38 

C31 0.71 2.31 -52.51 -0.11 -5.19 -37.78 -2.90 -7.13 -9.13 -1.89 -9.72 -94.98 

C32 -4.34 -1.55 -74.79 -5.84 -9.64 -42.61 -9.51 -17.91 -15.87 -6.93 -12.54 -99.38 

C33 -1.38 -0.24 -79.69 1.95 -5.82 -30.64 -0.50 -5.34 -1.23 -4.80 -10.89 -92.14 

C34 -7.37 -5.22 -78.56 -7.93 -12.47 -43.06 -5.52 -12.54 -8.87 -8.57 -14.14 -75.77 

C41 11.06 11.23 -65.79 3.38 3.96 -18.81 6.61 -2.37 0.31 10.65 7.78 -53.12 

C42 3.21 3.14 -82.10 -12.37 -18.04 -50.47 -0.49 -5.54 0.05 -2.04 -6.82 -82.99 

C43 9.28 8.77 -60.88 1.61 -1.27 -29.61 0.75 -6.68 -2.09 -0.97 -5.09 -58.98 

C44 8.32 4.43 -64.60 2.66 -3.98 -38.64 2.31 -3.51 3.50 0.34 -6.23 -78.03 

C51 2.07 5.02 -66.82 0.86 -2.64 -48.37 1.16 -9.37 -19.79 -1.12 -2.81 -76.47 

C52 4.51 6.72 -65.67 -0.61 -6.60 -39.05 -2.77 -13.18 3.83 -7.39 -15.24 -93.80 

C53 -5.59 -2.53 -73.00 -4.13 -6.46 -40.28 -5.58 -11.61 -5.16 -1.52 -5.43 -83.06 

C54 19.69 20.51 -52.75 14.21 8.87 -27.32 8.48 1.59 14.43 -0.99 -5.87 -56.03 

 

 

 

 

 
 
 
 



110 
 

Table A12 ∆RGB values for the array indicator operating at 25℃ towards exposure to NH3, CO2, and Mixtures (Part 3/4) 

 R9 G9 B9 R10 G10 B10 R11 G11 B11 R12 G12 B12 

A11 5.66 6.06 0.15 0.46 -2.02 -16.54 3.51 0.60 -5.09 -20.78 -32.84 6.12 

A12 -9.86 -7.07 3.46 -10.88 -8.43 8.19 -10.79 -0.32 6.83 -62.16 -83.96 26.86 

A13 -1.61 -1.63 1.10 -4.06 -2.61 4.66 -0.68 -1.07 3.04 -23.49 -33.43 9.40 

A14 -3.77 -1.68 -2.49 -3.99 -2.39 -1.95 -0.42 2.86 -0.64 -60.66 -83.95 25.32 

A21 7.72 9.17 18.33 10.90 11.59 0.35 7.29 20.12 34.64 -46.22 -69.36 57.03 

A22 -15.99 -13.06 -8.38 -11.49 -10.16 -2.26 -14.42 6.63 34.60 -81.56 -110.53 49.26 

A23 -8.73 -7.33 1.01 -5.20 -5.87 -10.82 -4.01 7.42 31.74 -56.97 -75.19 45.09 

A24 8.12 12.94 12.25 5.41 6.79 0.18 -6.79 16.23 41.58 -90.72 -121.71 41.66 

A31 7.86 12.84 3.10 11.81 12.00 4.09 9.62 30.05 53.95 -69.51 -106.97 73.47 

A32 -1.54 3.56 5.04 8.38 8.65 -7.16 11.28 33.43 53.20 -62.72 -93.60 73.75 

A33 7.94 12.72 2.55 11.54 12.15 1.12 9.57 29.35 49.90 -67.36 -102.80 72.67 

A34 -1.78 3.18 4.29 7.47 7.56 -5.05 11.46 33.02 51.47 -62.39 -93.08 73.99 

A41 1.21 4.62 5.40 -0.04 -4.16 -16.38 -5.30 14.45 37.63 -76.11 -100.97 54.93 

A42 -2.03 2.00 -5.65 4.85 2.73 -8.02 2.26 22.10 38.77 -70.71 -101.27 64.77 

A43 -4.16 0.34 1.91 7.97 8.59 1.17 7.32 29.38 59.85 -80.10 -116.20 66.38 

A44 -10.07 -6.78 -5.83 -2.09 -2.97 -12.78 -2.68 19.79 33.46 -86.56 -116.94 53.33 

A51 -8.23 -3.63 -6.57 -1.98 -1.02 5.21 -1.95 17.51 49.88 -74.98 -106.87 64.83 

A52 -10.79 -6.73 -9.78 -2.41 -1.49 4.02 -2.53 15.95 33.10 -73.92 -108.37 63.47 

A53 4.03 9.76 6.38 7.49 5.13 -19.06 9.10 29.04 41.20 -67.63 -102.35 74.00 

A54 1.71 6.03 -1.19 6.10 5.89 13.51 0.67 22.17 40.40 -73.54 -105.60 62.81 

A61 -10.10 -8.58 -7.33 -3.92 -5.74 -15.27 -2.97 12.18 36.10 -75.79 -107.29 51.08 

A62 1.51 5.73 8.52 10.24 8.60 -15.66 8.37 29.62 46.79 -57.00 -86.64 76.12 

A63 0.93 1.17 -2.94 -3.72 -5.02 -8.11 -12.35 4.94 35.37 -79.10 -109.97 43.77 

A64 -2.42 2.64 9.15 2.97 1.49 -9.56 3.57 27.17 53.17 -56.43 -82.00 74.63 

A71 -1.10 3.67 6.10 6.41 6.83 7.90 4.45 25.75 45.41 -78.59 -115.60 65.86 

A72 -8.28 -2.03 -1.35 -2.21 -5.88 -21.18 -8.50 10.03 23.56 -78.38 -106.99 50.96 

A73 -4.96 2.34 2.43 4.88 3.10 -10.90 3.76 24.12 40.16 -91.09 -126.19 55.85 

A74 -7.66 -1.65 8.49 0.41 -2.84 -21.97 -1.78 19.50 40.52 -77.61 -109.43 60.87 

B11 -1.85 -2.31 -2.68 3.98 3.39 -6.20 5.32 -7.28 -4.14 2.54 5.36 7.26 

B12 -13.66 -13.63 -8.12 -13.55 -14.47 -7.70 -8.71 -16.65 -21.47 -8.94 -9.39 -8.14 

B13 2.12 -1.45 -12.38 -2.07 -0.31 2.17 4.57 -5.35 -3.33 1.37 -0.16 -26.40 

B14 -9.94 -11.30 -21.43 -22.69 -24.09 -32.85 -12.07 -19.76 -25.14 -5.89 -7.81 -19.68 

B21 -0.79 -0.53 4.35 -4.60 -6.65 -5.40 -11.86 -19.20 -6.18 -13.36 -11.81 -6.78 

B22 -10.74 -13.25 -3.81 -5.51 -8.24 2.08 -0.87 -13.48 1.11 -5.88 -5.18 9.94 

B23 3.40 2.02 6.65 0.61 -0.33 3.70 4.62 -11.13 -18.66 14.47 16.14 23.27 

B24 13.41 12.74 19.43 3.10 2.56 9.15 1.21 1.02 26.66 -4.79 -3.74 7.79 

B31 -3.58 -4.97 -6.98 -1.06 -2.65 9.10 0.90 -1.58 22.17 -1.80 -2.73 -7.05 

B32 -18.52 -19.98 -21.47 -18.20 -23.91 -11.83 -15.04 -24.32 -23.05 -12.91 -13.54 -18.75 

B33 2.59 0.10 -7.20 6.80 5.44 -10.59 10.84 -3.63 -6.39 9.21 11.15 -5.04 

B34 6.54 7.11 5.68 -1.39 -1.63 -1.66 4.44 -3.42 1.96 -8.37 -9.85 -17.33 

B41 6.81 3.96 2.64 4.49 3.60 1.98 2.94 -1.97 17.80 1.68 2.58 18.65 

B42 -7.28 -9.96 -0.61 -1.80 -7.47 -19.82 -1.29 -8.63 11.89 6.18 9.06 12.96 

B43 5.12 -3.34 10.91 1.90 -6.86 -1.67 5.93 -9.23 8.77 -10.79 -6.85 4.27 

B44 -11.04 -13.78 -3.67 -14.55 -20.92 -4.52 -5.70 -13.41 8.85 -11.32 -9.90 -2.71 

B51 -13.66 -17.27 -7.71 -0.41 -20.07 -5.40 -7.91 -11.10 16.41 -5.52 -3.86 7.83 

B52 -16.42 -22.89 0.31 -2.76 -26.00 -1.09 -8.78 -23.09 -18.34 -7.11 -8.35 -15.53 
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B53 4.51 -0.26 8.69 -1.55 -1.40 2.93 -2.63 -5.81 12.63 -5.55 -6.36 -6.91 

B54 -3.60 -7.29 -2.61 -18.11 -19.97 -5.64 -15.97 -22.51 -16.14 -13.36 -11.68 -17.34 

B61 -1.72 -6.18 -15.45 -4.01 -9.50 10.28 0.90 -13.31 -5.89 10.90 11.80 4.16 

B62 -10.01 -16.06 -19.63 -7.10 -16.99 -2.96 8.31 -4.16 8.94 9.14 8.54 -0.09 

B63 -12.45 -17.34 -6.92 -24.49 -26.92 -7.37 -21.36 -26.99 -22.70 6.47 6.78 1.63 

B64 12.05 1.49 -1.09 11.16 8.00 3.16 14.06 -7.67 -20.89 8.03 6.86 -0.31 

B71 2.39 -5.68 12.59 7.15 1.15 3.53 11.79 2.48 15.35 8.83 8.81 9.47 

B71 -11.58 -18.30 7.88 -6.69 -19.95 -1.36 -12.47 -15.63 -0.87 3.12 4.26 6.52 

B72 1.37 -1.97 8.01 -2.35 -2.37 3.66 6.96 5.21 17.20 2.52 3.11 15.78 

B74 -11.47 -15.36 -28.85 -6.56 -8.65 -16.46 0.71 -13.54 -15.23 10.21 8.76 10.18 

B81 2.48 -5.28 0.39 -10.51 -17.57 -25.22 -5.98 -12.93 -4.04 0.36 -2.45 -6.59 

B82 2.52 -0.47 6.15 -0.40 -5.78 -1.29 -6.40 -13.13 8.70 -12.49 -11.20 3.09 

B83 2.14 -5.92 1.31 -8.18 -14.62 15.47 10.06 -9.04 9.91 10.18 12.44 20.16 

B84 5.30 -1.95 21.02 6.03 -6.31 -13.79 15.41 -0.34 17.68 21.64 21.46 22.68 

C11 -20.66 -21.90 -31.03 -15.98 -19.29 -22.02 -20.32 -27.55 -24.08 -24.41 -25.82 -45.77 

C12 -8.13 -11.53 -19.01 -9.18 -12.62 -2.63 -11.82 -22.51 -11.00 -10.67 -17.07 -42.64 

C13 7.93 5.78 -15.03 8.30 11.00 3.68 1.11 -19.70 -22.73 -4.98 -7.15 -29.09 

C14 10.52 7.21 -2.98 12.37 8.86 -16.55 11.80 10.04 38.52 5.05 -1.45 -32.67 

C21 6.66 3.90 -2.92 -3.05 -12.05 -15.68 0.85 -16.61 -10.09 -1.36 -6.76 -41.33 

C22 8.03 3.26 -0.95 6.55 3.37 -0.03 9.64 -3.34 3.72 8.82 2.95 -36.90 

C23 -0.96 -4.16 -18.45 1.27 1.67 -20.02 -1.62 -10.76 -12.01 -9.24 -12.89 -41.58 

C24 -1.27 -3.21 -10.00 -3.87 -5.32 -17.01 -1.06 -13.12 -8.08 -1.06 -6.41 -33.45 

C31 -4.31 -3.67 -7.11 -0.36 -1.72 -19.89 -3.34 -12.77 -5.97 -3.46 -7.00 -37.97 

C32 -7.52 -8.84 -13.26 -6.71 -10.71 -19.10 -7.06 -22.48 -9.48 -5.16 -9.39 -41.76 

C33 13.14 8.74 5.09 0.34 -0.83 -6.54 -5.39 -15.70 -10.08 -11.35 -12.59 -38.23 

C34 -8.86 -11.43 -16.57 -13.38 -11.72 -16.16 -8.81 -21.77 -13.02 -9.43 -17.85 -40.82 

C41 -0.97 -0.76 -19.09 0.52 0.69 -11.91 -0.61 -13.54 -2.91 0.06 -4.05 -35.60 

C42 2.21 0.41 -11.58 1.73 0.79 -2.37 0.44 -10.64 5.18 1.37 -3.92 -37.92 

C43 3.78 0.48 -5.84 3.33 3.53 -12.79 4.70 -9.77 2.89 3.15 -1.51 -26.42 

C44 2.32 0.89 -10.34 -1.58 -3.92 -16.08 1.67 -10.22 5.82 -1.31 -5.91 -47.64 

C51 6.87 5.49 -7.31 4.27 2.76 -24.36 2.43 -14.12 -19.57 4.59 2.65 -40.95 

C52 0.89 -2.66 -6.72 0.74 -1.78 -16.63 1.79 -12.79 2.77 -2.07 -10.72 -34.02 

C53 -10.75 -11.06 -16.33 -5.18 -1.87 -0.16 -9.88 -12.60 4.48 -14.38 -16.28 -38.59 

C54 15.05 11.29 -4.65 9.22 9.57 -5.98 9.52 -9.32 9.81 10.58 2.55 -31.35 
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Table A13 ∆RGB values for the array indicator operating at 25℃ towards exposure to NH3, CO2, and Mixtures (Part4/4) 

 R13 G13 B13 R14 G14 B14 R15 G15 B15 R16 G16 B16 

A11 15.03 16.78 18.08 11.45 8.57 3.48 11.87 11.24 2.02 3.60 3.52 -6.09 

A12 -16.90 -15.88 -15.44 -15.65 -35.24 4.82 -7.82 -7.17 -19.97 -13.79 -13.77 -17.46 

A13 -1.37 0.20 -2.56 4.26 5.36 -2.71 -0.08 1.26 -18.70 -1.76 -2.74 -23.49 

A14 -5.05 -3.97 -13.81 -8.81 -26.67 13.11 -3.50 -1.33 -18.16 -9.97 -11.03 -20.11 

A21 1.07 1.07 2.98 -2.92 -13.88 43.54 -1.05 0.30 -17.37 -3.27 -3.47 -3.27 

A22 -15.24 -13.54 -16.83 -31.97 -86.95 39.74 -9.02 -8.37 -32.15 -18.94 -18.02 3.53 

A23 -4.19 -3.44 -9.97 -5.50 -23.37 28.48 3.46 4.34 -18.19 0.20 -1.39 -24.27 

A24 -12.13 -11.01 -17.71 -140.95 -122.35 -17.71 3.30 1.21 -42.06 -5.39 -3.94 -0.66 

A31 16.93 16.96 1.98 -7.78 -85.35 81.70 23.07 21.73 -17.02 5.15 6.95 24.60 

A32 2.83 5.33 -9.23 -17.38 -83.55 72.54 11.72 10.99 -19.54 -4.30 -3.38 7.25 

A33 17.18 17.12 0.90 -8.04 -85.69 81.36 23.16 21.07 -17.62 4.39 5.30 18.07 

A34 2.75 5.04 -9.24 -15.56 -81.58 72.90 11.08 10.87 -17.73 -6.76 -5.59 1.83 

A41 5.54 6.83 3.52 -16.49 -76.40 66.64 4.94 4.91 -19.30 -9.97 -9.09 0.08 

A42 3.39 4.59 -12.43 -18.92 -93.72 61.28 7.84 7.01 -30.82 -6.76 -5.64 3.47 

A43 1.69 2.34 -2.32 -19.04 -96.21 47.38 15.65 12.49 -16.00 0.81 2.67 11.94 

A44 -13.22 -13.06 -14.07 -31.49 -93.79 46.39 -2.41 0.22 -16.45 -14.11 -13.47 1.19 

A51 -2.60 -1.12 -9.28 -22.84 -86.26 81.04 5.17 5.16 -16.18 -9.15 -9.66 14.34 

A52 -13.30 -13.25 -28.86 -32.08 -92.34 70.46 -2.08 -0.99 -33.06 -6.62 -2.75 21.66 

A53 7.30 9.17 -6.99 -19.06 -95.31 78.83 13.06 13.37 -7.81 -2.45 -0.82 23.67 

A54 7.40 9.22 -7.14 -18.29 -97.55 70.52 9.49 10.58 -19.66 -9.82 -8.62 3.64 

A61 0.18 2.03 2.27 -12.06 -73.55 31.29 6.97 6.37 -12.56 0.05 -0.15 -2.12 

A62 8.56 7.67 -6.85 -11.23 -74.21 96.91 11.14 12.14 -16.80 -6.08 -4.23 2.87 

A63 9.45 7.97 5.32 -4.61 -67.95 36.07 12.14 7.12 -30.26 5.23 3.76 14.95 

A64 -15.17 -13.47 -26.03 -32.15 -81.24 68.19 -8.41 -6.99 -28.23 -23.07 -21.99 -5.90 

A71 5.95 4.94 -2.16 -20.12 -81.59 97.47 8.41 11.40 1.61 -10.10 -5.21 24.54 

A72 -2.70 -1.61 -18.19 -28.04 -97.31 72.43 -0.48 2.73 -28.53 -19.92 -17.58 15.99 

A73 -0.04 1.32 -0.95 -19.93 -66.65 104.91 3.39 8.03 -5.81 -11.21 -7.55 23.83 

A74 -0.22 2.44 -11.34 -31.19 -104.61 55.99 4.95 9.51 -25.99 -14.36 -11.10 20.99 

B11 -8.55 -9.98 -17.25 -5.40 -8.92 -4.94 -7.89 -12.36 -11.76 -10.81 -15.36 -21.70 

B12 3.98 -9.51 -4.47 -12.45 -14.55 -22.63 -8.88 -22.06 -10.61 -4.42 -18.41 -15.32 

B13 -6.88 -9.44 -17.12 -14.62 -14.18 -6.25 -15.86 -14.02 -15.43 -13.73 -22.37 -18.74 

B14 -6.21 -8.58 2.68 2.66 0.02 -16.97 -11.50 -14.57 -3.92 -10.46 -23.24 -30.75 

B21 1.15 -2.77 -1.93 -7.56 -11.58 -20.26 -16.71 -21.81 -15.39 -23.97 -25.32 -24.39 

B22 4.16 -1.32 6.11 -10.08 -10.76 -18.68 -20.22 -24.79 -11.40 -14.29 -20.09 -33.38 

B23 8.43 4.62 9.62 -2.44 -5.07 -3.94 -8.70 -7.28 3.40 -1.90 -5.32 -16.95 

B24 1.36 -0.49 -4.13 2.73 -3.38 2.53 0.18 -2.91 -6.60 -14.96 -16.50 -7.01 

B31 -12.03 -13.49 -20.48 -18.90 -23.36 -26.76 -23.56 -29.33 -36.15 -21.61 -27.19 -39.50 

B32 -3.47 -7.90 -5.69 -7.59 -9.94 -32.69 -16.86 -19.10 -10.46 -19.67 -24.28 -54.13 

B33 -9.31 -11.21 -21.39 -9.36 -13.64 -34.26 -10.75 -14.06 -28.08 -7.04 -15.36 -56.03 

B34 9.54 9.86 -1.27 -8.43 -8.06 -19.16 -0.17 -2.58 -8.37 0.80 -5.38 -43.20 

B41 0.33 -2.43 -5.22 -4.22 -6.30 -16.60 -11.07 -14.12 -10.55 -11.42 -15.40 -21.01 

B42 -12.39 -15.22 -13.35 -17.10 -21.87 -29.01 -26.08 -26.94 3.12 -6.51 -10.14 -29.98 

B43 0.25 -5.35 -8.83 -5.66 -16.34 -6.73 -6.50 -8.09 8.43 -10.81 -13.83 -29.20 

B44 -0.16 -5.68 -11.30 -10.64 -12.67 -11.80 -20.62 -30.69 11.10 -19.85 -23.04 -17.25 

B51 -2.55 -21.15 -10.50 -16.47 -20.56 -27.10 -23.86 -41.14 15.08 -17.13 -21.90 -34.73 

B52 -6.75 -9.98 -23.37 -28.74 -12.12 -38.15 -34.31 -36.81 -25.41 -28.26 -31.61 -41.21 
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B53 -8.55 -11.07 -15.50 -16.11 -19.82 -23.63 -20.62 -24.63 -6.27 -18.35 -24.03 -33.51 

B54 -5.66 -7.14 -7.42 -13.17 -14.53 -14.17 -0.92 -5.91 -7.69 -8.50 -14.17 -49.69 

B61 -2.17 -6.70 -7.51 -15.30 -14.33 -37.43 -4.14 -22.82 -26.04 -14.16 -29.12 -20.31 

B62 -12.19 -16.95 -22.80 -16.63 -22.46 -43.99 -8.64 -14.29 -29.87 -5.41 -10.28 -44.85 

B63 -3.05 -8.42 -8.37 5.03 -1.49 -38.95 -4.11 -21.78 15.15 4.44 -3.80 -59.47 

B64 1.79 -0.83 -8.40 -6.85 -13.58 -61.57 -10.09 -19.88 -52.06 -9.14 -13.32 -14.21 

B71 -7.05 -10.95 -6.23 -9.51 -13.60 -4.17 -15.64 -37.93 5.06 -10.88 -23.06 -28.15 

B71 -2.01 -3.59 -3.48 -10.40 -14.81 -28.03 1.68 -5.77 -24.04 -12.35 -19.52 -44.27 

B72 -0.57 -5.31 -7.56 -14.86 -17.30 -26.86 -12.29 -21.29 -49.21 -13.96 -22.05 -63.02 

B74 -15.00 -13.51 -20.42 -19.52 -18.89 -17.08 -12.75 -13.23 -16.93 2.30 -4.18 -42.43 

B81 13.16 8.91 13.79 0.91 -2.05 6.83 -3.93 -20.67 0.20 -4.35 -19.62 -7.94 

B82 -5.88 -10.40 -10.24 -11.73 -13.57 -15.40 -4.62 -23.80 -24.73 -16.22 -23.80 -37.82 

B83 26.17 17.59 24.73 -12.43 -25.95 0.86 -16.57 -42.57 9.97 -6.51 -34.24 13.40 

B84 -4.72 -14.70 -5.55 -9.31 -20.99 -3.29 -11.55 -39.54 11.44 -2.46 -18.09 7.79 

C11 -21.23 -20.98 -17.98 -18.56 -17.84 -15.40 -19.85 -19.03 -56.50 -19.18 -17.52 -43.03 

C12 1.20 -1.30 -21.78 3.39 2.39 26.15 -4.26 -10.05 -34.07 0.17 -5.82 -25.22 

C13 -22.06 -20.70 -15.45 2.17 1.78 -14.96 6.10 7.01 -23.46 1.82 0.51 -28.38 

C14 13.87 11.99 8.21 17.16 12.25 -18.13 13.93 16.05 3.80 4.71 3.88 0.86 

C21 -2.19 -3.03 -8.69 -0.71 0.53 -22.09 -1.73 -0.68 -39.34 -5.52 -7.89 -32.19 

C22 16.72 14.27 8.21 16.83 13.68 3.29 13.04 11.06 -14.63 13.43 9.42 -11.80 

C23 -9.32 -10.55 -16.81 -9.69 -3.56 -23.06 -12.34 -7.33 -47.31 -17.81 -13.94 -31.52 

C24 13.31 11.76 7.17 7.72 4.80 -11.88 12.15 10.14 -19.67 10.06 7.54 -12.49 

C31 -3.91 -5.81 -14.01 0.61 0.66 -10.63 2.86 1.66 -28.59 1.01 -1.20 -18.57 

C32 -9.33 -10.75 -22.29 -15.23 -13.97 -25.12 -11.11 -14.62 -39.41 -12.75 -17.28 -36.11 

C33 -0.48 -1.86 -8.64 -0.82 1.54 -17.47 -3.01 -2.09 -32.59 -6.34 -6.02 -31.70 

C34 -3.78 -5.51 -15.91 -7.31 -10.06 -22.32 -5.93 -6.19 -31.88 -10.84 -13.78 -26.54 

C41 2.59 2.43 -8.02 2.75 3.46 -3.94 1.81 3.24 -27.05 1.27 -0.99 -24.65 

C42 4.51 4.45 35.65 3.99 3.73 -3.55 5.43 6.79 -26.52 2.13 0.77 -23.33 

C43 2.97 3.20 -9.61 3.73 2.24 -8.78 5.53 3.66 -28.99 3.06 -0.64 -19.31 

C44 1.80 1.53 -9.83 -0.64 -1.26 -6.02 2.80 0.83 -34.96 -2.52 -3.62 -26.40 

C51 2.45 5.22 0.20 -0.92 0.84 -27.85 -2.48 -5.48 -66.66 -3.75 -6.95 -44.58 

C52 16.98 17.73 3.04 18.54 15.18 -5.41 18.83 14.42 -18.12 13.68 8.61 -12.70 

C53 -26.24 -24.84 -39.51 -19.07 -15.25 -21.80 -17.84 -10.88 -30.02 -17.63 -13.80 -12.55 

C54 15.39 14.14 6.33 18.85 16.54 -2.19 15.53 10.08 -25.82 11.91 6.71 -8.73 
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Table A14 ∆RGB values for the array indicator operating at 4℃ towards exposure to NH3, CO2, and Mixtures (Part 1/4) 

 R1 G1 B1 R2 G2 B2 R3 G3 B3 R4 G4 B4 

A11 -17.01 -15.52 -11.36 -11.09 -13.84 -7.60 -12.68 -5.02 11.51 -23.32 -16.60 2.25 

A12 -11.64 -7.99 -1.52 -4.09 -8.89 3.48 -11.13 0.49 18.53 -26.00 -14.04 10.77 

A13 -15.07 -12.43 -9.77 -18.20 -22.12 -14.62 -31.35 -19.69 -0.07 -32.74 -27.56 -13.62 

A14 -13.70 -13.30 -7.11 -11.97 -13.18 -8.58 -16.78 -9.30 9.92 -27.50 -19.76 1.76 

A21 -7.25 -3.91 3.79 0.17 4.08 -1.53 -24.12 -6.61 20.29 -22.51 -15.18 24.59 

A22 -12.86 -4.30 -0.97 13.91 15.78 11.68 -40.54 -1.98 21.73 -39.37 -23.12 31.09 

A23 -17.78 -11.95 -5.58 -1.28 -7.15 3.03 -41.07 -6.57 20.21 -26.20 -14.59 26.88 

A24 0.94 6.59 14.95 7.91 -7.71 17.06 -20.52 6.92 29.82 -27.27 -10.22 34.32 

A31 -13.46 -10.90 -6.48 -7.12 -24.96 -1.44 -52.68 -20.38 2.85 -29.88 -28.52 7.45 

A32 -14.53 -6.36 -2.78 0.86 -27.35 7.25 -28.37 -4.12 11.20 -30.45 -22.73 23.64 

A33 -9.42 -7.04 -0.10 2.26 1.93 -0.47 -52.23 -17.49 4.61 -22.39 -22.31 7.26 

A34 -7.13 -2.45 1.62 1.63 -24.15 8.66 -34.45 -4.83 15.37 -26.37 -19.19 22.74 

A41 -15.98 -6.49 1.91 1.69 -11.00 5.65 -71.62 -22.13 36.34 -24.71 -22.23 23.33 

A42 -21.98 -11.02 -4.92 -2.80 -21.95 1.56 -75.27 -24.12 28.88 -33.48 -27.85 18.49 

A43 -14.62 -8.21 0.88 5.63 -1.29 5.79 -58.65 -10.05 41.70 -15.80 -13.07 28.51 

A44 -5.27 4.47 12.15 7.66 -1.54 12.92 -57.69 -6.57 41.61 -13.63 -8.36 35.14 

A51 -9.37 -5.07 -1.23 7.18 -10.40 4.41 -24.26 -5.71 18.34 -25.58 -31.53 15.59 

A52 -29.58 -16.29 -20.91 0.57 -17.01 -1.97 -48.37 -20.29 0.70 -40.08 -54.23 4.22 

A53 0.95 -1.13 0.87 5.90 -10.65 2.40 -17.92 -2.47 23.41 -20.07 -33.10 12.35 

A54 -26.55 -13.91 -15.31 -1.39 -23.62 -2.19 -35.53 -14.94 13.38 -33.73 -46.91 7.34 

A61 -5.14 -1.44 5.89 8.63 -1.26 6.15 -32.67 -3.69 29.46 -31.09 -33.46 19.77 

A62 6.31 10.72 18.13 17.31 4.37 17.28 -33.36 -0.29 29.43 -27.07 -25.35 31.77 

A63 0.26 1.49 8.85 10.47 1.15 8.74 -12.24 4.51 29.46 -20.14 -22.12 23.15 

A64 12.44 14.18 20.95 20.26 13.01 17.91 -13.77 7.10 36.41 -7.91 -11.21 28.47 

A71 -7.05 0.47 5.07 11.74 3.02 8.54 -50.15 -8.06 29.50 -9.02 -13.14 29.57 

A72 -19.71 -3.91 -5.02 7.15 -15.92 11.19 -57.08 -15.67 26.88 -2.55 -7.82 19.63 

A73 -1.89 2.85 8.62 11.68 3.82 8.78 -39.39 -2.92 32.73 -4.11 -12.49 28.36 

A74 -9.88 -1.16 3.84 10.35 -10.01 10.70 -43.90 -7.39 33.69 1.21 -14.27 18.93 

B11 -3.10 -11.53 -37.43 1.11 9.84 -24.45 57.11 10.43 -44.60 62.32 27.59 -57.63 

B12 14.73 5.34 -17.09 10.43 2.29 -13.20 74.02 27.32 -39.38 88.25 50.49 -41.84 

B13 18.11 3.11 -15.75 -1.20 -7.32 -22.05 48.22 2.46 -61.13 49.10 15.82 -56.18 

B14 18.40 9.85 -10.90 9.92 2.87 -10.22 70.97 23.78 -40.56 76.53 42.31 -57.44 

B21 0.89 -8.07 -34.89 5.06 24.22 -39.10 55.98 7.35 -43.31 67.65 27.85 -71.57 

B22 3.63 -7.23 -32.64 7.62 20.24 -38.40 65.32 14.42 -56.43 82.30 42.28 -73.74 

B23 3.37 -5.38 -30.46 15.74 41.93 -30.39 64.65 16.57 -35.76 78.51 40.63 -59.72 

B24 11.18 1.19 -23.03 18.08 37.24 -24.06 72.20 24.56 -43.11 87.57 46.92 -60.06 

B31 11.70 -2.03 -37.47 18.15 47.18 -28.38 67.56 19.76 -22.51 81.61 42.87 -53.31 

B32 2.38 -10.41 -36.13 29.93 56.42 -20.13 77.25 31.19 -13.78 90.02 47.12 -65.88 

B33 6.32 -5.22 -31.76 21.88 57.95 -28.11 66.85 18.93 -21.63 86.20 44.68 -53.03 

B34 8.51 -11.54 -37.09 30.65 58.00 -18.45 82.56 35.73 2.76 103.46 62.57 -29.94 

B41 -1.95 -14.01 -41.67 6.78 33.95 -56.68 48.10 1.78 -55.39 67.83 22.68 -95.54 

B42 0.02 -12.05 -36.72 11.34 32.69 -62.39 67.58 15.22 -48.20 85.58 41.02 -86.34 

B43 -6.07 -17.87 -53.78 0.11 23.55 -66.78 40.97 -9.07 -62.18 55.85 12.21 -96.33 

B44 4.86 -7.66 -32.66 13.28 39.31 -54.75 62.66 11.03 -63.79 82.65 37.72 -74.35 

B51 15.57 2.30 -33.89 25.23 70.80 -56.18 65.20 19.27 -19.34 87.33 42.95 -65.93 

B52 9.72 -4.13 -36.32 19.29 46.70 -58.06 64.89 14.57 -43.30 94.44 48.41 -59.13 
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B53 10.41 -2.49 -34.22 29.90 72.66 -59.25 74.81 25.99 -41.93 93.82 50.41 -67.17 

B54 24.67 11.17 -11.67 35.02 73.05 -36.35 78.44 27.98 -45.54 95.67 51.80 -63.34 

B61 11.87 -4.25 -19.25 23.67 73.15 -53.61 65.80 22.49 -19.82 85.05 43.82 -61.83 

B62 22.34 7.19 -36.43 34.16 83.89 -55.25 68.66 24.70 -6.58 95.24 52.36 -52.69 

B63 8.86 -26.55 -34.10 28.38 79.45 -17.90 59.22 13.23 -9.57 83.83 38.28 -72.89 

B64 8.33 -14.14 -38.26 19.92 70.42 -50.59 56.83 6.92 -18.72 72.40 29.49 -71.77 

B71 18.25 3.71 -35.21 25.04 70.94 -53.47 59.51 11.24 -51.79 73.49 30.51 -79.79 

B71 18.66 3.82 -37.53 21.04 67.79 -81.48 59.73 10.85 -54.70 88.18 41.87 -84.85 

B72 22.21 4.58 -35.74 35.51 79.37 -70.34 71.62 22.38 -45.99 89.96 45.67 -79.93 

B74 32.16 16.64 -27.45 43.88 93.67 -49.49 83.02 31.39 -44.26 98.31 52.04 -80.57 

B81 21.83 6.60 -23.28 30.39 84.57 -48.94 65.79 19.55 -4.01 86.34 -10.63 -9.34 

B82 31.32 8.23 -27.11 42.72 90.32 -8.37 80.07 21.40 19.20 108.18 58.19 -53.01 

B83 18.00 -1.74 -21.60 30.81 81.22 -40.09 70.16 24.42 -28.85 91.84 48.43 -54.07 

B84 23.80 4.31 -20.22 36.15 86.89 -55.05 78.72 30.52 -13.13 102.21 53.93 -81.43 

C11 20.51 6.57 -10.59 13.91 58.25 -69.04 55.33 12.72 -48.74 87.91 47.12 -54.50 

C12 17.05 5.75 -12.66 11.67 49.97 -45.44 61.56 22.21 -22.01 80.11 40.54 -58.17 

C13 15.76 2.71 -18.88 15.32 62.06 -47.03 52.26 14.47 -18.44 82.04 41.64 -67.44 

C14 10.78 -0.69 -23.49 19.52 57.60 -38.17 55.15 15.21 -45.01 73.43 34.40 -79.24 

C21 26.26 15.82 -2.53 9.37 41.74 -37.07 57.00 14.44 -30.40 82.19 40.59 -62.53 

C22 19.28 10.02 -5.31 18.71 44.24 -31.98 58.78 17.62 -22.84 83.63 45.42 -47.77 

C23 21.09 12.14 -6.19 19.76 29.01 -38.41 71.45 29.51 -47.77 89.28 49.17 -61.62 

C24 31.20 21.54 -6.35 27.91 77.49 -58.38 73.53 32.85 -19.01 74.54 7.00 -31.08 

C31 11.78 1.72 -16.61 14.86 46.94 -33.46 59.13 11.98 -52.93 77.15 38.75 -62.52 

C32 9.09 -1.82 -18.63 10.71 28.51 -45.06 54.22 12.45 -43.04 70.57 33.41 -56.44 

C33 24.01 13.72 -5.26 20.42 37.31 -32.96 67.82 23.94 -37.23 93.83 57.43 -33.40 

C34 19.80 10.64 -14.16 29.16 53.64 -19.21 65.48 24.15 -32.89 89.46 49.84 -56.11 

C41 30.62 15.95 1.81 20.14 57.06 -39.09 58.06 11.97 -26.80 97.59 57.47 -54.02 

C42 17.30 6.20 -27.47 8.01 50.10 -43.93 55.87 13.47 -47.84 85.66 43.75 -65.98 

C43 21.28 10.47 -17.70 14.55 53.67 -40.73 54.55 14.46 -27.81 76.80 39.47 -50.78 

C44 12.15 0.98 -31.55 13.48 46.51 -48.12 46.59 2.37 -73.50 87.22 46.98 -60.84 

C51 25.14 12.05 -18.50 13.66 51.14 -79.51 52.98 9.52 -56.55 84.09 44.50 -53.06 

C52 27.25 14.00 -15.11 22.14 57.75 -71.86 60.21 19.06 -37.10 90.11 46.58 -77.89 

C53 18.54 5.04 -23.33 13.82 57.14 -62.41 58.51 15.79 -47.40 103.12 59.19 -72.11 

C54 18.82 5.64 -14.90 17.56 57.80 -65.21 55.56 14.64 -41.56 84.20 46.00 -57.41 
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Table A15 ∆RGB values for the array indicator operating at 4℃ towards exposure to NH3, CO2, and Mixtures (Part 2/4) 

 R5 G5 B5 R6 G6 B6 R7 G7 B7 R8 G8 B8 

A11 -5.16 -1.06 -60.42 -1.65 -11.45 -51.79 -3.88 11.81 16.98 -34.74 -61.00 -26.68 

A12 -2.71 3.14 -57.32 3.22 -10.70 -58.88 4.53 15.99 -1.59 -34.27 -74.24 -39.19 

A13 -4.79 -0.34 -57.03 -4.45 -14.90 -54.67 -5.61 -0.51 -16.00 -36.34 -60.72 -32.46 

A14 -8.41 -2.14 -54.84 -3.28 -12.99 -57.46 -4.08 7.60 0.81 -27.82 -49.93 -18.75 

A21 0.21 5.24 -53.99 -2.42 -11.41 -39.86 -8.38 11.28 25.07 -46.07 -67.48 -13.90 

A22 2.03 4.12 -71.07 7.17 -4.07 -31.66 5.45 20.10 4.24 -37.27 -60.14 -4.80 

A23 0.15 5.18 -66.36 3.21 -8.36 -36.54 3.10 18.37 20.95 -28.17 -52.59 4.51 

A24 7.47 12.68 -49.08 8.47 -8.11 -48.63 7.95 25.70 25.01 -38.61 -70.84 -4.34 

A31 -2.17 -0.91 -78.07 -2.91 -25.22 -33.01 -3.08 16.68 9.41 -50.60 -79.12 -11.26 

A32 4.65 5.56 -84.81 3.94 -22.31 -35.39 7.12 22.64 -14.96 -42.59 -71.51 -3.83 

A33 -2.56 -1.45 -76.71 -1.77 -17.98 -29.45 -1.51 19.02 19.57 -40.22 -62.82 -6.45 

A34 2.71 7.05 -68.84 2.78 -24.25 -37.81 5.17 21.03 7.92 -40.92 -70.37 -2.82 

A41 -1.99 4.65 -48.86 -0.82 -20.88 -17.51 -0.76 21.15 27.99 -38.80 -61.08 2.74 

A42 -7.70 -0.11 -56.33 -3.26 -27.80 -26.84 -3.65 15.34 16.13 -53.19 -86.12 -11.76 

A43 -2.89 4.60 -51.00 1.33 -19.36 -14.66 2.91 24.30 29.29 -39.12 -64.36 2.45 

A44 7.81 13.56 -54.29 6.05 -16.75 -14.36 7.26 27.54 23.93 -42.89 -74.68 -0.37 

A51 -4.35 2.37 -57.23 0.33 -18.50 -13.79 2.27 22.88 21.45 -40.39 -68.19 -1.79 

A52 -9.97 -3.95 -93.64 -5.23 -26.76 -24.62 -5.69 11.44 -14.09 -56.57 -87.21 -18.34 

A53 -4.56 2.39 -57.49 2.01 -14.85 -11.17 3.13 24.09 22.98 -30.79 -47.02 8.42 

A54 -6.82 1.34 -59.36 -3.33 -21.17 -16.50 -6.35 13.47 -7.55 -50.98 -76.19 -13.16 

A61 2.14 8.57 -48.64 5.54 -12.30 -7.82 4.79 22.86 12.29 -42.24 -67.92 0.35 

A62 14.86 20.78 -42.50 17.47 -0.36 4.98 17.62 34.58 14.68 -35.31 -69.44 7.35 

A63 2.02 9.50 -48.86 4.99 -8.55 -4.82 3.48 23.54 15.27 -38.21 -62.31 1.64 

A64 17.87 23.87 -30.03 17.70 4.00 9.92 18.84 38.70 23.58 -26.81 -53.81 13.62 

A71 -7.31 1.00 -66.11 1.42 -28.16 -19.99 0.96 21.81 12.40 -52.54 -87.28 -8.77 

A72 -1.52 7.87 -56.86 5.93 -19.38 -11.93 6.08 24.74 3.46 -32.24 -72.93 -4.27 

A73 -3.81 6.86 -55.84 0.35 -28.85 -22.01 2.82 24.95 18.59 -47.73 -76.20 -8.25 

A74 -1.15 10.93 -44.52 6.49 -10.90 -5.20 7.21 27.45 27.49 -28.36 -67.64 -9.97 

B11 -15.51 -23.35 -11.42 -11.17 -11.62 -13.01 -7.20 -16.65 -21.53 -9.55 -11.26 -5.06 

B12 -10.11 -16.75 -13.18 1.17 0.93 -0.95 9.78 -2.02 -7.56 6.52 5.32 3.07 

B13 6.10 -5.55 9.65 4.32 5.35 4.59 0.02 -6.75 -5.50 -16.64 -16.05 -10.55 

B14 1.57 -9.28 1.24 3.92 6.31 5.96 6.97 -3.73 -10.98 -1.09 -1.16 -5.01 

B21 -9.17 -14.25 -9.20 3.26 -5.17 2.83 -6.08 -9.48 -14.63 -11.73 -11.20 -10.79 

B22 -9.66 -11.57 -24.01 2.89 -6.83 0.27 -1.57 -8.43 -6.34 -10.11 -9.91 -18.33 

B23 -6.06 -17.43 5.05 -6.16 -6.60 -8.86 2.64 -10.09 -7.94 -3.50 -2.48 -0.86 

B24 -5.74 -15.37 -8.37 -7.56 -5.63 -6.78 -2.10 -8.92 -12.36 -2.57 -2.26 -2.99 

B31 -6.82 -24.73 7.21 -4.44 -13.56 -4.31 -9.38 -13.62 2.38 -1.26 -1.84 8.70 

B32 -0.02 -29.44 2.63 -4.56 -13.35 6.24 -9.24 -15.92 -3.33 6.56 6.10 10.61 

B33 -11.56 -29.03 10.13 -8.01 -13.22 -2.35 -11.35 -15.12 -0.36 -4.62 -5.13 1.85 

B34 -6.12 -25.39 7.18 -8.06 -13.07 6.10 -10.70 -21.16 -1.85 12.23 12.00 14.67 

B41 -3.79 -25.53 6.80 -18.01 -17.50 6.31 -14.53 -18.15 -14.12 -0.95 -9.96 4.84 

B42 -0.92 -29.27 11.54 -15.28 -12.52 4.05 -9.84 -15.98 -20.05 -6.37 -7.57 -1.69 

B43 -5.14 -29.50 14.39 -19.36 -19.41 5.61 -9.08 -22.46 -12.24 -7.14 -9.98 -3.36 

B44 -2.31 -21.48 5.77 -14.86 -14.63 2.89 -11.10 -17.49 -11.65 0.29 -11.61 1.75 

B51 -4.14 -17.19 9.67 -4.58 -2.79 -3.97 -0.60 -27.90 -37.65 -4.73 -4.58 5.22 

B52 -8.46 -28.48 4.12 -4.28 -4.52 -8.76 -3.02 -10.84 0.85 -3.14 -3.65 9.54 
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B53 -4.66 -18.67 13.83 -1.81 -11.22 6.92 0.22 -7.78 -4.30 2.13 1.84 4.51 

B54 -1.78 -18.08 14.42 -8.59 -0.34 -1.34 1.76 -7.61 -3.08 -0.54 0.72 2.83 

B61 -14.20 -36.01 5.11 -4.71 -1.22 -0.90 2.04 -4.20 21.02 0.39 1.35 11.85 

B62 -4.57 -29.35 14.95 0.43 3.83 3.90 -3.06 -3.15 18.19 -2.12 -3.01 -2.36 

B63 -14.94 -32.26 3.65 -10.76 -11.62 -9.58 3.21 -27.77 -25.34 -3.17 -2.89 7.75 

B64 -18.81 -32.36 0.37 -12.85 -12.88 -13.72 -6.46 -21.03 -16.74 -9.63 -11.19 -3.53 

B71 -2.70 -18.35 0.31 2.03 1.77 -3.94 -0.29 -6.50 -3.38 -10.11 -11.43 -11.00 

B71 -23.62 -52.64 -14.07 -11.52 -10.64 -12.17 -5.63 -21.33 0.66 -7.11 -6.78 -0.76 

B72 -12.38 -28.85 0.82 1.21 1.90 1.61 5.39 -6.63 -8.64 1.40 2.44 10.97 

B74 -0.08 -17.64 2.95 8.02 10.48 7.10 11.65 -1.31 -9.92 8.63 7.34 10.12 

B81 7.02 5.67 10.81 6.23 8.29 -15.15 3.69 -1.30 15.65 3.29 0.22 -56.87 

B82 14.36 1.74 -0.61 17.91 17.22 -0.83 15.98 1.35 24.10 16.48 10.05 -47.64 

B83 -2.03 21.82 -7.23 -3.11 -2.23 -9.61 -1.28 -5.52 18.22 -1.42 -7.31 -78.56 

B84 -0.43 -7.02 -47.00 2.51 3.56 -10.88 7.45 -1.72 30.48 6.78 1.11 -60.84 

C11 4.00 20.14 -56.89 -1.25 -1.17 -16.04 -1.03 -8.81 -12.16 -2.47 -2.69 -53.30 

C12 -3.83 15.35 -73.63 -9.36 -8.43 -34.72 -9.52 -14.78 -17.94 -16.09 -18.45 -66.45 

C13 -0.83 14.91 -67.44 -7.13 -3.51 -6.55 -1.52 -12.89 -20.71 -12.02 -10.74 -54.47 

C14 1.54 17.02 -88.02 -7.08 -6.01 -37.38 -8.00 -8.36 3.46 -13.88 -12.40 -37.75 

C21 8.14 19.72 -87.15 1.75 -1.61 -28.53 1.85 3.82 12.12 -1.02 -5.04 -79.98 

C22 8.51 21.19 -84.05 1.19 -0.22 -18.44 6.84 -3.47 -12.53 7.31 6.44 -45.09 

C23 1.26 16.67 -82.81 -11.36 -13.75 -39.68 -5.41 -3.86 14.65 -0.66 -4.38 -77.27 

C24 5.60 20.12 -90.32 -0.74 -1.51 -33.98 -7.24 -16.46 -33.52 -22.48 -24.21 -73.77 

C31 1.17 14.77 -94.79 -1.99 -10.63 -62.53 1.49 -4.31 -10.67 8.78 4.07 -88.95 

C32 6.58 19.43 -88.78 0.19 -6.60 -48.11 -1.11 -15.74 -36.56 5.65 -0.55 -91.30 

C33 3.57 17.69 -80.71 -1.58 -8.23 -42.87 -5.19 -4.93 8.20 6.78 2.85 -78.22 

C34 21.70 34.25 -83.82 5.92 -1.30 -77.31 3.76 -8.18 -24.86 -3.29 -7.56 -79.15 

C41 14.32 29.59 -73.72 7.76 7.50 -18.58 1.09 0.51 14.80 -11.30 -12.34 -79.23 

C42 -2.80 12.14 -93.85 -18.88 -23.17 -70.50 -17.61 -21.49 -24.08 -24.91 -28.76 -108.95 

C43 2.95 19.35 -89.40 -5.67 -13.54 -64.41 -5.66 -14.04 -28.14 -0.71 -3.81 -68.40 

C44 -5.40 8.48 -110.63 -11.09 -19.03 -77.21 -13.47 -6.08 17.75 -5.25 -9.99 -89.15 

C51 2.07 18.21 -97.25 0.37 -3.46 -53.18 0.78 -9.58 -19.40 -7.06 -6.80 -83.95 

C52 13.04 25.37 -102.23 2.22 -4.40 -56.54 -5.27 -21.83 -40.24 -11.97 -16.79 -96.99 

C53 10.60 19.57 -88.37 2.39 -2.39 -56.20 -3.30 -16.17 -19.92 -17.17 -21.09 -99.39 

C54 5.23 17.45 -88.21 -12.78 -16.56 -54.12 -21.30 -29.83 -42.76 -26.91 -32.58 -119.16 
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Table A16 ∆RGB values for the array indicator operating at 4℃ towards exposure to NH3, CO2, and Mixtures (Part 3/4) 

 R9 G9 B9 R10 G10 B10 R11 G11 B11 R12 G12 B12 

A11 6.38 11.78 22.28 10.75 10.32 6.24 13.94 33.59 33.87 -55.25 -84.10 68.38 

A12 -12.84 -9.39 -3.54 -4.58 -4.09 -0.98 -4.96 15.23 18.86 -70.46 -98.82 51.86 

A13 -6.15 -5.90 -5.85 3.37 -0.25 -6.16 3.86 23.50 29.83 -59.95 -87.36 65.28 

A14 -17.65 -14.07 -12.65 -5.95 -6.19 -7.22 -5.97 7.95 10.98 -71.02 -96.13 52.98 

A21 3.25 9.75 12.13 9.58 7.49 -0.78 3.89 31.08 38.05 -67.49 -91.50 75.06 

A22 -6.88 -3.18 -7.86 -1.49 -4.82 -9.77 -4.36 19.44 37.98 -81.96 -103.07 67.94 

A23 0.47 3.45 3.36 8.74 7.43 -9.73 10.46 33.53 53.92 -56.18 -83.88 100.43 

A24 0.29 3.48 1.81 5.30 2.33 -8.12 -0.16 23.48 47.54 -70.32 -93.47 82.02 

A31 8.97 15.16 13.41 13.36 14.02 4.57 9.90 38.86 52.55 -65.98 -94.60 90.28 

A32 -8.05 -2.65 -3.28 3.77 2.60 -7.84 -2.24 23.46 41.53 -80.95 -105.52 73.57 

A33 -0.64 2.94 3.10 12.74 8.71 -3.31 8.52 35.42 48.57 -63.46 -91.34 100.66 

A34 -10.56 -7.03 -9.97 -2.33 -4.47 -9.37 -7.35 16.70 25.46 -79.68 -100.37 72.25 

A41 4.72 13.34 25.18 8.74 7.92 3.09 6.72 37.54 50.79 -65.68 -91.82 90.41 

A42 -13.91 -9.03 -2.60 -3.27 -5.36 -8.13 -2.37 22.67 40.36 -72.84 -94.93 84.31 

A43 1.20 6.69 7.87 13.40 13.09 16.01 12.89 39.05 57.81 -72.49 -101.44 100.27 

A44 3.27 9.10 5.68 7.61 8.24 2.94 5.50 29.38 42.50 -83.87 -108.95 82.28 

A51 1.33 10.47 14.71 7.06 6.45 2.90 2.32 32.18 29.69 -72.61 -96.77 80.06 

A52 -14.67 -8.45 -8.27 -3.66 -6.72 -8.42 -11.76 14.97 27.94 -84.15 -104.57 65.28 

A53 -8.14 -1.94 2.43 2.75 3.24 -8.08 -2.61 26.33 40.16 -58.11 -81.80 98.35 

A54 -11.51 -5.52 0.35 -0.63 -3.82 -8.67 -8.29 15.81 27.69 -78.27 -99.46 76.12 

A61 13.44 21.17 30.59 18.85 19.44 17.40 17.80 46.23 52.41 -63.11 -91.96 96.90 

A62 3.31 9.07 12.55 12.97 11.24 5.23 5.60 32.07 43.85 -74.65 -100.03 87.42 

A63 2.03 7.14 14.64 13.52 12.31 -0.95 11.95 36.92 52.84 -58.71 -86.37 103.70 

A64 6.87 12.55 19.73 16.10 16.44 -4.50 9.90 36.18 54.33 -62.75 -91.26 100.60 

A71 4.70 12.83 17.25 9.80 11.15 8.78 5.17 36.70 30.88 -71.69 -96.17 78.37 

A72 -5.09 0.03 2.42 4.02 2.74 -4.55 -0.86 26.43 25.64 -69.50 -95.71 84.93 

A73 -4.86 0.43 -0.10 5.62 6.87 1.07 -0.18 28.34 28.42 -64.28 -87.79 92.84 

A74 -2.71 2.95 15.48 7.92 6.35 -4.31 2.03 28.85 45.57 -59.67 -82.64 95.40 

B11 -1.76 -11.70 -30.66 -3.07 -2.41 4.68 -2.88 -4.75 22.58 -9.54 -8.44 -18.63 

B12 7.09 7.16 5.82 4.29 6.05 -4.32 6.01 -2.81 15.94 6.19 5.62 -0.92 

B13 -8.80 -5.84 6.63 9.02 9.53 10.61 -1.77 -4.32 23.51 0.24 0.22 3.25 

B14 -2.26 0.47 11.34 2.89 3.14 -7.66 -3.80 -4.61 14.58 -3.38 -2.77 -3.80 

B21 10.93 5.62 -3.22 -2.81 -7.44 -17.20 -7.24 -11.78 1.43 -16.32 -15.66 -23.16 

B22 1.76 -7.47 -0.39 -12.13 -10.87 -7.41 -10.86 -19.78 -10.73 -12.59 -15.85 -30.82 

B23 0.68 0.11 -2.64 3.13 2.11 -4.64 0.78 -7.02 23.97 -3.19 -2.75 -26.79 

B24 3.53 -7.75 -4.37 -7.48 -7.71 -9.60 -10.74 -14.24 8.92 -9.34 -10.67 -19.54 

B31 4.22 -1.30 -13.74 4.38 3.52 15.44 0.68 3.45 38.41 -5.46 -5.78 -20.73 

B32 -1.23 -1.10 1.97 -1.02 -0.91 3.60 -6.92 -9.81 5.41 -15.30 -15.80 -41.28 

B33 -6.38 -5.61 -1.88 7.67 6.85 17.66 8.69 6.98 37.36 8.25 7.62 0.41 

B34 -10.35 0.24 12.31 3.61 2.65 -3.23 2.88 8.13 43.91 2.90 2.21 -20.07 

B41 -4.12 1.31 -6.78 3.13 1.99 -10.74 -10.74 -10.19 26.16 -18.82 -14.48 -14.58 

B42 -8.72 -9.36 -2.14 6.07 -2.12 2.88 -15.54 -11.76 15.59 -12.97 -11.39 -3.99 

B43 -5.68 -7.92 -7.14 2.99 3.09 1.15 -22.67 -24.70 -3.89 9.00 -1.63 -0.80 

B44 -14.53 -13.86 -5.65 0.62 3.69 -0.51 -24.56 -28.05 -3.76 4.48 -2.26 -3.76 

B51 1.09 -7.97 -12.41 0.70 -1.90 -8.28 -5.61 -2.27 37.62 -7.40 -7.49 -15.97 

B52 -12.28 -8.09 -15.96 1.17 -1.70 8.29 -0.78 -3.28 30.83 -6.48 3.43 2.74 
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B53 -7.89 -11.00 -13.61 5.76 4.23 -4.03 3.60 -6.18 16.25 0.69 -1.40 -4.35 

B54 -13.90 -15.56 -15.27 3.91 0.85 -5.21 1.22 -9.04 11.21 -3.16 -4.35 -12.23 

B61 3.56 -0.04 -7.15 11.57 8.61 3.84 2.43 12.20 62.05 -4.66 -1.47 -33.88 

B62 -12.69 -12.29 -16.24 3.60 1.90 1.56 0.62 -5.48 10.59 -9.84 -10.07 -15.87 

B63 -10.62 -14.32 -16.28 4.19 -1.31 8.07 3.28 -1.39 33.08 -1.33 -0.94 -5.26 

B64 -17.18 -20.97 -25.59 -5.31 -5.33 14.06 -6.22 0.64 31.29 -16.94 -16.90 -25.10 

B71 -12.47 -16.15 -21.05 4.36 1.63 -6.85 -7.95 -9.28 26.60 -21.61 -22.91 -24.82 

B71 -5.76 -13.09 -14.94 -10.13 -12.51 -0.81 -10.30 -18.67 10.01 -14.00 -11.66 4.13 

B72 0.76 -0.91 -12.12 11.65 10.15 -1.53 15.46 3.85 20.58 13.85 13.88 25.59 

B74 -4.22 -6.93 -24.86 2.27 1.63 -1.51 -3.98 -10.19 15.25 -14.17 -13.01 -9.96 

B81 14.64 4.32 4.52 10.28 8.41 -9.14 6.82 0.56 31.09 0.92 -0.41 -27.28 

B82 13.34 9.46 5.59 7.35 8.68 3.14 8.42 -0.53 21.71 -5.68 -34.19 -22.05 

B83 -7.62 -17.17 -6.68 -1.63 -0.19 10.78 1.59 1.37 45.97 -2.06 -3.52 -33.50 

B84 2.87 -1.98 12.39 7.64 0.96 20.15 6.01 2.56 46.24 1.76 1.01 -20.05 

C11 11.80 7.18 -11.46 7.40 6.16 -4.45 8.68 -2.80 -14.88 9.19 10.87 -22.54 

C12 -2.41 -1.58 -17.17 -2.72 -2.23 -12.77 -7.37 -3.86 7.27 -21.14 -24.18 -64.99 

C13 -5.44 -6.67 -16.94 -6.90 -6.81 -1.24 2.51 -1.38 10.56 -0.84 -3.90 -41.35 

C14 -5.10 -9.18 -29.89 -8.31 -9.03 -21.11 -10.17 -12.09 -3.28 -20.50 -24.43 -59.12 

C21 13.01 8.67 -7.84 15.37 12.82 -2.63 25.24 5.37 -9.75 27.27 25.10 -16.16 

C22 -8.89 -7.93 -9.11 -9.87 -9.26 -1.18 -7.68 -16.17 -13.47 -5.10 -5.71 -16.18 

C23 -141.51 -6.48 -24.47 -2.71 -1.04 -3.94 9.94 -0.41 -1.81 14.60 15.05 -6.17 

C24 7.20 1.34 -28.93 -7.02 -5.79 -4.44 -26.73 -30.96 -34.09 -34.66 -35.25 -30.15 

C31 13.64 11.42 -9.25 16.27 13.03 -26.68 23.73 -13.03 -42.22 34.99 34.51 -8.09 

C32 -1.06 -0.68 -2.83 -1.91 -2.07 -1.35 -6.27 -7.25 2.67 1.20 -2.15 -23.43 

C33 -3.78 -4.82 -6.27 1.22 1.32 -29.13 4.76 -31.91 -48.50 8.10 7.70 -20.82 

C34 5.84 1.63 -16.84 -2.57 -3.69 -22.36 -3.66 -19.96 -17.83 -7.09 -9.77 -39.88 

C41 39.54 39.30 34.66 26.68 24.50 -20.55 21.83 -11.57 -24.28 1.00 1.62 -7.55 

C42 -2.86 -4.72 -21.87 -3.66 -5.93 -31.40 -4.54 -30.71 -42.24 -19.01 -21.71 -48.02 

C43 -9.44 -10.85 -23.63 -12.39 -12.21 -18.47 -15.96 -19.96 -6.76 -9.68 -11.33 -45.89 

C44 -15.92 -16.09 -16.27 -16.06 -16.28 -34.19 -13.77 -29.80 -26.83 -8.70 -10.84 -44.06 

C51 11.40 11.28 2.04 1.74 4.45 -4.74 30.59 27.51 29.89 -2.82 -0.68 -11.82 

C52 -1.44 -7.51 -35.13 -2.90 -3.82 -25.60 -4.34 -11.90 -5.94 -9.70 -12.39 -49.36 

C53 7.32 4.01 -22.41 8.63 8.05 -14.42 4.09 -15.57 -22.96 -23.88 -26.30 -60.86 

C54 -7.91 -12.18 -34.82 -13.44 -13.15 -6.29 -19.21 -36.90 -39.84 -31.88 -32.84 -54.58 
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Table A17 ∆RGB values for the array indicator operating at 4℃ towards exposure to NH3, CO2, and Mixtures (Part 4/4) 

 R13 G13 B13 R14 G14 B14 R15 G15 B15 R16 G16 B16 

A11 -2.47 -3.04 -7.46 -4.34 -33.15 35.31 11.23 13.67 16.46 15.85 16.40 24.22 

A12 -12.08 -11.39 -8.06 -18.35 -45.93 21.40 -11.39 -7.68 6.30 -11.66 -13.37 -19.49 

A13 -11.86 -12.82 -11.64 -19.48 -64.85 6.96 -2.24 -2.46 12.44 5.16 2.79 10.32 

A14 -19.89 -20.26 -20.58 -25.92 -53.52 18.48 -19.10 -19.03 -11.18 -17.76 -17.96 -6.41 

A21 1.36 3.20 7.52 -12.47 -71.43 34.20 5.70 5.39 -2.59 8.94 8.82 30.48 

A22 3.87 3.50 8.76 -18.54 -89.01 21.73 -1.53 -1.97 0.61 -10.76 -10.66 2.13 

A23 7.82 8.48 14.12 -1.47 -62.42 43.11 18.07 18.71 35.38 17.94 18.64 31.45 

A24 4.01 5.28 9.77 -8.96 -73.48 35.61 1.28 1.39 19.03 -7.48 -5.80 7.67 

A31 6.87 7.68 10.25 -10.24 -81.55 58.29 13.09 15.29 17.78 7.14 9.80 31.80 

A32 -2.74 -0.87 0.97 -29.45 -93.02 39.39 -10.55 -6.18 13.43 -24.85 -22.14 4.39 

A33 7.21 7.55 1.73 -7.04 -81.79 53.23 15.76 15.56 9.01 4.10 6.88 26.26 

A34 -9.74 -7.56 -6.16 -28.39 -90.49 32.69 -11.82 -7.06 15.76 -23.81 -22.99 -4.34 

A41 0.84 2.30 9.55 -24.53 -88.23 75.74 10.47 15.51 26.06 -8.90 -4.01 57.19 

A42 -2.42 -1.41 -4.11 -34.01 -93.58 45.75 -9.01 -4.32 7.83 -33.62 -29.14 27.63 

A43 18.00 17.75 16.05 -4.93 -66.56 106.14 20.77 23.05 34.53 -7.63 -4.46 46.77 

A44 12.28 15.46 10.49 -24.62 -89.22 71.74 -1.67 2.16 24.78 -32.32 -28.02 24.19 

A51 2.53 4.22 2.95 -26.40 -86.77 71.02 -0.74 5.68 17.02 -19.25 -15.14 51.07 

A52 -6.36 -4.44 -10.37 -40.34 -98.92 47.96 -12.45 -6.40 -0.40 -40.90 -33.16 29.42 

A53 1.67 3.45 6.52 -23.36 -81.97 87.74 0.65 9.25 41.12 -17.14 -11.06 53.91 

A54 -6.19 -5.03 -6.77 -35.14 -92.00 74.81 -12.56 -4.66 26.16 -43.11 -31.20 35.14 

A61 14.14 14.04 8.35 -13.23 -86.11 80.91 18.39 20.30 31.79 -5.06 -2.12 58.21 

A62 10.55 12.29 5.70 -17.96 -89.07 74.46 -1.04 6.01 19.01 -37.37 -22.85 30.41 

A63 13.58 15.39 6.78 -9.81 -80.42 88.83 20.18 23.54 41.80 0.57 6.24 57.85 

A64 10.56 11.98 8.00 -17.19 -81.76 92.56 1.07 5.72 20.51 -22.79 -17.97 39.34 

A71 6.17 7.11 4.27 -23.51 -84.12 89.76 -0.53 5.80 11.37 -28.42 -24.12 50.94 

A72 6.44 6.97 5.75 -44.58 -100.11 42.60 -17.65 -13.78 -6.02 -57.21 -51.46 21.31 

A73 5.13 6.96 4.58 -17.58 -77.09 105.92 1.91 10.15 28.42 -19.90 -14.34 58.05 

A74 4.24 6.48 12.75 -40.21 -97.72 57.66 -14.19 -4.77 19.99 -48.49 -42.99 31.38 

B11 -1.69 -1.04 -0.27 0.85 0.99 9.43 1.65 -1.55 -13.49 3.89 3.52 -6.89 

B12 6.21 5.95 0.03 8.07 4.48 -12.12 0.10 -2.98 -7.45 -6.37 -2.98 11.30 

B13 10.43 10.22 10.29 12.74 12.69 15.73 7.53 2.20 -11.79 6.17 8.02 17.59 

B14 9.46 9.50 1.87 5.32 4.12 2.46 -6.48 -11.87 -8.03 -13.35 -11.48 4.80 

B21 -17.18 -18.51 -13.17 -8.80 -8.99 -3.76 -6.82 -9.84 -11.90 -8.37 -9.63 -2.05 

B22 -10.86 -12.27 -11.04 -13.29 -4.32 61.09 -6.64 -17.84 -6.06 -11.43 -4.14 6.20 

B23 -4.65 -4.76 -6.45 -0.85 -3.88 -8.70 -5.33 -9.72 -14.98 -7.24 -7.17 2.38 

B24 -11.76 -10.07 -6.93 -19.42 -14.57 -0.29 -1.20 -2.37 -11.77 -7.57 3.45 -8.92 

B31 1.61 0.77 2.53 3.88 3.07 10.60 -4.87 -3.85 -4.51 1.41 4.05 14.99 

B32 3.30 2.60 8.50 -9.71 -6.32 1.59 -16.70 -17.54 -23.74 -27.91 -24.66 -29.89 

B33 6.69 8.79 9.40 13.91 13.31 6.70 15.16 13.74 5.85 17.25 18.29 26.33 

B34 -0.38 0.22 1.81 -4.76 -4.79 1.62 -11.70 -12.07 -21.33 -15.94 -14.71 -5.19 

B41 -16.27 -16.34 -10.20 -7.36 -4.23 28.42 -7.97 -9.59 0.18 -4.24 -5.25 -4.23 

B42 -18.00 -16.33 -14.35 -17.99 6.87 6.94 -3.56 -13.27 -23.81 -6.67 5.51 -22.72 

B43 -11.51 -13.51 -9.63 -14.71 -1.12 10.56 -10.03 -4.81 -23.30 -4.86 -2.57 -22.75 

B44 -17.81 -18.74 -14.32 -21.41 -1.04 16.24 -1.10 -2.08 -16.82 -4.69 -1.46 -14.38 

B51 6.18 4.88 0.80 2.98 0.85 16.90 -2.93 -13.47 -1.57 -3.09 -13.30 -15.10 

B52 -2.89 -3.87 0.86 -3.44 -3.94 1.40 -8.02 -17.16 -21.87 -11.61 -14.40 -27.46 
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B53 9.93 9.66 5.44 13.56 14.23 25.94 12.21 7.98 -8.68 9.97 -11.71 -16.55 

B54 12.37 10.29 10.38 12.54 12.02 10.26 8.78 3.11 -8.36 -0.21 -8.42 -18.51 

B61 2.65 2.25 0.87 6.31 8.71 11.77 4.43 -2.17 -0.15 0.74 1.72 -13.59 

B62 1.57 1.23 3.50 -2.97 -0.88 6.71 -12.56 -10.30 -14.96 -26.80 -24.28 -29.30 

B63 4.61 3.21 3.98 8.02 7.05 3.54 5.75 -3.42 13.10 -4.89 -2.34 6.66 

B64 -3.17 -5.62 -6.18 -3.67 -3.64 -3.30 -11.94 -16.59 -12.81 -25.33 -24.27 -27.44 

B71 8.97 8.44 -4.28 5.93 4.83 9.38 0.63 -3.22 -25.01 -4.38 1.79 29.27 

B71 -16.08 -16.64 -10.01 -16.69 -13.95 16.37 -21.99 -21.99 -18.02 -26.42 -23.73 -2.28 

B72 5.72 3.18 1.67 11.11 7.76 -10.53 5.89 -2.10 -5.34 2.67 3.01 -7.26 

B74 3.37 3.51 -6.51 0.00 0.62 11.76 -9.73 -10.98 0.72 -26.46 -21.90 -12.94 

B81 11.36 11.76 13.86 12.16 8.66 -12.76 12.03 7.45 -4.62 9.12 8.39 4.41 

B82 5.22 5.24 5.57 0.12 -2.14 -16.04 -8.41 -11.91 -3.10 -13.15 -13.98 -11.89 

B83 -0.24 -1.10 6.89 -2.49 0.06 15.35 2.91 3.21 1.97 3.42 4.13 4.80 

B84 5.29 5.57 3.12 4.72 4.47 11.01 -0.25 -0.25 5.77 -6.24 -5.49 0.50 

C11 3.75 5.88 3.38 2.30 -0.40 -22.92 1.92 2.79 -12.21 0.58 -1.47 -26.02 

C12 -9.09 -8.50 -11.89 -11.86 -12.73 -25.22 -19.54 -16.47 -25.18 -33.46 -34.09 -40.68 

C13 -1.79 0.51 -0.07 15.47 14.70 4.09 8.70 8.06 -16.26 -1.89 -3.69 -20.53 

C14 -13.55 -12.07 -15.99 -14.36 -15.58 -29.28 -20.57 -23.26 -43.17 -29.49 -30.28 -37.39 

C21 5.85 4.98 7.48 9.59 10.79 1.08 16.93 16.30 -10.36 13.80 15.26 18.53 

C22 -9.78 -8.25 -7.80 -14.01 -11.22 8.61 -20.32 -19.42 -24.42 -19.49 -18.15 -7.84 

C23 0.77 1.64 -0.64 12.88 9.19 -19.65 18.49 17.93 0.88 16.90 18.10 11.67 

C24 -0.53 0.17 -8.01 -10.27 -13.95 -30.53 -31.49 -30.72 -26.37 -36.83 -36.42 -35.62 

C31 3.00 4.28 4.33 14.15 6.18 -33.22 13.08 13.98 9.99 20.71 15.67 -23.09 

C32 -4.48 -0.80 0.63 -0.82 -1.88 -13.53 -9.47 -9.45 -18.46 -9.83 -8.72 -6.84 

C33 -13.05 -11.17 -5.07 2.78 1.84 -10.34 12.39 3.01 -75.51 12.06 11.17 -10.42 

C34 2.24 4.36 10.74 -1.79 -6.68 -25.48 -11.46 -12.32 -28.01 -13.95 -15.14 -35.17 

C41 15.93 18.54 16.72 7.71 9.34 -6.27 -8.99 -8.67 -17.82 -25.60 -26.97 -30.66 

C42 0.40 2.61 -0.85 2.42 4.47 -11.59 -5.32 -6.06 -39.60 -18.42 -22.22 -43.47 

C43 -11.24 -11.39 -11.18 -13.67 -9.32 -2.10 -21.67 -21.89 -32.46 -18.24 -15.95 -16.02 

C44 2.89 4.41 -0.32 0.31 -2.74 -19.08 -6.79 -4.48 -14.07 -5.17 -5.82 -22.28 

C51 4.84 5.70 3.43 6.32 5.83 -11.51 5.55 5.75 -8.08 -9.26 -7.96 -22.12 

C52 2.09 5.10 -1.52 1.84 3.93 -4.08 -2.83 -1.80 -1.35 -10.14 -10.83 -20.68 

C53 18007.42 29.85 29.55 25.93 27.91 7.50 6.99 4.15 -11.87 -23.67 -21.50 -13.45 

C54 -0.08 1.36 -2.39 -1.60 2.95 16.71 -14.70 -14.15 -14.89 -30.48 -29.11 -34.26 

 

 


