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ABSTRACT 

 
Gas detection is vital in different fields including environmental applications, 

clinical analysis, and homeland security. To perform these tasks the sensors need to be 

stable, sensitive, selective, operating at room temperature, rapidly responding, and easy to 

regenerate. On the other hand, most chemical sensors often suffer from a lack of 

selectivity, i.e., reacting more or less similarly to a collection of substances. As a result, 

these sensors may lead to false alerts. Even worse, the molecules to be detected could be 

masked by some interfering compounds which may result in failure to detect the targets. 

The goal of this research is to develop a portable gas-sensing device that 

integrates a zeolite/dye unit with an optoelectronic detector. At nano-scale the sensor is 

expected to be more accurate, more sensitive, and can better differentiate and detect one 

chemical component in a mixture of different gases. This could be achieved by 

incorporating fluorescent dyes into the zeolites’ cavities, measuring gas absorption, 

desorption and photo-chromic interaction of dye and gases, interfacing the zeolite/dye 

sensor arrays with light source and electronic detectors and fully integrating the sensor 

arrays into a portable unit.  

This research addresses many of the above-sated threads. The highly fluorescent 

organic dye, nile red, was successfully included in the supercages of different zeolites Y 

(ammonium Y, hydrogen Y, and sodium Y) via chemical reaction. The research also 

developed an effective method to clean the synthesized inclusions, which is a 

combination of ultrasound and centrifuge. The cleaned inclusions were baked to remove 

any gases and/or moisture trapped inside the zeolites’ structure. The spectra of the baked 

inclusions were used as references. The cleaned inclusions were optically characterized in 
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terms of light absorption and fluorescence emission. When exposed to acetone, ethanol, 

methanol, and de-ionized water, the fluorescence emission spectra of zeolite-sodium-

Y/nile-red inclusion showed a similar spectral shift compared to the reference spectrum. 

On the other hand, the fluorescence emission spectra of zeolite-hydrogen-Y/nile-red 

inclusion and zeolite-ammonium-Y/nile-red inclusion showed different spectral shifts 

compared to the reference spectra. This shows the successful proof of encapsulating the 

nile red dye in zeolites Y’s cages, cleaning the zeolite/nile-red combinations, and 

measuring the desorption and fluorescence emission of the combinations. The optical 

characteristics of the nile red adsorbing to the external surface of the zeolites Y were 

studied as well. The research also included the design of the optical system to excite the 

sensing elements (zeolite/nile-red inclusions), and to collect the fluorescence response, 

the design and simulation of electronic circuits to condition and process electrical signal, 

and overall design of an integrated gas detector onto a pressed ceramic optical bench. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Importance of Portable Gas Sensor 

       The goal of this research was to develop a prototype for a multi-gas sensing 

device which could be used in different environments such as buildings, industrial 

facilities, etc. The device will inform users of different gases with concentration levels. 

Polluted air may contain gases which are harmful to human being, animals, or 

ecosystems. One of the common and significantly toxic gases is carbon monoxide (CO). 

It results from incomplete combustion of carbon-base fuels and substances. CO gas is 

colorless, odorless, tasteless and non-irritating; thus, it is difficult for human being to 

detect this gas. Mild poisoning of CO gas may cause headaches, vertigo, and flu-like 

effect, while severe exposure to CO gas can lead to significant toxicity to brain and heart. 

More than 50% of fatal poisonings in many industrial countries may result from CO 

poisoning [1]. Another toxic and extremely hazardous gas is hydrogen sulfide (H2S), 

which is colorless, flammable, and smells like rotten egg. It is commonly found in places 

like sewers, manure stockpiles, mines, hot springs and holds of fishing ships. 

Concentrations above 100 parts per million (ppm) cause rapid temporary paralysis of the 

olfactory nerves in the nose, leading to a loss of the sense of smell. Besides, exposure to 

lower concentrations of H2S over period of time also causes similar effects of olfactory 

fatigue [2]. Methane (CH4) is another common gas, which is also colorless, and odorless. 

Even though little information is available on its toxicity, methane is flammable, and 

forms explosive mixtures with air, thus may be harmful [3].  
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The above mentioned are just a few in the long list of gases that need to be early 

detected in order to protect humans, animals and ecosystems. As a result, there has been 

major focus on developing fast and sensitive methods to detect and quantify these gases. 

Spectrometric analysis certainly provides the most information about the species under 

test; however, it is also the most complicated and the actual devices are cumbersome and 

expensive [4]. Therefore, it is very helpful to have portable, accurate, sensitive, and 

selective devices with rapid response so that they can be used outside laboratories. 

The next section will summarize the characteristics of the two chemicals which do 

the sensing of different gases. These elements will be integrated into the portable device 

as a front-end data acquisition unit. 

 

1.2 Zeolite-Y and Nile Red Dye  

    Zeolite and Nile Red dye (NR) are the two important chemicals that were used in 

the detecting device for their own unique characteristics. Thanks to the porous structure 

and its adsorption property, the former has been used in different researches as a system 

to host other chemicals, to remove moisture, to filter and separate gases, etc. The latter 

has been utilized for its absorption and emission shift when adsorbing different 

chemicals. In this research, NR will be incorporated into the porous structure of Zeolite-

Y forming the analog sensing front end of the portable device. They will convert the 

presence of particular gases into light of different wavelengths that will be processed by 

the electronic parts. 
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1.3 Problem Statement and Solution 

 Early detection of harmful gases in different environments plays a significant role 

in protecting human being, animals, and ecosystems. There have been researches in 

chemical sensors for gas detection. However, most chemical sensors often suffer from a 

lack of selectivity, reacting to more or less similarly to a collection of substances. As a 

result, false alerts occur, or worse, the molecules to be detected could be masked by some 

interfering compounds, thus negatively affecting the sensitivity of the sensors. Several 

investigators have been working towards multi-gas detection systems [5-6]. A system 

using acoustic surface wave detection has already reached commercialization [7] but 

geared more towards detection of particular notes.  

It is of utmost importance for the practical application of emergent 

nanotechnologies which rely on conventional technologies for commercialization. Much 

of the current effort in nano-electronics is directed towards integration of nano-science 

into macroscopic products to enhance product performance, or enable the product to be 

reduced in overall size. This research utilized zeolites because of their large surface area 

[8-9] in the order of 1,000m
2
/g, which provides large adsorption capacity. They are 

capable of selecting effectively molecules that enter the cavities of the zeolites on the 

basis of size. Besides, with major strides in the area of light activated processes in nano-

porous zeolite/dye, the optical properties of zeolite/dye can also be used in the 

development of optical chemical nano-sensor.  This research attempted to combine nano-

scale zeolite/dye and optoelectronics into a gas detector with more accurate, sensitive, 

and selective capability. Consequently, the detector is able to detect many gases 

simultaneously in a cost effective unit. 
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1.4 Outline of Research 

Chapter 1 provides an overview of the problem and research goals. The 

remaining Chapters consist of explanatory materials and are organized as follows: 

Chapter 2 and 3 provide literature reviews of Zeolite  and Nile Red dye respectively, 

which are the two main materials combined together to perform the sensing function in 

this research. Chapter 4 describes the principle of fluorescence and fluorescence 

detection system. Chapter 5 presents the electrical signal conditioning. Chapter 6 

reports Synthesis and Light Absorption Characteristics of Zeolite/Nile-Red 

Combinations. Chapter 7 presents the Assessment of the Fluorescence Emission of 

Zeolites-Y/Nile-Red Combinations for Different Test Gases. The design and simulation 

of the opto-electronic system is presented in Chapter 8. Chapter 9 summarizes the 

research and suggests future work. 
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CHAPTER 2 

ZEOLITES 

2.1 Definition  

It is difficult to precisely define what a zeolite is due to the enormous structural 

and chemical diversity of the zeolite family of materials. According to the mineralogist 

community, a zeolite can be defined as crystalline aluminosilicates with a 4-connected 

tetrahedral framework structure enclosing cavities occupied by organic non-framework 

cations and water molecules, both of which have considerable freedom of movement, 

allowing ion exchange and reversible dehydration [10]. The 4-connected tetrahedral 

frameworks are composed of TO4 (where T stands for any tetrahedral species, and can be 

Si
IV

, Al
III

, P
V
, Zn

II
, etc), with oxygen atoms connecting neighboring tetrahedral. The 

International Zeolite Association (IZA) assigns a three letter code to each distinct 

tetrahedral framework, which is formally known as framework type. Different zeolites 

have different framework composition, different guest species, and different 

extraframework cation content. Besides, they can have different crystallographic 

symmetry, and different properties. 

 

2.2   Zeolite Framework Structures 

2.2.1 The Basic Building Unit 

All zeolite frameworks can be built by linking in a periodic pattern of basic 

building units (BBUs) which are called the tetrahedron. Figure 2.1 shows different 

representations of the BBU of zeolites. These tetrahedrons can be depicted as [SiO4], 

[AlO4], [PO4], etc. 
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Figure 2.1: Different representations of the tetrahedron of zeolites [11].  

   

The framework structure is completely siliceous when consisting only silicon and 

oxygen atoms, called silica framework (see Figure 2.2), and the zeolite material is 

uncharged.  

 

   Figure 2.2: Silica framework [12]. 

 

When aluminum is incorporated into the framework, the solid becomes negatively 

charged, and needs extra-framework cations within the structure to neutralize the overall 

framework. Thus, a zeolite contains three components as follow: 

M
m+

n/m  .  [Si1-n AlnO2]  . nH2O 

Extra framework cations   4-connected framework       sorbed phase 

 

The adsorbed medium can be water and/or organic non-framework cations. Water 

is present in the zeolite composition as a result during synthesis; it occupies the internal 
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voids of the zeolite. If necessary, the adsorbed medium can be removed by thermal 

treatment or oxidation. 

 

2.2.2 Composite Building Units 

More complex composite building units (CBUs) can be built by linking groups of 

BBUs. Rings are the simplest examples of CBUs, and their sizes depend on the number 

of tetrahedrons. All zeolite structures can be viewed as if being formed of rings of 

tetrahedron of different sizes. Figure 2.3 shows rings of different sizes that are usually 

found in zeolites. In general, a ring consisting of n tetrahedrons is called n-ring. The most 

common rings consist of 4, 5, 6, 8, 10, or 12 tetrahedrons. Frameworks with rings of 14, 

18, and 20 tetrahedrons [13-16] have been reported while 3-, 7-, or 9-ring frameworks are 

rare [17-19]. The scale of the pore aperture is given for the 10-ring to give a sense of 

scale. 

 

 

     Figure 2.3: Relative sizes of n-rings [11].  

  

The size of the rings in the frameworks of zeolites determines the pore size in 

different zeolites. When a ring defines the face of a polyhedral, it is also called a window. 
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Although the rings are sometimes planar, more often they have more complicated shape 

and geometry. Figure 2.4 shows the framework projections and ring sizes for commonly 

studied frameworks. Zeolite cages and channels are usually of the order of 4 to 14Ǻ. 

 

 Figure 2.4: Pore sizes of different framework structure [20].  

 

The next larger CBUs , the cages, are polyhedrons whose largest rings are not big 

enough to allow the passage of molecules larger than water. It is usually considered that 

6-rings are the limiting size to form a cage. The Cancrinite and the Sodalite are examples 

of cages, as shown in Figure 2.5, in which the oxygen and T atoms are depicted in the 

upper drawings. In the lower half, only the connections between T atoms are indicated.  

 

 

Figure 2.5: Simplified description of two frequently found cages in 

Zeolites [11].  
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2.2.3 Cavities and Channels 

 Cavities are also polyhedrons; however, they are different from cages by the fact 

that they contain windows which allow molecules to go in and out of the cavities. They 

should not be infinitely extended, and should be differentiated from other units such as 

pores and channels. Figure 2.6 illustrates examples of two cavities: one represents 

cavities of zeolite A (LTA), the other representing cavities of zeolite X and Y. The 

former consists of six 8-rings through which water molecules, linear alkanes, and small 

molecules like CO2 and N2 can penetrate, and because there are windows in all 

crystallographic directions, diffusion of molecules occurs in all three dimensions. The 

latter depicts the cavity of zeolite X and Y (FAU), which is of tetrahedral point symmetry 

and contains four 12-ring windows. These windows allow the passage of much larger 

molecules than in the previous case [11]. 

 

 Figure 2.6: Cavities of zeolites A (LTA) and X (FAU) [11].   

 

A channel is defined as a pore which is infinitely extended in at least one 

dimension with a minimum aperture size (n-ring) that allows guest molecules to diffuse 

along the pore as shown in Figure 2.7.  
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Figure 2.7: Zeolite channel [11]. 

 

In many zeolites, the channels intersect, thus forming two- and three dimensional 

channel systems. While dimension of the pore determines the maximum size of the 

molecules which can enter from the exterior of the zeolite crystal into its micropores, the 

number of T atoms of the n-ring which defines a channel, qualitatively determines 

aperture dimensions of the channel. Structures with 8-, 10-, or 12-ring channel apertures 

are the most common and usually called small-, medium-, or large-pore zeolites, 

respectively, whereas the ones with 14-ring or larger channel apertures are known as 

extra large-pore zeolites. 

 

2.3 Natural Zeolites and Synthesized Zeolites 

Natural zeolites were noted to exist hundreds of years ago. However, the field of 

zeolite science and technology only accelerated in the 1950s after the discovery of 

methods to synthesize zeolite in large-scale by Union Carbide. 

There are about 40 known natural zeolites, forming in nature as a result of the 

chemical reaction between volcanic glass and saline water. It takes from 50 to 50,000 

years to complete the reaction [21]. Most zeolites occurring in nature are lower Si/Al 

ratios, and sometimes found as large single crystals. Besides, high-porosity natural 

zeolites such as faujasite (FAU), whose laboratory analogs are zeolite X or zeolite Y, are 
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scarce. In addition, catalytic activity of natural zeolites is limited by their impurities and 

low surface areas [20]. 

More than 175 types of zeolites have been synthesized [22] as of January, 2008. 

The development of zeolites can be summarized as follow: 

• Low-Silica or Al-Rich Zeolites (Zeolites A and X):  

o Reported in 1959, Zeolite A and X have the highest cation contents 

and excellent ion-exchange agents. 

• Intermediate Silica Zeolites (Zeolite Y): 

o Spans a Si/Al ratio of 1.5-3.8, and with framework topology 

similar to that of zeolite X and the mineral faujasite. 

o Decreasing the Al content yielded both thermal and acid stabilities 

and paved the way for development of zeolite Y-based processes in 

hydrocarbon transformations [23]. 

• High-Silica Zeolite (Zeolites with Si/Al ratio of 10-100) 

o Reported in the 1960s and 1970s, even though the aluminum 

content is low, the acidity manifested by these zeolites is adequate 

for hydrocarbon catalytic reactions. 

o Addition of organic species to aluminosilicates and silicate gels led 

to synthesis of high-silica zeolites and all-silica molecular sieves. 

o The temperatures of these syntheses are often above 100
o
C and the 

organic reagent can act as a void filler, charge balancer, structure-

directing agent, and, in some cases, a true template [24]. 
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o Post-synthesis modifications of zeolites are technologically 

important, as in production of zeolite Y by removal of framework 

aluminum for catalytic cracking applications. 

o De-aluminum results in frameworks with greater thermal stability 

and enhanced catalytic properties [25]. 

o Aluminum can still be present in the zeolite, and modify its 

catalytic properties. 

o In all cases, microporosity arises from amorphous regions of the 

modified zeolite, with the extent depending upon the process, the 

most severe being steaming. 

 

2.4   Some Important Zeolite Structures 

2.4.1 Zeolite A (LTA) 

Zeolite A is one of the most important zeolites, which has found applications in 

different areas including water softening in detergents, additive in polyvinyl chloride 

(PVC) thermoplastics, industrial gas drying, separation of linear and branched 

hydrocarbons, etc. Figure 2.8 shows the CBUs and framework structure of zeolite A 

(LTA): the top drawing depicts the β-cage, the double 4-ring, and the α-cage (formally a 

cavity but is also called α-cage for historical reasons) [11], and the lower drawing the 

framework structure. 
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Figure 2.8: CBUs and framework structure of zeolite A (LTA) [11].  

 

Zeolite A has a three-dimensional pore system which allows molecules to diffuse 

in all three directions in space by moving across the 8-ring windows that connect the 

cavities. Hydrated zeolile A, obtained from industrial manufacturers, is usually composed 

of |Na96(H2O)216|[Al96Si96O384]—LTA. 

 

2.4.2 Zeolite X, Y, and USY  

Zeolite X, Y, and USY (Ultra-Stable Y) are large-pore zeolites with same 

framework type (FAU), however, they are noticeably different in their framework 

composition and properties. Si/Al ratio is approximately 1.25 in zeolite X, 2.3 in zeolite-

Y, and 5.6 or higher in zeolite USY. Figure 2.9 depicts CBUs (the β-cage, the double six-

ring, and the supercage) and framework structure of zeolite X, Y. The supercage of the 

FAU framework is of tetrahedral symmetry, and contains four 12-ring windows. Because 

of the tetrahedral symmetry of the cavity, there are no straight channel in the [111] 

directions; however, channels can be viewed to run along the [110] directions. The 

connectivity of the supercage allows molecules to diffuse in three dimensions in the 
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crystal interior. Molecules larger than water or ammonia can access only the supercages 

and cannot pass into the empty space inside the sodalite cages; therefore, all reactions and 

the adsorption of most sorbates are confined to the supercages [11]. 

 

 

Figure 2.9: CBUs and framework of zeolite X, Y, or faujasite (FAU) [11]. 

 

Zeolite X is used primarily as adsorbent in gas drying while zeolite Y and USY 

are most widely used in solid acid catalysts, and are the main component of the fluid 

catalytic cracking (FCC) catalyst [26]. 

 

2.4.3 Zeolite ZSM-5 (MFI) 

Zeolite ZSM-5 (MFI) is possibly the most versatile solid-acid catalyst, which is 

formed largely of 5-rings which are organized as columns and connected to each other. It 

is the second mostly used zeolite catalyst after zeolite Y [11]. Figure 2.10 depicts 

framework structure of Zeolite ZSM-5, which is viewed down the straight pores. This 

zeolite belongs to the orthorhombic crystal system [27], but its framework is quite 
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flexible and the exact crystallographic symmetry depends on framework composition, 

temperature, and presence of adsorbed molecules [28-29].  

 

 

Figure 2.10: Framework structure of zeolite ZSM-5 (MFI) [11].  

 

In the framework structure of zeolite ZSM-5, there are two distinct 10-ring 

channels of nominally about 5.6Ǻ apertures: a straight channel runs along the [010] 

direction and a sinusoidal one along the [100] direction. Even though the channels run 

along only two crystallographic directions, molecules can actually move along the three 

crystallographic directions [11].  

 

2.5  Properties of Zeolites 

The zeolite family has their uniqueness among inorganic materials due to their 

structural characteristics. The special properties of zeolites including molecular sieving, 

high adsorption capacity, ion exchange, and so on, are directly related to zeolite structure. 

On the other hand, zeolite properties are also intimately linked to the composition of the 

framework, the identity of the extra-framework cations, and the guest species. Cation 
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concentration, sitting, and exchange selectivity change significantly with Si/Al ratio, and 

play an important role in adsorption, catalysis, and ion-exchange applications. The 

following sections present some of the important properties of zeolites. 

 

2.5.1 Stability 

Thermal stability of zeolites changes over a wide range of temperature. Low-silica 

zeolites can be decomposed at about 700
o
C, whereas completely siliceous zeolite such as 

silicalite, is stable up to 1300
o
C. Similarly, structural stability of zeolites varies in 

different solutions depending on their structure composition. Low-silica zeolites are 

unstable in acid while high-silica zeolites are stable in boiling mineral acids but unstable 

in basic solution.  

 

2.5.2 Adsorption 

Adsorption by zeolite can be achieved by molecular sieving, electrostatic fields, 

and polarizability. Molecular sieving is the basic consideration regarding the adsorption 

of species by zeolites. Species which are too large to pass through a zeolite pore are 

effectively sieved. This effect can be used to yield sharp separations of molecules by size 

and shape. The particular affinity which a molecule or ion has for an internal zeolite 

cavity depends on electronic considerations. Strong interaction with polar molecules such 

as water causes strong electrostatic field within a zeolite cavity. On the other hand, non-

polar molecules are also strongly adsorbed because of the polarizing power of these 

electric fields. Therefore, even when no steric hindrance occurs, excellent separations of 

species can still be achieved using zeolites.  
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Adsorption by zeolites is usually reversible in practice. This feature allows the 

zeolite to be reused many times, cycling between adsorption and desorption [21].  

 

2.5.3 Catalysis 

Zeolites are able to act as catalysts for chemical reactions that take place within 

their internal cavities. Reactions that catalyzed by hydrogen-exchanged zeolites are 

exploited in crude oil cracking, isomerization, and fuel synthesis. Zeolites can also be 

used to oxidize or reduce catalysts, often after metals have been introduced into the 

framework [12].  

 

2.5.4 Ion Exchange 

Ion exchange is an important property of zeolite. It is the trading of one charged 

ion for another on the crystal. This property can be measured by the cation exchange 

capacity (CEC). Zeolites have high CEC due to the substitution of an aluminum ion for a 

silicon ion in a portion of the silicate framework [30]. 

  

2.6 Host-Guest Chemistry 

Zeolites are ideal inorganic hosts for a large variety of guest molecules. Zeolite-

based host-guest systems are a type of advanced materials in which zeolites act as host 

for encapsulating and organizing species, crystalline nanophase, and supramolecular 

entities inside the zeolite pores. Space confinement and host-guest interaction give rise to 

composite materials with novel optical, electronic, and magnetic properties. Clusters of 

metals including platinum [31], palladium [32], and others [33-34] have been 
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encapsulated in zeolite cavities. On the other hand, organic dye (Nile red) has been 

reported to be successfully created in the supercages of zeolite Y [35]. Inclusion of 

functional guest molecules in zeolite structure can be achieved via either adsorption from 

vapor phase or solution into microporous voids [36-38], or during synthesis without 

performing any post-synthetic treatment [39-40], or post-synthetic treatments such as ion-

exchange [41], in situ guest synthesis [42-43]. 

 

2.7  Applications of Zeolites 

Applications of zeolites have been found in different areas including adsorbent 

applications, catalysis applications, ion-exchange applications, etc. The novelty of 

zeolites comes from their microporosity and the topology of their framework. Firstly, 

thanks to the porous structure, zeolites have large adsorption surface. Their internal 

surface is highly accessible, and can compose more than 98% the total surface areas 

which are typically of the order of 300-700 m
2
/g. Secondly, the framework composition 

of zeolites depends on the synthesis condition, and the amount of aluminum within the 

framework can change over a wide range, with Si/Al ratio from 1 to infinity. As the Si/Al 

ratio increases, the hydrothermal stability as well as the hydrophobicity increases. 

Thirdly, in as-synthesized zeolites, the sorbed phase and organic non-framework cations 

can be removed, making the intracrystalline space available. Besides, the fact that 

zeolites retain their structure integrity after water having been removed makes zeolites 

different from other porous hydrates such as calcium sulfate (CaSO4). Fourthly, the extra-

framework cations are ion exchangeable, thus it gives rise to the rich ion-exchange 
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property of zeolites. Finally, the crystalline nature of the framework guarantees that the 

pore openings are uniform throughout the crystal [20]. 

Common adsorbent applications of zeolites are listed in Table 2.1. It also 

summarizes focuses on removal of small polar or polarizable molecules by more 

aluminous zeolites and bulk separations based on molecular sieving processes [44-45]. 

 

Table 2.1: Adsorbent Applications of Molecular Sieve Zeolites [46]. 

Purification Bulk Separations 

Drying: 

• natural gas  

• cracking gas (ethylene plants) 

• insulated windows 

• refrigerant 

• Normal/iso-paraffin separation 

 

• Xylene separation 

 

• Olefin separation 

 

• Separation of organic solvents 

 

• Oxygen from air 

 

• Separation of CO2, SO2, NH3 

 

• Sugar separation 

 

• Separation of amino acids, n-

nitrosoamines 

CO2 removal: 

• natural gas, flue gas (CO2 + N2) 

• cryogenic air separation plants 

 

Sulfur compound removal 

Sweetening of natural gas and liquefied 

petroleum gas 

Pollution abatement: removal of Hg, NO, 

Sox 

Removal of organic and inorganic iodide 

compounds from commercial acetic acid 

feed streams 

 

Table 2.2 lists the main applications of catalysis by zeolites. An important class of 

reactions is the one catalyzed by hydrogen-exchanged zeolites, whose framework-bound 

protons can produce very high acidity [12]. Beside acidity, zeolites have other unique 

features relating to a concentration effect of reactants within the cages/channels and 

promoting bimolecular reactions. Zeolites are also increasingly used to synthesize 

organic intermediates and fine chemicals.  
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Table 2.2: Catalysis Applications of Zeolites [46-47]. 

Inorganic reactions: Hydrocarbon conversion: 

• H2S oxidation 

• NO reduction of NH3 

• CO oxidation, reduction 

• CO2 hydrygeneration 

• Alkylation 

• Cracking 

• Hydrocracking 

• Isomerization 

Organic reactions:  

• Aromatization (C4 hydrocarbon) 

• Aromatics  

• Aldol condensation 

• Alkylation 

• Beckman rearrangement 

• Chiral hydrogenation 

• CH4 

• Chloroaromatics dechlorination 

• Chlorination of diphenylmethane 

• Chlorocarbon oxidation 

• Chlorofluorocarbon decomposition 

• Cinnamaldehyde hydrogenation 

• Cinnamate ester synthesis 

• Cyclohexane 

• Dehydration 

• Epoxidation 

• Friedel-Craft reaction of aromatic 

compounds 

• Fisher-Tropsh reaction 

• Methanol to gasoline 

• Methanation 

• Meerwin-Ponndorf-Verley 

reduction 

• Oxyhalogenation of aromatics 

• Heck reaction 

• Hydrogenation and 

dehydrogenation 

• Hydrodealkylation 

• Shape-selective reforming 

 

Table 2.3 lists ion exchange applications of zeolites and their advantages [48-49]. 

The principal use of zeolites as ion exchange is for water softening applications in the 

detergent industry and substitute use of phosphates. 
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Table 2.3: Ion Exchange Applications of Zeolites [46].  

Applications Advantages 

• Removal of Cs
+
 and Sr

2+
 

• Radioiosotopes—LINDE AW-500, 

Mordenite, clinoptilolite 

• Removal of NH4
+
 from wastewater—

LINDE F, LINDE W, clinoptilolite 

• Detergent builder zeolite A, zeolite X 

(ZB-100, ZB-300) 

• Radioactive waste storage 

• Aquaculture (AW-500, clinoptilolite) 

• Regeneration of artificial kidney 

dialysate solution 

• Feeding NPN to ruminant animals 

 

• Metal removal and recovery 

• Ion exchange fertilizers 

 

• Stable to ionizing radiation 

• Low solubility, dimensional stability,  

       high selectivity 

• NH4
+
-selective over competing cations 

• Remove Ca
2+

 and Mg
2+

 by selective 

exchange, no environment problem 

• Same as Cs
+
, Sr

+
 removal 

• NH4
+
 selective 

• NH4
+
 selective 

 

• Reduces NH4
+
 by selective exchange 

to nontoxic levels 

• High selectivity for various metals 

• Exchange with plant nutrients such as 

NH4
+
 and K

+
 with slow release in soil 
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CHAPTER 3 

NILE RED DYE 

3.1  Introduction 

Nile Red (NR) is a highly solvatochromic organic dye whose chemical structure is 

shown in Figure 3.1. It can be dissolved in a number of different solvents resulting in 

solutions of different colors. NR molecule behaves differently in various solvents, and its 

behavior is expressed via the emission of light in discrete parts of the visible light 

spectrum. For instance, if dissolved in water, NR solution takes on a strong blue color, 

whereas in toluene, the solution displays a yellow color [50]. NR has found applications 

in different fields thanks to its unique properties. 

 

 

                 Figure 3.1: Chemical structure of Nile Red dye [51]. 

  

3.2 Properties of Nile Red Dye 

Figure 3.2 and 3.3 show the absorption and fluorescence emission of NR, 

respectively. NR is able to sense different polarities of the solvents and express them 

through fluorescence emission. The higher the polarity of the solution, which refers to the 

charge of its molecules, the bluer the fluorescent emission, the lower the polarity of the 
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solvent is, the redder the fluorescent emission [50]. However, NR is an uncharged 

heterocyclic molecule and, therefore, it is quite soluble in organic solvents and lipids, but 

relatively insoluble in water. Moreover, NR fluoresces intensely, in varying color, in 

organic solvents, and hydrophobic lipids. On the other hand, NR acts as a hydrophobic 

probe, that is, its fluorescence maxima change depending on the relative hydrophobicity 

of the surrounding environments [52]. 

 

 

      Figure 3.2: Absorption spectrum of Nile Red dye in Dioxane [51]. 

 

 

              Figure 3.3: Fluorescence spectrum of Nile Red dye [51]. 
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3.3 Applications of Nile Red Dye 

Thanks to its unique properties, NR has been used as a biological imaging tool 

because it reveals information about the sample that it is exposed to. For example, Fowler 

and Greenspan were successful in using NR as a fluorescent hydrophobic probe to detect 

neutral lipid deposits in tissue sections [52]. Besides, NR has also been utilized in optical 

sensing device. 

 

3.4 Nile Red Used in Optical Gas Sensing System 

Dong Li, et al [53], developed optical gas sensing micro-systems using NR dye 

immobilized within various supporting polymers, incorporated in different 

microstructures. Figure 3.4 shows the SEM (Scanning Electron Microscope) image of the 

MSG honey comb bundle which was wafered perpendicular to the channel axis. This 

MSG was used to host NR/polymers combination to sense different gases. 

 

 

                     Figure 3.4: SEM micrograph of a MSG bundle [53]. 

 

 

The dye/polymer coated MSG is to the bottom right of the image whereas the 

holes to the top left are uncoated MSG. Inset is a cross-sectional diagram of the bundle 

structure (A =50 µm, B = 0.5 mm). 
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Dong Li also incorporated NR/polymer combination into another microsystem 

called the SU-8 based sensing device. SU-8, developed by IBM, is a negative tone, 

epoxy-based resin photoresist for microstructure fabrication with high aspect ratios. 

Figure 3.5 shows the optical and SEM images of the device with etched channel using 

SU-8. This channel was used to host different polymers on which NR dye was 

immobilized. 

 

 

Figure 3.5: SEM and optical image of an SU-8-based optical sensor [53].  

(a) SEM micrograph of the center of an SU-8-base device prior to addition 

of the glass top plate, showing the etched channel for the dye/polymer 

sensor. Inset is an overall optical image.  

(b) Cross-sectional diagram of the device structure. 
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The temporal fluorescent response of the optical sensors using NR dye in MSG 

device upon the introduction of a 2-second pulse of analyte gas is shown in Figure 3.6. 

The sensing part consists of NR immobilized on poly dimethylsiloxane (PDMS) or 

polyvinylpyrrolidone (PVP).  

 

 

Figure 3.6: Fluorescent temporal response of sensors on a MSG device to different gases 

[53]: (o) butan-2-ol, ( ) hexane and ( ) methanol.  

(a) The response of Nile Red/PDMS. 

(b) The response of Nile Red/PVP. 

  

 

The fluorescence (excited by 533 nm optical radiation) upon introducing the 

analytes was observed at room temperature using 580-nm filter. The fluorescence 

intensity varies depending on the analytes and the supporting polymers. 
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CHAPTER 4 

FLUORESCENCE AND DETECTION SYSTEM 

 

When Nile Red (NR) dye, included in zeolite supercages, is excited by an external 

light source, it emits fluorescence of different wavelengths depending on gases present in 

the surrounding environment. This chapter presents principles of fluorescence, how it can 

be detected and processed with the optical filters and a photodetector. 

 

4.1  Fluorescence 

Fluorescence is an optical phenomenon in cold bodies, in which a molecule 

absorbs a photon and triggers the emission of a photon with longer (less energetic) 

wavelength [54]. Therefore, the fluorescence is a process of three stages: excitation, 

excited-state lifetime, and fluorescence emission, as illustrated in Figure 4.1 [55]. A 

molecule that is able to fluoresces, is called a fluorophore, or a fluorescent dye.  

 

 

Figure 4.1: Diagram illustrating stages of a fluorescence process [55]. 

 

 



28 

Excitation:  

In the excitation stage, an external source such as incandescent lamp or a laser is 

needed to provide a photon of energy hvEX. This photon is absorbed by a fluorophore, 

creating an excited electronic singlet state (S1’). 

  

Excited-State Lifetime: 

The excited state lasts for a finite time, typically from 1 to 10 nanoseconds, during 

which the fluorophore undergoes conformational changes and is also subject to a 

multitude of possible interactions with its molecular environment. Thus, the energy of S1’ 

is partially dissipated, yielding a relaxed singlet excited state (S1) from which 

fluorescence emission originates. 

  

Fluorescence Emission: 

The fluorophore emits a photon of energy hvEM, and returns to its ground state S0. 

Because of energy dissipation during the excite-state lifetime, the energy of this photon is 

lower, and the photon, therefore, has longer wavelength than that of the excitation photon 

hvEX. The difference in energy represented by (hvEX - hvEM) is called the Stokes shift 

which is fundamental for the sensitivity of fluorescence techniques since it allows 

emission photons to be detected against a low background, and isolated from excitation 

photons. 

 

The entire fluorescence process is cyclical. That is, unless the fluorophore is 

irreversibly destroyed in the excited state, which is known as photo-bleaching, the same 
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fluorophore can be repeatedly excited and detected. That a single fluorophore can 

generate many thousands of detectable photons is fundamental to high sensitivity of 

fluorescence detection techniques. Under the same conditions, fluorescence emission 

spectrum is independent of the excitation wavelength. On the other hand, the emission 

intensity is proportional to the amplitude of the excitation spectrum at the excitation 

wavelength as shown in Figure 4.2 [55]. 

 

 

Figure 4.2: Excitation of a fluorophore at three different wavelengths and 

variations in fluorescence emission intensity [55]. 

 

 

In Figure 4.2, EX 1, EX 2, EX3 are excitation wavelengths, and EM 1, EM 2, EM 

3 are the fluorescence emission intensity corresponding to the amplitude of the excitation 

spectrum.  
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4.2  Fluorescence Detection Systems 

4.2.1 Fluorescence Instrumentation [55] 

There are four essential elements in a fluorescence detection system: excitation 

source, a fluorophore, an optical filter, and a photodetector.  

Excitation Source: an excitation source is needed to excite a fluorophore. The 

source can be a light emitting diode (LED), or a laser source at the required wavelength. 

 

Fluorophore: a fluorophore absorbs energy for the excitation source and emits 

fluorescence to be detected by a photodetector. 

 

Optical Filter: an optical filter is needed to isolate the emitted fluorescence from 

the excitation source. 

 

Photodetector: a photodetector is device that is able to register the emission of 

photons and produce a recordable output. Some of the detectors used are fluorescence 

microscope, photomultiplier, and photodiode which will be briefly presented in the next 

section. 

Excitation source and fluorophore have been briefly discussed in Section 4.1. The 

following sections will present the essence of optical filters and photodetectors. 

 

4.2.2 Optical Filters 

Two types of optical filters are needed in processing the optical signals: excitation 

filter and emission filter. The former is placed between the light source and the 
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zeolite/Nile Red sensor to allow light of desired wavelengths (from 400 to 500 nm) to 

excite the sensor. The latter filters out the excitation source, and allows only the 

fluorescence from the sensor to reach the photodetector. The bandwidth of a filter 

decreases with its thickness; therefore, by varying the thickness, the spectral 

responsitivity of a sensor can be selectively modified to match a particular function. 

Figure 4.3 shows an example of combined responsivity of an optical detector by 

implementing optical filter. 

 

 

       Figure 4.3: Combined responsivity of a detector by implementing optical filter [56]. 

 

4.2.3 Photodetectors 

There are different types of photodectectors that have been used to detect 

fluorescence.  

 

4.2.3a Fluorescence Microscope 

Fluorescence microscope is considered as a conventional optical microscope with 

added features and components to extend its capabilities. However, the species under test 
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has to be able to fluoresce. Figure 4.4 shows a diagram of a fluorescence microscope. It 

basically consists of a light source to excite the fluorophore through the optical excitation 

filter, a dichroic mirror to direct the excitation source to the fluorophore, a detector to 

detect the fluorescence emitted by the fluorophore through the emission filter, and other 

devices allowing user to view, to record data such as filter cubes and camera. A 

fluorescence microscope uses much higher light intensity to illuminate the sample. 

 

 

Figure 4.4: Diagram of a fluorescence microscope [57]. 

 

4.2.3b Photomultiplier Tubes:  

Photomultiplier tubes (PMTs) are light detectors which are often used in low 

intensity applications including fluorescence. As illustrated in Figure 4.5, they consist of 

a photocathode and a series of dynodes (series of electrodes) in an evacuated glass 
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enclosure. The electrons emitted when photons strikes the photoemissive cathode due to 

the photoelectric effect, are accelerated towards the dynodes. These dynodes are 

maintained at a more positive potential so that additional electrons are generated at each 

dynode. This cascading effect produces 10
5
 to 10

7
 electrons for each photon striking the 

first cathode depending on the number of dynodes and the accelerating voltage. This 

amplified signal is eventually collected at the anode spectroscopy [58].  

 

 

Figure 4.5: Schematic of a photomultiplier tube [58]. 

 

4.2.3c Photodiode 

A photodiode is a semiconductor device capable of proportionally converting 

light into either current or voltage, depending on the mode of operation [59]. It can be 

used to detect fluorescence and can be accurately calibrated for measurements of low 

intensity from below 1mW/cm
2
 to 100mW/cm

2
. Figure 4.6 shows the structure of a 

silicon photodiode which is a p-n junction diode except that it is sensitive to light.  
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                    Figure 4.6: Structure of a silicon photodiode [60]. 

 

A photodiode basically has a P-layer material at the active surface and an N-layer 

at the substrate forming the P-N junction which operates as a photoelectric converter. The 

P-layer for a silicon photodiode is formed by selective diffusion of boron (B) to a 

thickness of about 1µm or less. The neutral region between the P-layer and the N-layer is 

called the depletion region. By controlling the thickness of the P-layer, N-layer, and the 

N
+
-layer as well as the doping concentration, desired spectral response and frequency 

response can be achieved. Moreover, the spectral response of a photodiode can be 

increased by adding an intrinsic layer to its structure.  

When incident light strikes a photodiode, the electrons within the crystal structure 

become stimulated, as illustrated in Figure 4.7.  If the light energy is greater than the 

band gap, the electrons are pulled to the conduction band, creating holes in the valence 

band. These electron-hole pairs occur not only in the P-layer, N-layer but also the 

depletion layer. The electric field in the depletion layer accelerates the electrons towards 

the N-layer and holes towards the P-layer. In a basic photodiode, photons release carriers 

in semiconductor over a range of depth proportional to the wavelength, and carriers near 
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the depletion region contribute to the photocurrent. This makes a photodiode wavelength 

selective. 

 

Figure 4.7: Response of a photodiode to incident light [59]. 

 

The electrons of the electron-hole pairs generated in the N-layer, along with the 

electrons from the P-layer are left in the N-layer conduction band. The holes on the other 

hand, are diffused through the N-layer up to the depletion layer while they are 

accelerated, and being collected in the valence band. The electron-hole pairs generated in 

this manner, which are proportional to the incident light, are collected in the N- and P-

layers. When an external circuit is connected between the P- and N-layers, electrons will 

flow away from the N-layer, and holes away from the P-layer towards the opposite and 

respective electrodes generating electric current.  

 

4.2.4 Selection of Photodetector for a Portable Sensing Device 

There is no doubt that fluorescence microscope is very helpful and give the 

richest information. However, for the development of a portable device which is 

supposed to have limited size and weight, either photomultiplier tubes or photodiodes 
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should be considered. On the other hand, by comparison with PMTs based on different 

categories, photodiodes have the following advantages [61-62]: 

• Compared to glass-enclosed PMTs, solid state photodiodes are orders of 

magnitude smaller, and more rugged. 

• Photodiode offers a much greater dynamic range and linear response
 

compared to PMTs.  

• PMTs draw current from the voltage divider circuit, which is converted 

into resistive heat whereas in photodiodes, the only current flowing 

through the diode is the photocurrent. 

• Photodiodes are virtually insensitive to magnetic field. 

• The biggest advantage of photodiode is the quantum efficiency. Typically, 

the PMT quantum efficiency is 10-25%, but for photodiodes, the 

efficiency can be as high as 90% in the visible light spectrum. 

• The most important characteristic of photodiode fabrication is their 

integration in CMOS technology, which lowers the power dissipation and 

time delay needed to drive hybridized components and in the development 

of the sensor chip. 

 

Based on the aforementioned advantages, photodiode is the most suitable 

candidate to be used in the portable detection device. 
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4.3 Characteristics of Photodiodes 

4.3.1 Electrical Characteristics 

For simulation purpose, the core of a photodiode can be model with a current 

source in parallel with conventional PN junction diode [63] as shown in Figure 4.8. 

 

Figure 4.8: Equivalent circuit model of a photodiode.  

 

The current source (Ip) represents the current generated by the incident light, and 

the conventional diode (D) represents the P-N junction. The depletion capacitance of the 

diode at the reverse bias condition and the shunt resistance are represented by Cd and 

Rsh, respectively. Rc models the series resistance at the cathode, and Ra the resistance at 

the anode side of the diode.  

 

4.3.1a Shunt Resistance 

Shunt resistance Rsh represents the slope of the current-voltage curve of the 

photodiode at the origin (V = 0V). An ideal photodiode should have an infinite shunt 

resistance, however, actual value ranging from tens to thousands of mega ohms. Shunt 
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resistance is used to determine the noise current in the photodiode with no bias. For best 

photodiode performance the highest shunt resistance is desired. 

 

4.3.1b Series Resistance 

The series resistance Rs in the circuit represents the resistance of the 

contacts and from the non-depleted region of the photodiode, which is given by: 

c

ds

s R
A

WW
R +

−
=

ρ)(
    (4.1)  

where  

o Ws is the width of the substrate,  

o Wd is the width of the depletion region,  

o ρ is the resistivity of the substrate,  

o A is the area of the photodiode, 

o Rc is the contact resistance. 

 

4.3.1c Depletion Capacitance 

The boundaries of the depletion region forms parallel plates, thus produces 

depletion capacitance Cd, which is directly proportional to the diffused area and is 

inversely proportional to the width of the depletion region. In addition, higher resistivity 

substrates result in lower junction capacitance. 

 

4.3.2 Optical Characteristics 

4.3.2a Spectral Responsivity 

The responsivity of the photodiode (Rλ) is a measure of the sensitivity to the light, 

and defined as the ration of the photodiode current IP to the incident light power P at a 

given wavelength. 
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Rλ 
P

Ip
=     (4.2)  

In other words, it is a measure of the effectiveness of the conversion of the light 

power into electrical current. It varies with the wavelength of the incident light as well as 

applied reverse bias voltage and temperature. 

 

4.3.2b Quantum Efficiency 

Quantum Efficiency (Q.E) is defined as the fraction of incident photons that 

contribute to the photocurrent, and related to the responsivity by: 

Ideal

observed

R

R
EQ

λ

λ=.     (4.3.1)  

q

hc
REQ

λ
λ=.      (4.3.2)  

λ
λR

EQ 1240. =     (4.3.3)  

where  

• h = 6.63 x 10
-34 

J-s (the Planck’s constant),  

• c = 3 x 10
8
 m/s (the speed of light),  

• q = 1.6 x 10
-19

 C (the electron charge),  

• Rλ is the responsivity in A/W, 

• λ is the wavelength in nm. 
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CHAPTER 5 

ELECTRICAL SIGNAL PROCESSING 

 

5.1 Introduction 

The sensor, consisting of zeolite and Nile Red, responses to different gases in 

terms of fluorescence of different wavelengths which are converted in to electrical signal 

by fluorescence detector. This analog signal is small, and thus needs to be amplified and 

converted into digital signal so that it can be processed by a digital signal processor. 

 

5.2 Electrical Signal Processing Block Diagram 

The block diagram of the electronic unit to process the electrical signal produced 

by the photodetector, is shown in Figure 5.1. 

 

 

  Figure 5.1: Block diagram of the electronic unit. 

 

The unit basically consists of two parts: the signal conditioning and the digital 

signal processor. The function of each block is described in the following sections. 
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5.3 Signal Conditioning 

The optical preamplifier plays a crucial role for interfacing the photodiode with 

the rest of the circuit. Optical preamplifier converts the current output of the photodiode 

in to a voltage output. Preamplifier determines the overall performance of the system 

including sensitivity and dynamic range. The optical amplifiers can be either a load 

resistor amplifier or transimpedance amplifier. Since the output of a photodiode is at very 

high impedance and large capacitance, if a load resistor is used, the output taken across 

the load resistor may suffer following problems: 

• When a larger resistor is used at the output, then the gain will be large. 

However, the response will be slow and the time-constant will be large. 

• When a smaller resistor is used at the output with a small time constant τ, the 

gain is low. This also cause high signal-to-noise ratio which will be 

unacceptable.  

 Therefore, load resistor is not a good choice for the optical preamplifier. 

 

5.3.1 Transimpedance Amplifier 

Transimpedance amplifiers are the most popular optical preamplifier. To avoid 

the problems with the load resistor, photodiode output current can directly go to 

transimpedance amplifier. The transimpedance amplifier is a simple current to voltage 

converter as shown in Figure 5.2 [64]. 
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             Figure 5.2: Transimpedance amplifier schematic. 

 

The transimpedance amplifier operates based on the following principles: 

• Since no current flows into the op amp itself, the current Ip has to go 

through the resistor RF. 

• One side of RF is virtually grounded because the inverting input of the 

amplifier equals the non-inverting one, which is grounded.  

The output Vo can be described simply as the voltage across the resistor VRF: 

Vo = VRF = -Ip x RF      (5.1) 

   Where  

• Ip is the photodiode current 

• RF is the feedback resistance. 

 

5.3.2 Main Amplifier 

The output voltage of the transimpedance amplifier is proportional to the 

photodiode current with 180
o
 phase shift. The output has to be further amplified so that 

the voltage output can be used to signal processing. Furthermore, the maximum voltage 

output of the main amplifier should be between 0 to 5 V to be compatible with input 
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specification for the A/D converter. Besides, the main amplifier output should be 

positive, therefore, it has to be configured as non-inverting as shown in Figure 5.3. 

 

 

       Figure 5.3: Configuration of the main amplifier [65]. 

  

 In Figure 5.3, 

• Vin is the input voltage, 

• Vout is the output voltage, 

• Rin, Rf are resistors. 

 

The voltage gain (Av) of the main amplifier is obtained using the formula: 

   Av = - Rf/Rin)  (V/V)     (5.2) 

 

5.4 Digital Signal Processing Unit 

The processing unit takes inputs from the main amplifier and the controller 

(enable and clock signals), digitize the analog input from the amplifier, processes the 

data, and gives outputs to the display unit as shown in Figure 5.4. 
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     Figure 5.4: Interface of the digital processing unit with other units. 

  

The ADC used in this research will be an 8-bit, whose schematic is shown in 

Figure 5.5. 

 

 

Figure 5.5: Schematic of an 8-bit ADC. 

 

The 8-bit ADC basically has four inputs: 

• clk: the clock signal 

• anainput: the analog input signal 
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• vref: the reference signal 

• start: the enable signal (from the controller) 

and seven digital outputs which are b0, b1, b2, b3, b4, b5, b6, b7, where b7 is the most 

significant bit.  

The analog signal (0 to 5V) from the main amplifier will be inputted to ‘anainput’ 

terminal of the 8-bit ADC the digital outputs can be read out in parallel from b0 to b7. 

The digitized data will be stored and processed to give the final outputs to be displayed. 
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CHAPTER 6 

SYNTHESIS AND LIGHT ABSORPTION 

CHARACTERISTICS OF 

ZEOLITE/NILE-RED COMBINATIONS 
 

 

6.1 Introduction 

This chapter presents the synthesis of zeolite/nile-red combinations which are 

used in this research. Different approaches were explored to see if it is possible to 

ensemble nile red dye inside the porous structure of zeolites including chemical reaction, 

mechanical force, and thermally expanding zeolite’s structure to capture nile red dye. The 

resulting combinations of zeolites/nile-red were then evaluated to see if nile red was 

formed inside the supercage of different zeolites-Y. The chapter also presents light 

absorption characteristics of different zeolite-Y/nile-red combinations: free nile red, nile 

red adsorbing to the surface of zeolites, and nile red coated inside zeolite’s cavity 

(zeolite/nile-red inclusion).  

 

6.2 Synthesis of Zeolite/Nile-Red Combinations 

The objectives of the following experiments are to explore different methods to 

synthesize zeolites-Y/nile-red inclusion (nile red coated inside the supercage of zeolites-

Y), to study different methods to clean zeolite-Y/nile-red combinations, and to 

characterize the light absorption of nile red dye, and different zeolites-Y/nile-red 

combinations. To accomplish the synthesis of zeolite-Y/nile-red combinations, four 

different procedures were used. Procedures are listed below. 
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6.2.1 Chemical Synthesis of Zeolites 

The environmental and sustainability components of this research invole the use 

of waste materials to create zeolites that can be manipulated for sensing toxic gases in the 

environment.  The sustainable production of zeolites from waste materials has already 

been demonstrated by Kargbo [66] who developed a hydrothermal reflux method that 

converted municipal waste ash to zeolites.  While the goal is to utilize these sustainably 

produced zeolites, the zeolites used in this initial research phase were purchased from 

Wako, Inc. 

 

6.2.2 Chemical Synthesis of Zeolite/Nile-Red Inclusion (Procedure 1) 

The synthesis of the zeolite-Y/nile-red inclusions were performed following 

Procedure 1 [67], however, the cleaning procedure was modified to accommodate this 

research’s need. 

Materials used in the procedure are as follows: 

• 1-napthol, C10H8O (obtained from Wako Inc.) 

• Acetic acid, CH3COOH (obtained from Fisher Scientific) 

• Zeolit-Y (obtained from Wako Inc.) 

• 5-nitroso 2-diethylaminophenol hydrochloride (obtained from Chemistry 

Lab, Temple University) 

• Concentrated hydrochloric acid, HCl (obtained from Fisher Scientific) 

• Concentrated ammonium hydroxide, NH4OH (obtained from Fisher 

Scientific) 
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Equipment used for this procedure: 

• Reflux system 

• pH meter 

• Centrifuge 

• Ultrasonic cleaner 

 

Steps used to accomplish the chemical synthesis of zeolite-Y/nile-red inclusion: 

• Step 1: adding 0.36g 1-napthol to 20ml acetic acid 

• Step 2: adding the resulting solution to 0.8g zeolite-Y (powder) 

• Step 3: reflux the resulting solution for 30 minutes 

• Step 4: dissolve 0.28g 5-nitroso 2-diethylaminophenol hydrochloride into 

12ml acetic acid and 1ml concentrated hydrochloric acid, and continue to 

reflux the resulting solution for 3 hours 

• Step 5: increase the pH of the resulting solution to 11 using ammonium 

hydroxide 

• Step 6: extract the precipitate from the resulting solution using centrifuge 

(the precipitate was placed in test tube and centrifuged for 1 minute so that 

all powder settled down on the bottom of the test tube and the top solution 

was removed) 

• Step 7: clean the powder with ethanol 
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During the above-mentioned chemical reaction, the color of the solution changed 

from brown to blue indicating nile red dye was formed as described by Mohlau & 

Uhlmann [67]. The equipment and change in the solution color are shown in Figure 6.1. 

 

 

   Figure 6.1: Reflux system used to synthesize zeolite/nile-red inclusion. 

 

 The chemical reaction shown in Figure 6.1 can be summarized by 

molecular change as seen below. 

 

 

 
 

1-napthol was exposed with zeolite-Y in acetic acid for 30 minutes, which changed 

the molecular structure. The new structure was then refluxed with 5-nitroso 2-

diethylaminophenol hydrochloride for 3 hours. 

Three different zeolites-Y (ammonium Y, hydrogen Y and sodium Y) were used in 

this research. The pictures of the grain size and appearance of the pure zeolites (Figures 
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6.2a, 6.3a, and 6.4a) were taken using Scanning Electron Microscope (SEM), Hitachi 

S4700. The cleaned zeolilte-Y/nile-red combinations (Figures 6.2b, 6.3b, and 6.4b) were 

also taken using Hitachi SEM after the chemical synthesis. The energy dispersive spectra 

of the samples were taken using Energy Dispersive Spectroscopy (EDS), Phoenix EDAX, 

to detect the component elements of different zeolites and zeolite/nile-red combinations. 

 

 

(a) 

 

(b) 

Figure 6.2: SEM and EDS of pure zeolite ammonium Y and zeolite-ammonium-

Y/NR inclusion. 

a) Pure zeolite ammonium Y. 

b) Zeolite-ammonium-Y/nile-red inclusion. 
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Figure 6.2a shows zeolite ammonium Y with particle sizes between 0.635 to 

1.05µm (from SEM image). The detected elements from the above combinations using 

EDS are carbon (C), nitrogen (N), oxygen (O), aluminum (Al), and silicon (Si). 

Figures 6.3a and 6.3b show SEM and EDS of the pure zeolite hydrogen Y and the 

cleaned zeolite-hydrogen-Y/nile-red combination. 

 

 

(a) 

 

(b) 

Figure 6.3: SEM and EDS of pure zeolite hydrogen Y and zeolite hydrogen-Y/nile-

red inclusion. 

a) Pure zeolite hydrogen Y. 

b) Zeolite-hydrogen-Y/nile-red inclusion. 
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Figure 6.3a shows zeolite hydrogen Y with the particle sizes between 0.2 to 0.575 

µm (from SEM image). The detected elements from the above combinations using EDS 

are carbon (C), nitrogen (N), oxygen (O), sodium (Na), aluminum (Al), and silicon (Si). 

Figure 6.4 shows SEM and EDS of the pure zeolite sodium Y and the cleaned 

zeolite-sodium-Y/nile-red combination. 

 

 

(a) 

 

  

      (b) 

Figure 6.4: SEM and EDS of pure zeolite sodium Y and zeolite-sodium-Y/nile-

red inclusion. 

a) Pure zeolite sodium Y. 

b) Zeolite-sodium-Y/nile-red inclusion. 
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Figure 6.4a shows zeolite sodium Y with the particle sizes between 0.1 to 0.0.32 

µm (from SEM image). The detected elements from the above combinations using EDS 

are carbon (C), nitrogen (N), oxygen (O), sodium (Na), aluminum (Al), and silicon (Si). 

The last three figures (6.2, 6.3, and 6.4) give clear indication of the sizes and 

shapes of the particles consisting of different combinations of the zeolites Y and nile red. 

On the other hand, those figures also help to locate the particular sizes and shapes of the 

zeolite/nile-red inclusion particles from which fluorescence emission will be detected.  

  

6.2.3 Cleaning the Resulting Combinations (Procedure 2) 

The result from Procedure 1 consists of free nile red, nile red adsorbing to the 

surface of zeolite, and zeolite/nile-red inclusion. So zeolites Y are covered with nile red 

dye externally and internally. Figure 6.5 shows light absorption of zeolites-Y surfaced 

coated with nile red dye.  

 
Figure 6.5: Absorption spectrum of the unwashed precipitate after chemical 

reaction to synthesize zeolite ammonium-Y/nile-red inclusion.  
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The absorption spectrum in Figure 6.5 does not reflect the individual peaks of free 

nile red dye, nile red adsorbing to the external surface of zeolite Y, and nile red inside 

zeolite Y. The spectrum shows the sum of the above-mentioned peaks. Different cleaning 

methods explained below will show peaks of the individual components. In this research, 

an effective cleaning process was developed to remove free nile red dye from the external 

surface of zeolite Y. 

 

6.2.3a Rinsing the Resulting Combinations with Ethanol (Procedure 2a) 

The extracted combination was first washed with ethanol, and then passed 

through filter paper to remove free nile dye dissolved in ethanol. This procedure took 

several hours since rinsing with ethanol and filtering had to be repeated until ethanol 

became transparent. The transparency of the captured liquid indicates external free nile 

red was removed from the zeolite-Y. In stead of using filter paper, centrifuging was used 

in this research to come up with same result in short period of time. The absorption 

spectrum of the zeolite-ammonium-Y/nile-red combination washed with ethanol is shown 

in Figure 6.6. 
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Figure 6.6: Absorption spectrum of the zeolite ammonium-Y/nile-red 

combination washed with ethanol. 
 

The absorption spectrum in the above figure shows 2 peaks: one at ~610nm, and 

the other at ~659 nm. By recording two peaks, it can be concluded that the resulting 

peaks are from the nile red adsorbing to the external surface of zeolite and from nile red 

inside the zeolite’s cage.  

 

6.2.3b Soxhlet Extraction of  the Resulting Combinations with Ethanol (Procedure 2b) 

The commercially available soxlet extraction system used in this research is 

illustrated in Figure 6.7. The aqueous ethanol in the flask sitting on the hot plate is heated 

to reflux. The ethanol vapor follows up a distillation arm and is condensed back to liquid 

by the cold water of the condenser. The condensed ethanol floods into the chamber 

housing the thimble in which the sample is placed. The nile red dye in the sample 

dissolves in the solvent and goes to the flask when the chamber is full.  
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Figure 6.7: Soxhlet extraction system [68]. 

 

This process took long time. The final result was accomplished when the ethanol 

in the sample chamber became transparent. However, since the zeolites are in powder 

form and cluster with one another, nile red dye can easily get stuck between the grains. In 

this research, it was concluded that this method is not very effective in removing the free 

nile red from the resulting combination. Figure 6.8 shows the absorption spectrum of the 

zeolite-ammonium-Y/nile-red combination cleaned with the soxlet extraction method.  

 

 
Figure 6.8: Absorption spectrum of zeolite ammonium-Y/nile-red combination 

washed with ethanol using soxhlet extraction system for 15 hours. 
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6.2.3c Cleaning the Extracted Combinations with Ethanol Using Ultrasound and 

Centrifuge (Procedure 2c) 

 
The cleaning method using ultrasound and centrifuge was applied to zeolite-

Y/nile red combinations. This cleaning procedure shows the best results.  

Steps to clean zeolite-Y/nile-red inclusions with ethanol using ultrasound and 

centrifuge: 

• Step 1: place the combination in capped vials 

• Step 2: fill the vials ¾ full with ethanol 

• Step 3: stir the resulting solution with glass rod 

• Step 4: do ultrasound cleaning for 30 seconds 

• Step 5: centrifuge the resulting solution for 30 seconds at 3000 RPM 

• Step 6: remove the separated solution (ethanol + nile red) 

• Step 7: repeat Step 2 to Step 6 until the solution becomes transparent 

• Step8: remove the separated solution and allow the resulting combination 

to dry 

 

Figure 6.9 shows the absorption spectrum of zeolite-ammonium-Y/nile-red 

inclusion applying Procedure 2c.  
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Figure 6.9: Absorption spectrum of zeolite-ammonium-Y/nile-red inclusion 

washed with ethanol using ultrasonic cleaner and centrifuge. 

 

When zeolite-Y/nile-red combination was washed with ethanol using ultrasound 

and centrifuge, the peaks in the spectrum (Figure 6.9) are much more pronounced which 

is easier to determine the value of the component peaks. 

Alternative to ethanol, acetone and methanol could be used in Procedure 2c. The 

absorption inspection of the resulting inclusion shows similar spectra as in Figure 6.10. 

 
Figure 6.10: Absorption of zeolite-sodium-Y/nile-red inclusion washed with 

different solvents following Procedure 2c. 
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The three spectra show the results of the cleaning procedure done with ethanol 

(blue curve), methanol (green curve), and acetone (red curve). The result of this cleaning 

gave this research the confidence that removal of free nile red from the resulting 

combinations of zeolite-Y and nile red can be accomplished with any of the three 

solvents. The resulting spectra show two peaks at 615 nm and 659 nm.  

In conclusion, Procedure 2c was found to be the best process to clean sample. It is 

not only less time consuming but also removes more free nile red from the samples after 

the chemical reaction to synthesize zeolite-Y/nile-red combinations. This procedure was 

applied to clean all the samples used in this research.  

 

6.2.4 Chemical Synthesis of Nile Red Dye (Procedure 3) 

In this part of the research, light absorption and fluorescence emission 

characteristics of the nile red itself, and of nile-red/zeolite-Y combinations were studied. 

To accomplish this step in the research, the synthesis of the nile red dye was performed 

using by chemical reaction which is shown in below. 

 Steps to chemically synthesize nile red dye:  

• Step 1: add 0.36g 1-napthol to 20ml acetic acid 

• Step 2: reflux the resulting solution for 30 minutes 

• Step 3: dissolve 0.28g 5-nitroso 2-diethylaminophenol hydrochloride into 

12ml acetic acid and 1ml concentrated hydrochloric acid, and continue to 

reflux the resulting solution for 3 hours 

• Step 4: increase the pH of the resulting solution to 11 using ammonium 

hydroxide 
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• Step 5: extract the precipitate from the resulting solution using centrifuge 

• Step 6: let the precipitate dry out at room temperature 

 

When the chemical synthesis of the nile red dye was accomplish, the resulting dry 

sample consisted of pure nile red. This type of sample was used for further research. 

 

6.2.5 Mechanically Forcing Nile Red into Supercages of Zeolites Y (Procedure 4) 

This procedure deals with forcing the pure nile red dye prepared in Procedure 3 

into zeolites’ cavities. This procedure used different zeolites-Y in different solvents. It 

was assumed that variation in the viscosity of different solvents would have influence on 

the mechanical force. Under those conditions, it was hoped that the dye would drift into 

the cage of zeolites. The solvents used in this experiment were acetone, ethanol, and 

methanol.  The viscosity of the solvents is shown in Table 6.1.  

 

Table 6.1: Viscosity of different solvents at 25
o
C [69]. 

 

Solvents Viscosity (Pa.s) 

Acetone 3.06×10
−4

 

Ethanol 1.074×10
−3

 

Methanol 5.44×10
−4

 

  

Procedure 4 used the following materials and equipment. 

Materials: 

• Zeolites-Y 

• Solvents (acetone, ethanol, methanol) 

Equipment: 

• Test tubes 
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• Glass rod 

• Centrifuge 

• Ultrasonic cleaner 

Procedures 4a, b, and c differed from each other only because different solvents 

were used. 

Procedure 4a: Mechanically forcing nile red dissolved acetone into the 

cage of zeolite-Y. 

• Step 1: dissolve 0.005g nile red in 3ml acetone 

• Step 2: add 0.1g zeolite-Y into the resulting solution 

• Step 3: stir the resulting solution with a glass rod 

• Step 4: centrifuge the resulting solution for 20 minutes 

• Step 5: clean the zeolite-Y/nile combination using Procedure 2c 

with acetone 

• Step 6: leave the sample overnight to dry 

 

Procedure 4b: Mechanically forcing nile red dissolved in ethanol into the cage of 

zeolite-Y (same as Procedure 4a except ethanol was used instead of acetone). 

Procedure 4c: Mechanically forcing nile red dissolved methanol into the cage of 

zeolite-Y (same as Procedure 4a except methanol was used instead of acetone). 

 

In this research, three types of zeolites-Y were used. They were zeolite 

ammonium Y, zeolite hydrogen Y, and zeolite sodium Y). Since the experiments 

consisted of three different zeolites-Y immerged in three different solvents, the total 
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number of samples was nine.  Those nine samples were inspected for light absorption 

using the spectrophotometer (Cary).  

 

The absorption spectra of the zeolite-ammonium-Y/nile red combinations 

prepared following Procedures 4a, 4b, and 4c are shown in Figure 6.11. 

 

 

Figure 6.11: Light absorption of nile red mixed with zeolite ammonium-Y in 
different solvents and centrifuged for 20 minutes. 

 

The light absorption spectra of the zeolite-ammonium-Y/nile-red combinations 

prepared in Procedures 4a, 4b, and 4c show similarity to the samples prepared with 

chemical synthesis (Procedure 1). The blue curve in Figure 6.11 represents the absorption 

spectrum of the combination of zeolite ammonium Y and nile red mixed in acetone and 

centrifuged for 20 minutes. The red curve in the same figure represents the absorption 

spectrum of the combination of zeolite ammonium Y and nile red in ethanol and 

centrifuged for 20 minutes, and the green curve shows the absorption spectrum of the 

combination of zeolite ammonium Y and nile red in methanol and centrifuged for 20 
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minutes. However, the peaks of those three curves are in the range between 651 to 652 

nm, which is closely related to the peaks found in the sample prepared in chemical 

synthesis (Procedure 1). This gives a good indication that nile red can be incorporated 

into the cage of zeolite ammonium Y by centrifuging. The centrifuging of the zeolite 

ammonium Y and nile red was done using different solvents (acetone, ethanol, and 

methanol). 

Figure 6.12 shows the absorption spectra of the zeolite-hydrogen-Y/nile red 

combinations prepared in Procedures 4a, 4b, and 4c. 

 

 
Figure 6.12: Light absorption of nile red mixed with the zeolite hydrogen-Y in 

different solvents and centrifuged for 20 minutes. 

 

The light absorption spectra of the zeolite-hydrogen-Y/nile-red combinations 

prepared in Procedures 4a, 4b, and 4c show similarity to the samples prepared with 

chemical synthesis (Procedure 1). The blue curve in Figure 6.11 represents the absorption 
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centrifuged for 20 minutes. The red curve in the same figure represents the absorption 
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centrifuged for 20 minutes, and the green curve shows the absorption spectrum of the 

combination of zeolite hydrogen Y and nile red in methanol and centrifuged for 20 

minutes. However, the peaks of those three curves are in the range between 648 to 651 

nm, which is closely related to the peaks found in the sample prepared in chemical 

synthesis (Procedure 1). This gives a good indication that nile red can be incorporated 

into the cage of zeolite hydrogen Y by centrifuging. The centrifuging of the zeolite 

hydrogen Y and nile red was done using different solvents (acetone, ethanol, and 

methanol). 

Figure 6.13 shows the absorption spectra zeolite-sodium-Y/nile red combinations 

prepared in Procedures 4a, 4b, and 4c. 

 

 
Figure 6.13: Light absorption of nile red mixed with zeolite sodium-Y in different 

solvents and centrifuged for 20 minutes. 

 

The three curves in Figure 6.13 show insignificant peaks in the light absorption 

spectra, which can be related to Figure 6.4 showing that there is not significant difference 

in the shape of zeolite Y grain before and after chemical synthesis. It can be concluded 
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from Figure 6.13 that not much of the nile red was adsorbed on the outside of the cage of 

the zeolite sodium Y.  

 

6.2.6 Thermally Expanding Zeolite Y’s Structure to Allow Nile Red to Enter the 

Cavities (Procedure 5) 

In this experiment, the nile red dye and different zeolite-Ys were refluxed in 

ethanol solution at 78
o
C. Since ethanol has the highest boiling temperature (ethanol 

78.2
o
C, acetone 56.5

o
C and methanol 65.5

o
C), experiment was performed using mixture 

of nile red dye and zeolite-Y in ethanol solution. Materials and equipment used in this 

experiment are listed below. 

Materials: 

• Ethanol. 

• Zeolite. 

• Nile red dye. 

 

Equipment: 

• Reflux system. 

• Ultrasound cleaner. 

• Centrifuge 

 
Steps in Procedure 5: 

• Step 1: dissolve 0.001g of nile red (prepared from Procedure 3) in 4ml 

ethanol. 
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• Step 2: add 0.1g zeolite-Y (powder) to the resulting solution. 

• Step 3: reflux the resulting solution for 3 hours. 

• Step 4: extract the power from the solution using centrifuge. 

• Step 5: clean the sample following Procedure 2c 

• Step 6: allow the sample to dry overnight and prepare for the light 

absorption and fluorescence emission inspection. 

 

Three types of zeoltite’s (ammonium-Y, hydrogen-Y, and sodium-Y) were tested 

using Procedure 5 to see if nile red can enter the cage of the zeolites via thermally 

expansion of the zeolites’ cavities. The samples were prepared and inspected using 

spectrophotometer (Cary).  The absorption spectra are shown in Figure 6.14. 

 

 
Figure 6.14: Light absorption of nile red mixed with different zeolites Y in 

ethanol and refluxed for 3 hours. 
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The curves in Figure 6.14 show that nile red were not detected inside zeolites. 

Zeolite sodium Y shows no peak indicating that there was no nile red adsorbing even on 

the external surface. However, external adsorption of nile red was detected on the surface 

of the zeolite amminum Y and the zeolite hydrogen Y. Using this procedure, it was 

concluded that the nile red cannot be captured inside the cages of the zeolites-Y.  

 

6.3  Light Absorption of Zeolite-Y/Nile-Red Combinations 

Spectrophotometer (Cary 500 Scan UV Vis NIR) was used to characterize the 

light absorption of the free nile red, and zeolite-Y/nile-red combinations.  

 

 

6.3.1 Setup of the Spectrophotometer 

The setup of the spectrophotometer is shown below. 

• Start: 400 nm 

• End: 800 nm 

• Average time: 0.1 (second) 

• Data interval: 1.000 (second) 

• Scan rate: 600 (nm/min) 

 

6.3.2 Light Absorption of Free Nile Red 

The light absorptions of the nile red itself and the nile red in ethanol (synthesized 

using Procedure 3) are shown in Figure 6.15. 
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Figure 6.15: Absorption spectrum of the free nile red and the nile red in ethanol. 

 

The blue curve in Figure 6.15 shows that the absorption of the nile red prepared in 

Procedure 3 has only one peak. When the free nile red was dissolved in ethanol, the 

absorption peak shifts to the left. 

Figure 6.16 shows the light absorption of the nile red extracted from the 

combination after the chemical reaction in Procedure 1. The spectrum shows two peaks.  

 

 
Figure 6.16: Light absorption of nile red prepared in presence of zeolite-Y.  

 

400 450 500 550 600 650 700 750 800
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

A
b
s
o
rp

ti
o
n

Wavelength [nm]

Absorption Spectrum

 

 

Free nile red

Nile red in Ethanol

400 450 500 550 600 650 700 750 800
0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

Absorption Spectrum

A
b
s
o
rp

ti
o
n

Wavelength [nm]



69 

The two peaks in Figure 6.16 explain the light absorption peaks of the nile red 

adsorbing on the surface and inside the cavities of the zeolites Y.  

 

6.3.3 Light Absorption of Nile Red inside the Cage of Zeolites Y 

Three different types of zeolite-Y/nile-red inclusion were synthesized following 

Procedure 1. The three types consist of zeolite-ammonium-Y/nile-red, zeolite-hydrogen-

Y/nile-red, and zeolite-sodium-Y/nile-red. After the inclusions were cleaned (Procedure 

2), the absorption spectrum (Figure 6.17) of each inclusion was taken using 

spectrophotometer (Cary).  

 
Figure 6.17: Light absorption of nile-red inside different types of zeolite-Y. 
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The zeolite-hydrogen-Y/nile-red inclusion shows the main peak at 649 nm. The 

zeolite-ammonium-Y/nile red inclusion has the main peak at 651nm, and the zeolite-

sodium-Y/nile-red inclusion has the main peak at 659 nm. All three of the zeolite-Y/nile-

red can be used for the gas sensor. 

 

6.3.4 Light Absorption of Nile Red Adsorbing to External Surface of Zeolites Y 

When mixed with zeolites ammonium Y and hydrogen Y, Nile red adsorbs to the 

external surface of the zeolites. Figure 6.18 shows the absorption spectra of nile red itself 

and of nile red mixed with zeolite ammonium Y. 

 

 

Figure 6.18: Absorption spectrum of NR dye adsorbing to the surface of zeolite 

ammonium Y. 
 

As seen from Figure 6.18, the spectrum of nile red adsorbing to the surface of the 

zeolite ammonium-Y has the major peak at ~602 nm and a side peak at ~672 nm.  
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On the other hand, as shown in Figure 6.14, the absorption spectrum of zeolite-

hydrogen-Y/nile-red combination prepared in Procedure 5 shows a major peak at ~ 665 

nm and a side peak at ~613 nm; the absorption spectrum of zeolite-ammonium-Y/nile-red 

combination shows a major peak at ~ 667nm and a side peak at ~615 nm. No remarkable 

absorption peaks were observed for zeolite-sodium-Y/nile-red combination. These peaks 

help to determine the location of the component peaks in the decomposition of the 

absorption spectrum presented in the next section. 

 

 

6.3.5 Absorption Spectrum Decomposition 

The absorption spectra of zeolite/nile-red combination usually contain two or 

more peaks which are closed to one another. Therefore, spectral decomposition is needed 

to evaluate the location and the intensity of the component peak in the spectrum. Those 

peaks give indication where nile was adsorbed. The decomposition of the absorption 

spectra was performed using Origin8.5.1 (OriginLab). 

Figure 6.19 shows the decomposition of the absorption spectrum of nile red 

adsorbing to the external surface of zeolite ammonium-Y. 
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Figure 6.19: Decomposition of the absorption spectrum of nile red adsorbing to 

the external surface of zeolite ammonium-Y. 
 

 
In Figure 6.19, the black curve represents the light absorption spectrum of nile red 

adsorbing to the external surface of zeolite ammonium Y. The green and red curves 

represent the decomposed peaks of the original absorption spectrum (black curve). 

Adding the red curve and green curve results in the blue curve. Since the black curve and 

the blue curve fit nicely on top of each other, it can be concluded that the decomposition 

was properly performed.  

Figure 6.20 shows the decomposition of the absorption spectrum of zeolite-

ammonium-Y/nile-red inclusion. 
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Figure 6.20: Decomposition of the absorption spectrum of zeolite-ammonium-

Y/nile-red inclusion. 
 

The black curve in Figure 6.20 represents the absorption spectrum of the nile red 

adsorbing inside the cages of zeolite ammonium Y. The blue, green, and red curves are 

the decomposed from the black by estimating three peaks on the black curve. Summing 

the blue, green, and red curves results in the turquoise curve. The cumulative curve and 

the original absorption curve match, which indicates that the estimation of the three peaks 

were correct. 

 

6.4 Summary 

In this chapter, the syntheses of the zeolite-Y/nile-red combinations were studied 

in different environment. The chemical synthesis produces zeolite-Y/nile-red inclusions. 

Centrifuging of nile red and zeolites Y (ammonium Y and hydrogen Y) in different 

solvents (acetone, ethanol, methanol) shows possibility of nile red being incorporated 
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into the cage of the the zeolites Y. Refluxing nile red and zeolites Y (ammonium Y, 

hydrogen Y, sodium Y) in ethanol at 78
o
C adsorbs nile red mostly on the outside of the 

zeolites’ cages. 

The cleaning of the zeolite-Y/nile-red combination after the syntheses was done 

using Procedure 2c. In this Procedure, centrifuge and ultrasound were performed to clean 

the samples.  

The absorption of the free nile red, and zeolite-Y/nile-red combinations were 

studied to determine if nile red was adsorbed inside or on the surface of the zeolites’ 

cages. The study of the spectral decomposition helps to determine the location of the 

peaks in the absorption spectrum which gives indication if nile red is adsorbed inside or 

on the surface of the cages. 

 

  



75 

CHAPTER 7 

ASSESSMENT OF THE FLUORESCENCE 

EMISSION OF  

ZEOLITES-Y/NILE-RED COMBINATIONS  

FOR DIFFERENT TEST GASES 

 

7.1  Introduction 
 

When excited, the nile red (NR) and zeolite-Y/NR combinations emit 

fluorescence of different wavelengths.   Moreover, the fluorescence spectra shift when 

exposed to different gases. This feature was employed in this research to detect different 

gases. This chapter presents the fluorescence emission of different zeolite-Y/NR 

combinations obtained by using a Leica confocal microscope. The fluorescence spectra 

were then decomposed using Origin 8.5.1 from OriginLab. 

 
 

7.2  Instrumentation and Software 

 
7.2.1 The Confocal Microscope (Leica TCS SP1) and Its Setup 

 
The fluorescence emission spectra of the NR and zeolite/NR combinations studied 

in this research were obtained using the confocal microscope, Leica TCS SP1 from the 

microscope laboratory, Biology Department, Temple University. The excitation sources 

of the scope include wavelengths of 476, 488, 543, and 633 nm. The wavelengths can be 

chosen individually or used as a combination of different wavelengths. The microscope 

has four different dichroic filters, each of which can be used to allow light of certain 

range to be detected. The functions of each filter are listed below: 
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• The dichroic RSP 500 for image recordings with excitation wavelength of 

488 nm and a detection bandwidth of 500 to 550 nm 

• The double dichroic DD 488/543 for image recordings with excitation 

wavelength of 488 nm with a detection bandwidth of 500 to 530 nm, and 

excitation wavelength of 543 nm with a detection bandwidth 555 to 700 

nm 

• The triple dichroic TD 488/543/633 for image recordings with an 

excitation wavelength of 488nm with a detection bandwidth of 500 to 535 

nm, a wavelength of 543 nm with a detection bandwidth of 555 to 620 nm, 

and a wavelength of 633 nm with a detection bandwidth of 650 to 750 nm 

• The neutral filter RT 30/70 for recordings of reflected light 

 

The Leica interface window (Figure 7.1) allows users to select different 

parameters including:  

1) Excitation wavelength  

2) Dichroic filter  

3) The photomultiplier tube (PMT)  

4) Operation mode  

5) Scan range and number of steps for the spectrum, and  

6) Number of images to be averaged to get the image for each step in the 

spectrum. 



77 

 

Figure 7.1: Leica confocal microscope’s interface. 

 

In this research, the setup for Leica was as follow: 

• Excitation wavelength: 543 nm 

• Dichroic filter: 488/543 

• Mode: xyλ 

• Scan range: 560-700 nm 

• Number of steps: 50 

• Average number of images: 8 
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• Photomultiplier tube (PMT): 3 

• Lens: 40x (lens type: 1.25NA, Oil, Ph3 HCX PlanApo) 

A typical fluorescence emission spectrum of the samples prepared in this research 

is shown in Figure 7.2. 

 

 
(a)                             (b)                                        (c) 

Figure 7.2: Fluorescence emission spectrum of a typical zeolite-Y/NR 
combination. 

a) Window displaying the fluorescent particle(s). 
b) Corresponding spectra of the selected particle(s) or ROI. 

c) Statistics for the spectra. 
 

The window shown in Figure 7.2a allows the user to select the region of interest 

(ROI). The corresponding spectrum is shown in Figure 7.2b, and the statistics for the 

selected regions in Figure 7.2c and 7.2c. The ROIs, spectra, and the statistics are color 

coded for reading ease (Figure 7.2a, b, and c). 

 

7.2.2 ImageJ and Leica Files 

In this research the Leica confocal microscope was used to obtain the 

fluorescence emission spectra of the samples. It could record and store images, spectra, 

and statistics for selected ROIs in “.lei” files. However, it could not export data in Excel 

format which is needed for further analysis of the fluorescence emission. Therefore, the 
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open source software ImageJ1.45h was used to read and extract data from the ‘.lei’ files. 

The extracted data were then saved in Excel format. The ImageJ interface and extracted 

data windows are shown in Figure 7.3. 

 
 

 
(a) 

 

 
(b) 
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(c) 

 

 
(d) 

Figure 7.3: ImageJ interface and its processing windows to extract data and export 

to Excel files. 
a) ImageJ interface. 

b) Image window. 
c) Stacking images and plotting the fluorescence value of a ROI 

d) Extracted data window. 
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The steps to obtain data in the Excel format using ImageJ are as follow: 

1) Import ‘.lei’ file to ImageJ by either ‘drag and drop’ or using the Open 

function in the menu bar. 

2) Select the collection of images of interest. 

3) Select a ROI in one of the images in the collection. 

4) Select Image>Stacks>Plot Z-axis Profile from the menu bar. 

5) Save the extracted data in Excel format. 

 

7.2.3 Origin Software  

Origin is a software application which provides tools for data analysis including 

peak analysis, curve fitting, statistics and signal processing. In this research, OriginPro 

8.5.1 was used to obtain statistics for the fluorescence emission spectra from the zeolite-

Y/nile-red combinations. The original emission spectrum was decomposed into 

components for further analysis of the fluorescence of the zeolite-Y/NR combinations. 

The OriginPro interface is shown in Figure 7.4. 

 

 

       Figure 7.4: Origin interface window. 
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The Excel workbook in the interface window allows users to import Excel files 

into Origin to process data. The analysis outputs including statistics and graphs are 

reported in separated sheets in the workbook as shown in Figure 7.5. 

 

 

Figure 7.5: Example of Origin output report for Lorentz curve fitting. 

 

7.3  Fluorescence Emission of Free Nile Red Dye in Different Solvents 

Even though the synthesized zeolite-Y/NR combinations were cleaned before 

their fluorescence emissions were taken, it is possible that some free NR still remains on 

the surface of the combinations. Therefore, it is important to evaluate the fluorescence 

emission of the free NR (prepared in Procedure 3) in different solvents. Figures 7.6 

shows obtained fluorescence emission spectrum of the free NR in acetone. Figure 7.7 

shows obtained fluorescence emission spectrum of the free NR in ethanol. Figure 7.8 
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shows obtained fluorescence emission spectrum of the free NR in Methanol. Figure 7.9 

shows obtained fluorescence emission spectrum of the free NR in de-ionized (DI) water. 

The samples were excited with 543 nm light source.  

 

 

Figure 7.6: A typical fluorescence emission of the free NR (prepared in  
Procedure 3) in acetone, excited with 543-nm wavelength. 

 
 

 

Figure 7.7: A typical fluorescence emission of the free NR (prepared in  
Procedure 3) in ethanol, excited with 543-nm wavelength. 
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Figure 7.8: A typical fluorescence emission of the free NR (prepared in  
Procedure 3) in methanol, excited with 543-nm wavelength. 

 
 

 

Figure 7.9: A typical fluorescence emission of the free NR (prepared in  
Procedure 3) in DI water, excited with 543-nm wavelength. 
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Figure 7.10 shows the Lorentz fitted fluorescence emission spectra of the free NR 

in different solvents (from Figure 7.6, 7.7, 7.8, and 7.9). 

 
Figure 7.10: The Lorentz fitted fluorescence emission spectra of the free NR 

dye (prepared in Procedure 3, Ch.6) in different solvents. 

 
To obtain the statistics for the fluorescence of the free NR in each solvent, 10 

fluorescent particles were picked to evaluate. The statistics of the fluorescence emission 

peak of the free NR in different solvents were recorded in Table 7.1. 
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Table 7.1: Average peak location and standard deviation of the Lorentz fitted 

fluorescence emission spectra of the free NR in different solvents. 

 

Free NR in Average Peak Location (nm) Standard Deviation 

Acetone 590.79 0.70 

Ethanol 629.83 0.27 

Methanol 634.22 2.43 

DI water 625.60 0.41 

 

As seen from the statistics in Table 7.1, the emission peaks of free NR (prepared 

in Procedure 3) shift when exposed to different solvents. 

 

7.4  Fluorescence Emission of Nile Red Adsorbing to External Surface 

of Different Zeolites-Y 

When the NR is adsorbed to the external surface of zeolite hydrogen-Y (H2Y), 

zeolite sodium Y (NaY), and zeolite ammonium Y (NH3Y), it also fluoresces. The 

emission spectra show a shift in fluorescence peak (Figure 7.11). 

 

 
(a)                                                                            (b) 

 
Figure 7.11: The fluorescence emission of the NR dye (prepared in Procedure 5) 

adsorbing to different zeolites Y. 
a) Raw data. 

b) Lorentz fitted spectra. 
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To obtain the statistics for the fluorescence of the NR adsorbing to a particular 

zeolite-Y, 10 fluorescent particles were picked for evaluation. The statistics of the 

fluorescence emission peak of NR adsorbing to different zeolites-Y were recorded in 

Table 7.2. 

Table 7.2: Average peak location and standard deviation of the Lorentz fitted 

fluorescence emission spectra of the NR adsorbing to different zeolites-Y. 

 

NR Adsorbing to Average Peak Location (nm) Standard Deviation 

H2Y 669.8 1.60 

Na Y 656.04 0.1 

NH3Y 669.99 0.98 

 
 

The statistics in Table 7.2 show the fluorescence peak of the NR adsorbing to 

H2Y (669.8 nm) is very close to that of the NR adsorbing to NH3Y (669.99 nm). 

However, the emission peak is very different when the free NR adsorbs to NaY (656.04 

nm).  

 

7.5  Fluorescence Emission of the Nile Red Adsorbing to External 

Surface of Different Zeolites Y in Presence of Different Solvents 

 
In this research, the free NR adsorbing to different zeolites-Y (prepared in 

Procedure 5, Ch.6) was also exposed to different solvents. The statistics of the 

fluorescence peaks of the free NR adsorbing to the external surface of zeolite hydrogen Y 

in different solvents were recorded in Table 7.3. 
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Table 7.3: Average peak location and standard deviation of the Lorentz fitted 

fluorescence emission spectra of the NR adsorbing to zeolite H2Y in different 

solvents. 

 

NR Adsorbing to H2Y Average Peak Location (nm) Standard Deviation 

Baked at 100
o
C, 2.5 hours 654.65 1.39 

In acetone 655.59 1.30 

In ethanol 656.98 1.64 

In methanol 650.58 2.28 

In DI water 659.82 2.05 

 

As seen in Table 7.3, after baking the NR adsorbing to the external surface of 

zeolite H2Y produces average peak at 654.65 nm with standard deviation of 1.39. 

However, the combination exposed to acetone, ethanol, DI water makes a shift to the 

right from the peak of the baked sample. In case of combinations exposed to methanol, 

the shift of the average peak is to left from the baked sample. The average peaks of 

combination exposed to acetone and ethanol show a very small shift. The values of the 

average peaks shown in Table 7.3 for acetone and ethanol are too small to be used in the 

sensor. On the other hand, the combination exposed to methanol and DI water can be 

used for sensing since the difference in the average peaks are approximately 4 and 5 nm 

from the baked sample, respectively. 

The fluorescence emissions of the free NR adsorbing to NaY in different solvents 

were recorded in Table 7.4. 
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Table 7.4: Average peak location and standard deviation of the Lorentz fitted 

fluorescence emission spectra of the NR adsorbing to NaY in different solvents. 

 

NR Adsorbing to NaY Average Peak Location (nm) Standard Deviation 

Baked at 100
o
C, 2.5 hours 620.76 4.72 

In acetone 634.44 0.96 

In ethanol 638.13 2.00 

In methanol 628.14 1.08 

In DI water 631.45 4.82 

 

As seen in Table 7.4, after baking the NR adsorbing to the external surface of 

zeolite NaY produces an average peak at 620.7 nm with a standard deviation of 4.72. 

This standard deviation seems to be large; however, the average peak of the baked 

sample does not overlap with the last four average peaks in Table 7.4. When the baked 

combination was exposed to acetone, ethanol, methanol, and DI water, the average peaks 

show a shift to the right from the peak of the baked sample. Since the difference in the 

peaks between the baked sample and the other four is large, this combination can be used 

in the sensor.  

The statistics of the fluorescence emission peaks of the free NR adsorbing to 

NH3Y in different solvents were recorded in Table 7.5. 

 

Table 7.5: Average peak location and standard deviation of the Lorentz fitted 

fluorescence emission spectra of the NR adsorbing to NH3Y in different solvents. 

 

NR Adsorbing to NH3Y Average Peak Location (nm) Standard Deviation 

Baked at 100
o
C, 2.5 hours 660.66 0.99 

In acetone 658.43 0.40 

In ethanol 660.81 1.07 

In methanol 649.74 1.36 

In DI water 660.38 0.42 
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As seen in Table 7.5, after baking, the NR adsorbing to the external surface of 

zeolite NH3Y produces an average peak at 660.66 nm with a standard deviation of 0.99. 

This table shows that the difference in the peak of the combination exposed to methanol 

compared to the baked combination is the only one large enough to be used in the sensor. 

The other three samples have the average peak very close to the peak of the baked 

sample. So, those three samples should not be used in the sensor. 

 

7.6  Fluorescence Emission of Nile Red inside Different Zeolites-Y 

7.6.1 Unbaked Samples 

After being synthesized using Procedure 1 (Ch.6), zeolite-hydrogen-Y/nile-red 

(H2Y-NR), zeolite-sodium-Y/nile-red (NaY-NR), and zeolite-ammonium-Y/nile-red 

(NH3Y-NR) inclusions were cleaned using Procedure 2c (Ch.6), and then dried in the air 

for one day. The fluorescence emission of the inclusions is shown in Figure 7.12. 

 
Figure 7.12: The Gauss-fitted fluorescence emission of different zeolite-Y/NR 

unbaked inclusions. 
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As shown in Figure 7.12, the Gauss-fitted fluorescence emissions of the H2Y-NR 

and NH3Y-NR inclusions have almost the same peak location. However, the Gauss-fitted 

fluorescence emission of the NaY-NR inclusion has a peak further to the right from the 

other two. The decomposition of those three peaks will be discussed later in this Chapter. 

The statistics of the fluorescence emission peaks for each inclusion were obtained 

by evaluating 10 fluorescent particles. Table 7.6 shows the statistics of the fluorescence 

peaks for the different zeolites-Y/NR unbaked inclusions. 

Table 7.6: Average peak location and standard deviation of the Gauss fitted 

fluorescence emission spectra of different H2Y/NR unbaked inclusions. 

 

Unbaked Inclusion Average Peak Location (nm) Standard Deviation 

H2Y-NR 644.84 1.26 

NaY-NR 663.68 0.92 

NH3Y-NR 642.46 2.69 

 

The three unbaked inclusions show insignificant difference in average peaks. The 

decomposition of those three peaks provides better information. This will be evaluated 

later in the chapter. 

 

7.6.2 Baked Samples 

7.6.2a Zeolite-Hydrogen-Y/NR Inclusion Baked in Different Time Durations 

 
After being synthesized in Procedure 1 (Ch.6), H2Y-NR inclusion was cleaned 

(using Procedure 2c, Ch.6). The samples were then dried in the air for a day and baked in 

different time durations. The fluorescence emission of the baked samples is shown in 

Figure 7.13. 
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Figure 7.13: The Gauss-fitted fluorescence emission of H2Y-NR inclusion baked 
in different time durations. 

 

Figure 7.13 shows just a few examples of the peaks of the fluorescence emission 

of the H2Y-NR inclusion baked from 0 to 5 minutes. It is noticeable that the peaks of the 

baked samples are shifted to the right from the peak of the unbaked sample (0 minute). 

This shifting of the peaks of the baked samples shows that the baking procedure helps 

release gases trapped inside the zeolite structure. The fluorescence peaks of the baked 

samples will be used for further evaluation. 
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The statistics of the fluorescence emission peaks for each baked inclusion were 

obtained by evaluating 10 fluorescent particles. Table 7.7 shows the statistics of the 

fluorescence peaks for the H2Y-NR inclusion baked in different time durations. 

 

Table 7.7: Average peak location and standard deviation of the Gauss fitted 

fluorescence emission spectra of H2Y-NR inclusion baked in different time 

durations. 

 

H2Y-NR inclusion 

baked for 

Average Peak Location 

(nm) 

Standard Deviation 

0 min 644.84 1.26 

1 min 653.21 2.17 

2 min 654.64 3.71 

3 min 653.46 2.72 

5 min 652.88 1.85 

10 min 654.73 1.08 

20 min 653.07 2.70 

0.5 hr 659.91 1.74 

1 hr 650.26 6.88 

1.5 hr 657.86 2.57 

2 hr 658.88 1.15 

2.5hr 653.80 3.67 

 

 

Table 7.7 shows that all the baked samples have peaks shifted to the right in 

comparison to the unbaked sample (0 minute).  

 
7.6.2b Zeolite-Sodium-Y/NR Inclusion Baked in Different Time Durations 

After being synthesized using Procedure 1 (Ch.6), NaY-NR inclusion was cleaned 

(using Procedure 2c, Ch.6).  The samples were then dried in the air for a day, and baked 
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in different time durations. The fluorescence emission of the baked samples is shown in 

Figure 7.14. 

 

 

Figure 7.14: The Gauss-fitted fluorescence emission of NaY-NR inclusions baked 

in different time durations. 
 

Figure 7.14 shows that as the baking time increases from 0 (unbaked) to 5 

minutes, the fluorescence peaks are shifted to the right. 

The statistics of the fluorescence emission peaks for each baked inclusion were 

obtained by evaluating 10 fluorescent particles. Table 7.8 shows the statistics of the 

fluorescence peaks for the NaY-NR inclusion baked in different time durations. 
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Table 7.8: Average peak location and standard deviation of the Gauss fitted 

fluorescence emission spectra of NaY-NR inclusion baked in different time 

durations. 

 

NaY-NR inclusion 

baked for 

Average Peak Location 

(nm) 

Standard Deviation 

0 min 663.68 0.92 

1 min 663.72 0.72 

2 min 666.14 0.86 

3 min 665.75 0.50 

5 min 665.54 0.82 

10 min 664.77 0.99 

20 min 665.56 0.60 

0.5 hr 658.68 0.89 

1 hr 659.49 1.45 

1.5 hr 658.02 1.09 

2 hr 659.55 0.41 

2.5hr 659.94 0.82 

 

 
Table 7.8 shows that the samples baked for 20 minutes or less show insignificant 

shift of the peaks to the right. However, for the sample baked between 0.5 to 3 hours, the 

peaks of the samples are shifted to the left with insignificant variation. 

 

7.6.2c Zeolite-Ammonium-Y/NR Inclusion Baked in Different Time Durations 

 
After being synthesized using Procedure 1 (Ch.6), NH3Y-NR inclusion was 

cleaned (using Procedure 2c, Ch.6). The cleaned sample was then dried in the air for a 

day and baked in different time durations. The fluorescence emission of the baked 

inclusions is shown in Figure 7.15. 
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Figure 7.15: The Gauss-fitted fluorescence emission of NH3Y-NR inclusions 

baked in different time durations. 
 

Figure 7.15 shows the Gauss-fitted fluorescence emission of the unbaked sample 

(0 minute) and the baked samples (1 to 5 minutes). There is a definite shift of the peaks 

of the baked samples to the right. 

The statistics of the fluorescence emission peaks for each baked inclusion were 

obtained by evaluating 10 fluorescent particles. Table 7.9 shows the statistics of the 

fluorescence peaks for the NH3Y-NR inclusion baked in different time durations. 
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Table 7.9: Average peak location and standard deviation of the Gauss fitted 

fluorescence emission spectra of NH3Y-NR inclusion baked in different time 

durations. 

 

NH3Y-NR inclusion 

baked for 

Average Peak Location 

(nm) 

Standard Deviation 

0 min 642.46 2.69 

1 min 660.23 2.16 

2 min 659.21 1.58 

3 min 656.76 1.20 

5 min 659.35 0.88 

10 min 656.42 6.18 

20 min 656.01 1.03 

0.5 hr 658.17 0.52 

1 hr 657.29 0.82 

1.5 hr 660.67 0.86 

2 hr 653.75 0.31 

2.5hr 652.21 0.72 

 

Table 7.9 shows that all the baked samples have peaks shifted to the right in 

comparison to the unbaked sample (0 minute). 

 

7.7  Fluorescence Emission of Nile Red inside Different Zeolites-Y in 

Different Solvents 

7.7.1 Zeolite-Hydrogen-Y/Nile-Red Inclusion in Different Solvents 

 

After being synthesized using Procedure 1 (Ch.6), H2Y-NR inclusion was cleaned 

(using Procedure 2c, Ch.6). The inclusion was then dried in the air for a day and baked at 

100
o
C for 2.5 hours. Those prepared samples were then exposed to different solvents 

(acetone, ethanol, methanol, and DI water). The fluorescence emissions of the baked 

samples exposed to different solvents are shown in Figure 7.16. 
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Figure 7.16: The Gauss-fitted fluorescence emission of H2Y-NR samples baked at 
100

o
C for 2.5 hours exposed to different solvents. 

 
 

Figure 7.16 shows that the fluorescence emission peaks from samples are 

different when exposed to different solvents. Those samples will be good candidates to be 

used in the sensor. 

Table 7.10 shows the statistics for the fluorescence emission of H2Y-NR baked 

inclusions exposed to different solvents. For these statistics, 10 fluorescent particles from 

each sample were picked and evaluated.  
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Table 7.10: Average peak location and standard deviation of the Gauss fitted 

fluorescence emission spectra of H2Y-NR inclusion baked at 100
o
C for 2.5 hours 

in different solvents. 

 

H2Y-NR  inclusion 

baked at 100
o
C, 2.5 hours 

Average Peak Location 

(nm) 

Standard Deviation 

Reference 653.80 3.67 

In acetone 644.45 1.50 

In ethanol 647.03 1.58 

In methanol 629.19 0.81 

In DI water 641.49 3.83 

 

All samples in Table 7.10 were baked for 2.5 hours. However, the reference 

sample was not exposed to any solvent. From the above table, it is obvious that the 

samples exposed to acetone, ethanol, methanol, or DI water will shift their average peak 

locations to the left from the peak of the reference sample. This gives another indication 

that H2Y-NR inclusion can be used to sense the four gases that they were exposed to. 

 

7.7.2 Zeolite-Sodium-Y/Nile-Red Inclusion in Different Solvents 

 

After being synthesized using Procedure 1 (Ch.6), NaY-NR inclusion was cleaned 

(using Procedure 2c, Ch.6).  The inclusion was then dried in the air for a day and baked at 

100
o
C for 2.5 hours. After the baking, NaY-NR inclusion samples were exposed to 

different solvents. The fluorescence emission of the baked samples in different solvents is 

shown in Figure 7.17. 
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Figure 7.17: The Gauss-fitted fluorescence emission of NaY-NR inclusion 

samples baked at 100
o
C for 2.5 hours in different solvents. 

 

 

Figure 7.17 shows that there is insignificant shift in the peaks of the samples 

exposed to different solvents. The decomposition of those peaks will determine if the 

sample can be used in the sensor. The decomposition will be discussed later in this 

chapter. 

Table 7.11 shows the statistics for the fluorescence emission of NaY-NR baked 

inclusions exposed to different solvents. Ten fluorescent particles were picked for 

evaluation for each solvent.  
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Table 7.11: Average peak location and standard deviation of the Gauss fitted 

fluorescence emission of NaY-NR inclusions baked at 100
o
C for 2.5 

hours in different solvents. 

 

NaY-NR inclusion 

baked at 100
o
C for 2.5 hours 

Average Peak Location 

(nm) 

Standard Deviation 

Reference 659.94 0.82 

In acetone 660.90 1.28 

In ethanol 659.19 1.40 

In methanol 659.55 1.17 

In DI water 659.33 0.98 

 
The NaY-NR inclusion baked at 100

o
C for 2.5 hours without being exposed to 

any solvent was kept as reference. However, the other samples were exposed to acetone, 

ethanol, methanol, and DI water. Table 7.11 shows that the average peak locations of the 

samples exposed to different solvents and that of the reference sample show almost no 

difference. The final decision for those samples to be used or not to be used in the sensor 

will be determined after decomposition will be performed.  

 

7.7.3 Zeolite-Ammonium-Y/Nile-Red Inclusion in Different Solvents 

 

After being synthesized using Procedure 1 (Ch.6), NH3Y-NR inclusion was 

cleaned (using Procedure 2c). The inclusion was then dried in the air for a day and baked 

at 100
o
C for 2.5 hours. After the baking, the NH3Y-NR inclusion samples were exposed 

to different solvents. The fluorescence emission of the baked inclusion samples in 

different solvents is shown in Figure 7.18. 

 



102 

 
 

Figure 7.18: The Gauss-fitted fluorescence emission of NH3Y-NR inclusion 

samples baked at 100
o
C for 2.5 hours in different solvents. 

 

 

Figure 7.18 show that the baked samples in different solvents have peaks at 

different locations. Those samples are good candidates to be used in the sensor. 

Table 7.12 shows the statistics of the fluorescence emission of NH3Y-NR baked 

inclusion exposed to different solvents. Ten fluorescent particles of NH3Y-NR baked 

inclusion exposed to each solvent were picked and evaluated.  
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Table 7.12: Average peak location and standard deviation of the Gauss fitted 

fluorescence emission spectra of NH3Y-NR inclusion baked at 100
o
C for 2.5 hours 

in different solvents. 

 

NH3Y-NR inclusion 

baked at 100
o
C for 2.5 hours 

Average Peak Location 

(nm) 

Standard Deviation 

Reference 652.21 0.72 

In acetone 637.17 0.34 

In ethanol 632.95 0.74 

In methanol 640.15 0.36 

In DI water 646.63 0.79 

 

 
The NH3Y-NR inclusion baked at 100

o
C for 2.5 hours without being exposed to 

any solvent was kept as reference. The other samples were exposed to acetone, ethanol, 

methanol, and DI water. This table definitely shows the samples exposed to different 

solvents have average peak locations shifted to the left from the peak of the reference 

sample. Those samples make good candidates to be used in the sensor. 

 

7.8  Decomposition of the Fluorescence Emission of Nile Red inside 

Zeolites-Y Exposed to Different Solvents 

7.8.1 Decomposition of the Fluorescence Spectra of Zeolite-Hydrogen-Y/Nile-Red 

Inclusion Exposed to Different Solvents 

Even though the fluorescence emission of H2Y-NR 100
o
C-baked inclusion seems 

to have only one peak when exposed to acetone, ethanol, methanol, and DI water, 

fluorescence emission spectral decomposition shows in most cases multiple peaks.   
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Figure 7.19 shows a typical spectrum of H2Y-NR inclusion in acetone (black 

dotted curve), and its decomposed two curves (red and green). The decomposition was 

obtained by using the OrginLab Gauss fitting function. 

 

 
(a)                                                         (b) 

 

 
Figure 7.19: A typical spectrum of H2Y-NR inclusion in acetone: a) Decomposed 

into a spectrum with two peaks, b) Residual plot. 
 

Figure 7.19a also shows the two decomposed curves can be reconstructed back to 

the one peak original curve. Figure 7.19b shows the error between the reconstructed 

curve and the original one. The error seems to be large outside the area where the peaks 

occur; however, at the peaks the error is insignificant, which makes this procedure 

reasonable for evaluation. 

Table 7.13 presents the statistics of the H2Y-NR 100
o
C baked inclusion in each 

solvent decomposed into two-peak spectra.  
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Table 7.13: Average peak locations and standard deviations of the fluorescence emission 

of H2Y-NR in different solvents decomposed into spectra with two peaks. 

 

H2Y-NR 
inclusion 

baked at 
100

o
C 

for 2.5 hours 

Original 
Average 

Emission Peak 
Location (nm) 

Decomposed 
Average 

Peak-1 
Location 

(nm) 

Standard 
Deviation 

Decomposed 
Average 

Peak-2 
Location 

(nm) 

Standard 
Deviation 

In acetone 644.45 636.60 4.95 656.53 4.05 

In ethanol 647.03 639.57 2.52 658.72 1.87 

In methanol 629.19 624.18 0.79 654.98 1.20 

In DI water 641.49 634.87 3.15 658.51 0.92 

 
 

The original average emission peak location is in the middle between the 

decomposed average peak-1 and average peak-2. This is true for the baked sample 

exposed to different solvents.  

The fluorescence spectra of H2Y-NR inclusion exposed to different solvents can 

also be decomposed into spectra with three peaks. Figure 7.20 shows a typical spectrum 

of H2Y-NR inclusion in acetone decomposed into a spectrum with three peaks using 

OrginLab Gauss fitting function. 
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(a) 

 
(b) 

Figure 7.20: A typical spectrum of H2Y-NR inclusion in acetone: a) Decomposed 

into a spectrum with three peaks, b) Residual plot. 
 

The decomposition into the three peaks is possible since the original curve has 

some small side peaks besides the dominant peak. Figure 7.20b shows the smaller error 

compared to the decomposition into two peaks. The reason for this is that the smaller side 

peaks produce a larger error when the curve was decomposed into two peaks. Those 

small peaks are usually on the side and below the dominant peaks of the original curve, 

and that is why they influence the decomposition into three peaks but give larger error 
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when the original curve is decomposed into two peaks. This can be proven by comparing 

the residual plot from Figure 7.19 b and 7.20b.  

Table 7.14 presents the statistics for fluorescence peaks of NH3Y-NR 100
o
C 

baked inclusion in each solvent decomposed into three-peak spectra.  

 
 

Table 7.14: Average peak locations and standard deviations of the fluorescence emission 

of H2Y-NR in different solvents decomposed into 3 peaks. 

 

H2Y-NR 
inclusion 

baked at 
100

o
C for 

2.5 hours 

Original 
Average 

Emission 
Peak 

Location 

(nm) 

Decomposed 
Average 

Peak-1 
Location 

(nm) 

Standard 
Deviation 

Decomposed 
Average 

Peak-2 
Location 

(nm) 

Standard 
Deviation 

Decomposed 
Average 

Peak-3 
Location 

(nm) 

Standard 
Deviation 

In acetone 644.45 624.59 4.15 645.28 1.60 664.62 1.01 

In ethanol 647.03 628.10 2.62 647.57 1.34 666.04 0.70 

In methanol 629.19 604.66 1.71 627.07 1.97 656.27 1.32 

In DI water 641.49 629.65 5.23 649.88 4.89 665.65 2.43 

 

In this case, Table 7.14 definitely shows that the decomposed spectrum has a 

middle peak closed to the original dominant peak, and the other two side peaks are one to 

the left and one to the right of the original dominant peak location. 

 

7.8.2 Decomposition of the Fluorescence Spectra of Zeolite-Sodium-Y/Nile-Red 

Inclusion Exposed to Different Solvents 

 
Similar to the case of H2Y-NR 100

o
C-baked inclusion in different solvents, the 

fluorescence emission of NaY-NR 100
o
C-baked inclusion has only one dominant peak 
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when exposed to acetone, ethanol, methanol, and DI water, and can be decomposed into 

multiple peaks.  

Figure 7.21 shows a typical spectrum of NaY-NR inclusion in acetone 

decomposed into a spectrum with two peaks using OrginLab Gauss fitting function. 

 

 

(a) 

 
(b) 

 

Figure 7.21: A typical spectrum of NaY-NR inclusion in acetone: a) Decomposed 
into a spectrum with two peaks, b) Residual plot. 
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Figure 7.21a represents the original curve (black dotted), 2 decomposed curves 

(red and green), and the reconstructed curve (blue). The two decomposed curves consist 

of peaks residing on the left or right from the original curve. In this case, the curve to the 

right (green) has a more dominant peak than the one to the left (red). Figure 7.21b shows 

the residual plot with more error to the left and to the right of the original dominant peak. 

Table 7.15 summarizes the peaks from the original curve and the two decomposed 

ones. 

 

Table 7.15: Average peak locations and standard deviations of the fluorescence emission 

of NaY-NR in different solvents decomposed into 2 peaks. 

NaY-NR 
inclusion 

baked at 100
o
C 

for 2.5 hours 

Original 
Average 

Emission 
Peak 

Location (nm) 

Average 
Peak-1 

Location 
(nm) 

Standard 
Deviation 

Average 
Peak-2 

Location 
(nm) 

Standard 
Deviation 

In acetone 660.90 646.37 2.53 662.70 0.88 

In ethanol 659.19 641.78 0.95 663.74 0.12 

In methanol 659.55 646.31 1.26 663.77 0.28 

In DI water 659.33 645.62 1.73 662.46 0.51 

 
The above table confirms that the original dominant peak is in the middle between 

the two decomposed ones. 

The fluorescence spectra of NaY-NR inclusion exposed to different solvents can 

also be decomposed into spectra with three peaks. Figure 7.22 shows a typical spectrum 

of NaY-NR inclusion in acetone decomposed into a three peak spectrum using OrginLab 

Gauss fitting function. 
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(a) 

 
(b) 

 
Figure 7.22: A typical spectrum of NaY-NR inclusion in acetone: a) Decomposed 

into a spectrum with three peaks, b) Residual plot. 
 

The original curve (black dot) and the reconstructed one (turquoise) are well 

matched. The two decomposed curves (red and blue) are to the right and to the left of the 

original dominant curve. However, the third decomposed curve has the highest peak than 

the other two decomposed curves and the peak occurs close to the location of the original 

dominant peak. 
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Figure 7.22b represents the residual plot of the original and the reconstructed 

spectra. The plot shows a large error to the left and to the right of the dominant peak of 

the original curve. 

Table 7.16 presents the statistics of the original and the three decomposed peaks 

for NaY-NR 100
o
C baked inclusion in each solvent. 

 
Table 7.16: Average peak locations and standard deviations of the fluorescence emission 

of NaY-NR in different solvents decomposed into three peak spectra. 

NaY-NR 
inclusion 

baked at 
100

o
C for 

2.5 hours 

Original 
Average 

Emission 
Peak 

Location 

(nm) 

Average 
Peak-1 

Location 
(nm) 

Standard 
Deviation 

Average 
Peak-2 

Location 
(nm) 

Standard 
Deviation 

Average 
Peak-3 

Location 
(nm) 

Standard 
Deviation 

In acetone 660.90 650.43 2.36 663.16 0.91 675.45 1.98 

In ethanol 659.19 639.58 5.09 654.43 11.84 673.01 8.63 

In methanol 659.55 647.79 1.60 663.78 0.35 679.69 0.38 

In DI water 659.33 647.75 1.61 662.62 0.43 677.38 1.88 
 

This table shows the same observation as seen in Table 7.14 for H2Y-NR 

inclusion. The original peak location and the middle curve peak location are closed, while 

the other two curve peaks are to the left or to the right of the original dominant peak. 

 

7.8.3 Decomposition of the fluorescence spectra of zeolite-ammonium-Y/nile-red 

inclusion exposed to different solvents 

 

In the same manner, the fluorescence emission of NH3Y-NR 100
o
C-baked 

inclusion has only one dominant peak when exposed to acetone, ethanol, methanol, and 

DI water, can be decomposed into multiple peaks.  
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Figure 7.23 shows a typical spectrum of NH3Y-NR inclusion in acetone 

decomposed into a two peak spectrum using OrginLab Gauss fitting function. 

 

 
(a) 

 
(b) 

 
Figure 7.23: A typical spectrum NH3Y-NR inclusion in acetone: a) Decomposed 

into a spectrum with two peaks, b) Residual plot. 
 

Figure 7.23a shows the original curve (black dot) and the reconstructed one 

(blue). The red and green curves are the decomposed from the original curve. The green 

curve peak is shifted to the right from the original dominant peak, and the red 

decomposed curve has almost the same peak location as the original curve.  



113 

Figure 7.23b shows the residual plot of the original and the reconstructed curves. 

There are large errors even at the dominant peak, which means that there are more peaks 

around the dominant peak.  

Table 7.17 summarizes the statistics of the peaks of the original and the 

decomposed spectra of NH3Y-NR 100
o
C baked inclusion in each solvent. 

 

Table 7.17: Average peak locations and standard deviations of the fluorescence emission 

of NH3Y-NR in different solvents decomposed into two peak spectra. 

 

NH3Y-NR 
inclusion 

baked at 100
o
C 

for 2.5 hours 

Original 
Average 

Emission Peak 

Location (nm) 

Average 
Peak-1 

Location 

(nm) 

Standard 
Deviation 

Average 
Peak-2 

Location 

(nm) 

Standard 
Deviation 

In acetone 637.17 634.31 0.84 663.15 0.62 

In ethanol 632.95 623.73 4.04 650.15 5.53 

In methanol 640.15 634.16 1.31 662.07 1.19 

In DI water 646.63 640.84 2.06 663.54 1.26 

 
 

Table 7.17 proves that one of the decomposed peaks is closed to the original 

dominant peak. On the other hand, the second average peak location shows a definite 

shift to the right of the original dominant peak. 

 
The fluorescence spectra of NH3Y-NR inclusion exposed to different solvents can 

be decomposed into spectra with three peaks. Figure 7.24 shows a typical spectrum of 

NH3Y-NR inclusion in acetone decomposed into a three peak spectrum using OrginLab 

Gauss fitting function. 
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(a) 

 
(b) 

 
Figure 7.24: A typical spectrum of NH3Y-NR inclusion in acetone: a) 

Decomposed into a spectrum with three peaks, b) Residual plot. 
 

Figure 7.24a shows the original curve (black dot) and the reconstructed curve 

(turquoise) and the three decomposed curves (red, green, and blue). The dominant 

decomposed peak (red) shows a shift to the left and the next decomposed curve peak 

(blue) shows the shift to the right. The third decomposed curve peak however is closed to 

the location of the original dominant peak.  
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Figure 7.24b shows the residual plot of the original and the reconstructed curves. 

The errors are reasonably small.  

Table 7.18 presents the statistics of the peaks of the original and the decomposed 

spectra of NH3Y-NR 100
o
C baked inclusion in each solvent. 

 

Table 7.18: Average peak locations and standard deviations of the fluorescence emission 

of NH3Y-NR in different solvents decomposed into three peak spectra. 

NH3Y-NR 

inclusion 

baked at 

100oC for 

2.5 hours 

Original 

Average 

Emission Peak 

Location (nm) 

Average 

Peak-1 

Location 

(nm) 

Standard 

Deviation 

Average 

Peak-2 

Location 

(nm) 

Standard 

Deviation 

Average 

Peak-3 

Location 

(nm) 

Standard 

Deviation 

In acetone 637.17 624.63 1.42 640.95 0.34 659.70 0.42 

In ethanol 632.95 611.31 1.64 635.00 1.00 663.28 1.80 

In methanol 640.15 621.24 3.45 640.63 1.81 662.32 1.49 

In DI water 646.63 633.40 3.5 642.82 2.04 663.71 1.79 

 

Table 7.18 lists average peak locations from the original curve and the three 

decomposed curve peaks. This table confirms the previous finding that the middle curve 

peak location is closed or the same to the original average peak location. The other two 

average peak locations are shifted to the left and to the right from the original dominant 

peak location. 

 

7.9  Summary  

 
In this chapter, the fluorescence emission of the free nile red and different 

zeolites-Y/nile-red combinations were studied. The combinations include the nile red 

adsorbing to the external surface of different zeolites-Y, and the nile red inside the super-

cages of different zeolite. The combinations were baked to release gas or moisture 
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trapped in the structure of the combinations during synthesis or cleaning processes. After 

that, the combinations were exposed to different test gases including acetone, ethanol, 

methanol, and DI water.  The evaluation helps to recognize the response of the sensing 

element to different test gases, upon which the sensing algorithm is developed. The 

chapter also presents the decomposition of the fluorescence emission spectra of different 

zeolites-Y/nile-red combinations by themselves and when exposed to different solvents. 

The decomposition of the spectra helps to better determine which gas can be recognized 

by the sensor.  

 

  



117 

CHAPTER 8 

THE OPTO-ELECTRONIC SYSTEM 

 

 

8.1 Introduction 

 

As presented in Chapter 7, zeolite-Y/nile-red inclusions response to different test 

gases by shifting peaks in the fluorescence emission spectrum. This key feature is used in 

this research to detect different gases. The zeolite-Y/nile-red inclusions are used as the 

sensing element in the analog front end of the detector. This chapter consists of: 1) the 

design of the analog front end, 2) the design of the optical system to excite the sensing 

element and to collect the output fluorescence emission, 3) the model and simulation of 

the photodetector, and 4) the design and simulation of the electronic circuit to amplify, 

digitize and process the converted electrical signal. 

 

8.2 Block Diagram of the Overall Sensing Device 

The block diagram of the overall device is shown in Figure 8.1.  

 

 

   Figure 8.1: Block diagram of the sensing device. 
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The complete block diagram (Figure 8.1) consists of the analog sensing front end, 

the photodetector, the transimpedance amplifier, the main amplifier, the analog-to-digital 

converter, the customized processor, and the display unit. The design and simulation of 

each block are presented in the following sections. 

 

8.3 Schematic Design of the Analog Sensing Front End 

The schematic of the analog sensing front end is shown in Figure 8.2. It has a 

sensing array made of nile red included in different types of zeolites Y housed in a glass 

chamber. It also consists of a heating circuit for removal of the trapped moisture and/or 

gases in the zeolite-Y/nile-red combinations. Two valves are used to let the analytes in 

and out of the chamber, second two valves to allow the flushing gas (nitrogen) to go in 

and out of the chamber to help remove the analytes. 

 

 
 Figure 8.2: Analog sensing front end. 
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8.4  Block Diagram of the Optical System to Excite the Sensing 

Element and to Collect the Output Fluorescence 

The optical system consists of: 1) excitation source, 2) excitation filter, 3) 

dichroic mirror, 4) the specimen holder, 5) fluorescence tunable bandpass filter, 6) 

collection lens, and 7) photodetector. The block diagram of the optical system is shown in 

Figure 8.3. 

 

Figure 8.3: The diagram of the optical system. 

 

The excitation source (Figure 8.3-1) is a green laser diode whose light is passed 

through the excitation filter (Figure 8.3-2) to produce light with wavelength of 543 nm. 

This is the excitation wavelength used to excite the zeolites-Y/nile-red combinations to 

study their fluorescence response when exposed to different test gases. The dichroic 

mirror (Figure 8.3-3) allows the excitation light to pass through to excite the zeolite-

Y/nile-red combinations on the specimen holder (Figure 8.3-4). However, the dichroic 
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filter reflects the emitted fluorescence from the zeolite-Y/nile-red combinations to the 

optical tunable bandpass filter (Figure 8.3-5). The tunable bandpass filter allows light of 

particular wavelength to pass through depending on the angle of the light incidence. The 

output of the bandpass filter is directed to the collecting lens (Figure 8.3-6) so that the 

detected fluorescence will focus on the detecting area of the photodetector (Figure 8.3-7). 

 

8.5  Design and Simulation of the Signal Conditioning Circuit 

The photodiode was modeled and interfaced with the transimpedance amplifier 

(TIA), which was to convert the photodiode current into voltage (Figure 8.4). The main 

amplifier (MA) was used to amplify the output of the transimpedance amplifier, and the 

analog-to-digital converter (ADC) to digitize the output of the main amplifier (Figure 

8.4). The simulation and evaluation of the circuit in Figure 8.4 was performed using 

Multisim
TM

 9 Simulation and Capture (Electronics Workbench
TM

, version 9.0.155). The 

net list of the circuit is attached in Appendix A.1. 

 

 

Figure 8.4: Schematic of signal conditioning and digitizing circuit. 
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The graphical simulation output of the modeled photodiode current is shown in 

Figure 8.5. 

 

 

                      Figure 8.5: The simulation output of the photodiode. 

 

The output current of the modeled photodiode (Figure 8.4) reflects the increments 

of the fluorescence intensity. This current was converted into voltage by the TIA and then 

amplified by MA. The voltage outputs of the TIA and the MA are shown in Figure 8.6. 

 

 

Figure 8.6: The simulation outputs transimpedance amplifier, and main 

amplifier. 
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The graphs in Figure 8.6 show that the current in the model of the photodiode was 

converted into voltage (Vo1 –red curve) by TIA. Vo1 shows 180
o
 phase shift from the 

photodiode current (Ip) in Figure 8.5. This output voltage was then amplified by the 

second stage of the amplifier (MA). The graph of the output voltage Vo2 (blue curve) 

shows that the polarity of this voltage was also shifted 180
o
. Therefore, the final voltage 

output (Vo2) has the same polarity to that of the photodiode current (Ip).  

Figure 8.7 shows the configuration of the 8-bit ADC. The DC reference signal 

(VDD) was set to 5V, and the clock signal (V2) to 5V at 10 kHz. The input analog signal 

(V1) was generated by the piecewise linear voltage source from 0 to 3V, in step of 1 V. 

XSC1 is the oscilloscope, and XLA1 the logic analyzer. The net list of the circuit is 

attached in Appendix A.2. 

 

  Figure 8.7: Configuration of the 8-bit ADC for testing. 
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The graphical simulation of the testing input voltage source and the digital outputs 

of the 8-bit ADC are shown in Figure 8.8 and Figure 8.9, respectively. 

 

 

Figure 8.8: The input testing voltage generated by the piecewise linear voltage 

source. 
 

 

 Figure 8.9: The output of the 8-bit ADC for different input testing 
voltages. 

 

The waveform in Figure 8.8 shows four testing voltage levels 0, 1, 2, and 3 V 

which were inputted to the 8-bit ADC. 
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The waveforms in Figure 8.9 show the eight digital outputs d7 to d0 read out 

using channel 9 to channel 2 of the logic analyzer, respectively. The four combinations of 

the digital outputs are 00000000, 00110011, 01100110, and 10011001 in binary, which 

are equivalent to 0, 51, 102, 153 in decimal. Since the eight output bits of the ADC 

represent 256 voltage levels of the analog input ranging from 0 to 5V, therefore, 1 V of 

the input is equivalent to 51 levels. The simulation outputs show correct representation of 

the analog input. 

 

8.6 The Flow Chart of the Operation of the Sensing Device 

The flow of the operation of the device is summarized in the chart shown in 

Figure 8.10. 

 

 

             Figure 8.10: The flow chart of the operation of the sensing device. 
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This flow chart was used to simulate the operation of the detector (in Xilinx 

software), and will be presented in the following sections. 

 

8.7 Block Diagram of the Digital Processing Unit 

The block diagram of the digital processing unit is shown in Figure 8.11.  

 

 

Figure 8.11: The top level design of the digital processing unit. 

 

The processing unit consists of: 

• The control unit. This unit takes external inputs (Start, clk), give 

instructions (motorEn, heatEn, nitrogenEn, heatEn, pwrEn, compInstr, 

displayEn) to the subsystems, takes feedbacks (sensorIn, heatDone, 

nitrogenDone, pwrDone, compStatus) from the subsystems to interface the 

subsystems in the sensing device. 
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• Sensor motor. This subsystem takes instruction (motorEn) from the 

control unit to move a particular zeolite/nile-red combination in place in 

the analog front end to sense target gases. When the sensor is in place, the 

subsystem will give a feedback signal to the control unit to deactivate the 

motor. 

 

• Heating unit. This subsystem takes instruction (heatEn) from the control 

unit to heat up the zeolite/nile-red combination to certain temperature to 

remove moisture and/or gases trapped inside the zeolite structure. When 

the designed temperature is reached, the subsystem will give a feedback 

signal to the control unit to turn off the heat. 

 

• Nitrogen flush unit. This subsystem takes instruction (nitrogenEn) from 

the control unit to release nitrogen into the sensor chamber to remove the 

heated moisture or gases in the chamber before the zeolite/nile-red 

combination is excited. After the designed amount of nitrogen is released, 

the subsystem will give a feedback signal to the control unit to stop the 

flushing. 

 

• Sensor excitation unit. This subsystem takes instruction (pwrEn) to excite 

the zeolite/nile-red with light source of 543 nm wavelength. After the 

fluorescence is recorded, the subsystem will give a feedback to the control 

unit to turn of the excitation source. 
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• Analog-to-digital converter (ADC). This converter is activated to convert 

the voltage output of the main amplifier to digital signal during the time 

when the excitation power is on. The digital output of this converter will 

be stored in the computing unit. 

 

• Computing unit. This subsystem takes instruction (compInstr) from the 

control unit to store the digital readouts from the ADC while the excitation 

power is on. It then performs filtering (moving average), finding peak and 

wavelength, comparing detected peak and wavelength with the lookup 

table which is stored in the memory for the identification of the gas. When 

all the functions are completed, the unit will send a feedback to the control 

unit to activate the display unit. 

 

• Display unit. This unit, when activated, will display the detected gas and 

its concentration. 

 

8.8 Hardware Design and Simulation of the Processing Unit 

The design and simulation of the processing unit was done using Xilinx
®
 ISE

TM 

9.1i. The processing unit takes inputs from user (start) and different units in the detecting 

device including the sensor motor, heating unit, nitrogen flush unit, power excitation unit, 

and computing unit.  
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8.8.1 The Sensor Motor 

For simulation purpose, the sensor motor was modeled as a counter. When 

triggered by the control unit (motorEn = 1), the unit will send out a feedback (senInPlace 

= 1) after 20 clock cycles to inform the control unit that the sensor is ready. The 

simulation of the sensor motor unit is shown in Figure 8.12. The verilog hardware 

descriptive language (VHDL) code for the sensor motor unit is attached in the Appendix 

B.1. 

 

 

          Figure 8.12: The simulation output of the sensor motor unit. 

 

The simulated output in Figure 8.12 shows that when enabled, the unit sent out a 

feedback (senInPlace = 1) after 20 clock cycles to the control unit. 

 

8.8.2 The Heating Unit 

For simulation purpose, the heating unit was also modeled as a counter. When 

triggered by the control unit (heatEn = 1), the heating unit will send out a feedback 

(heatDone = 1) after 20 clock cycles to inform the control unit that the designed 

temperature was reached to remove the gases trapped inside the zeolite structure. The 

simulation of the heating unit is shown in Figure 8.13. The VHDL code for the heating 

unit is attached in the Appendix B.2. 
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                 Figure 8.13: The simulation output of the heating unit. 

 

The simulated output in Figure 8.13 shows that when enabled, the unit sent out a 

feedback (heatDone = 1) after 20 clock cycles to the control unit. 

 

8.8.3 The Nitrogen Flush Unit 

For simulation purpose, the nitrogen unit was modeled as a counter as well. When 

triggered by the control unit (nitrogenEn = 1), the nitrogen unit will send out a feedback 

(nitrogenDone = 1) after 20 clock cycles to inform the control unit that the designed 

amount of nitrogen was released to the sensor chamber to flush out unwanted gases in the 

chamber. The simulation of the flush unit is shown in Figure 8.14. The VHDL code for 

the flush unit is attached in the Appendix B.3. 

 

 

           Figure 8.14: The simulation output of the nitrogen flush unit. 
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The simulated output in Figure 8.14 shows that when enabled, the unit sent out a 

feedback (nitrogenDone = 1) after 20 clock cycles to the control unit. 

 

8.8.4 The Excitation Unit 

When enabled by the control unit (pwrEn = 1), the excitation unit will turn on the 

laser (wavelength = 543 nm) to excite the zeolite/nile-red combination in the sensor 

chamber. The excited combination responds to the presence of the target gas in term of 

fluorescence. The fluorescence is then converted into electrical signal and digitized by 

the ADC. After the fluorescence was recorded, the excitation unit will send a feedback 

(pwrDone = 1) to the control signal. Figure 8.15 shows the simulation of the excitation 

unit. The VHDL code for the excitation unit is attached in the Appendix B.4. 

 

 

Figure 8.15: The simulation output of the excitation unit. 

 

In Figure 8.15, the 8-bit signal FLout represents the output from the ADC. 

 

8.8.5 The Computing Unit 

After the digitized values of the fluorescence are stored in the memory, the 

computing unit will perform three operations on the recorded data. The VHDL code for 
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the computing unit is attached in the Appendix B.5. The I/O layout of the computing unit 

is shown in Figure 8.16. 

 

        Figure 8.16: The I/O layout of the computing unit. 

 

First of all, a moving average filtering will be performed on the data to remove 

any spikes. Secondly, the computing unit will find the peak value and the wavelength at 

the peak in the fluorescence spectrum. Thirdly, the peak of the fluorescence spectrum 

will be compared with the predetermined values for known target gases. The simulation 

of the moving average filter is shown in Figure 8.17. The moving average filter was 

designed to average two consecutive values. The VHDL code for the moving average 

filter is attached in the Appendix B.6. 

 

 

Figure 8.17: The simulation output of the moving average filter.  
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After moving average filtering, the computing unit will find the peak in the 

fluorescence spectrum and the wavelength at the peak. The simulation of an example 

peak and the wavelength is shown in Figure 8.18. The VHDL code for finding peak and 

the wavelength in the fluorescence emission spectrum is attached in the Appendix B.7. 

 

 

Figure 8.18: The simulation of determination of the peak and the wavelength in an 
example fluorescence spectrum. 

 

In Figure 8.18, the peak in the stored data is 50, and the wavelength at the peak is 

calculated by the processor to be 650 nm. This shows that the processor performed 

correct operations. 

 Once the peak and its wavelength of the gas exposed to the sensor are determined, 

the computing unit will compare this wavelength to the lookup table containing stored 

wavelengths of known gases, and will define which gas is detected. The simulation of the 

determination of the detected gas is shown in Figure 8.19. The VHDL code for the 

comparing unit is attached in the Appendix B.8. Table 8.1 summarizes the wavelengths 

for different gases used in this simulation. The gasOut signal is 1 for acetone, 2 for 

ethanol, 3 for methanol, 4 for water, and 0 not detectable. 
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Figure 8.19: The simulation of the determination of the detected gas. 
 

          
 

 
Table 8.1: Summary of wavelength of different gases used in the simulation in 

Figure 8.18. 
 

 

Gas Wavelength (nm) 

Acetone 637 + 1 

Ethanol 633 + 1 

Methanol 640 + 1 

Water 646 + 1 

 

 

8.8.6 The Control Unit 

The role of the control unit is to interface and to give instructions to different 

units in the detecting device. The simulation of the interface between the control unit and 

other subsystems is shown in Figure 8.20. The VHDL code for the control unit is 

attached in the Appendix B.9. 
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Figure 8.20: The simulation of the interface between the control unit and the 
subsystems in the detecting device. 

 

When the start signal (initially low) goes high, the control unit activates the 

sensor motor (motorEn = 1) to move the sensor in place in the analog-front-end chamber. 

This is designed in case more than one zeolite/nile-red combinations are used to detect 

different target gases. Besides, this is a necessary check for the availability of the 

zeolite/nile-red combination in the chamber. Upon receiving a signal from the senor 

motor unit confirming that the sensor is in place (sensorIn = 1), the control unit sends an 

enabling signal (heatEn = 1) to the heating unit to heat up the zeolite/nile-red 

combination in the chamber. When the desired temperature is reached, the heating unit 

will output a confirming signal (heatDone = 1) to the control unit. The control unit then 

activates the flushing of the chamber with nitrogen by enabling the nitrogen flush unit 

(nitrogenEn = 1). After the designed amount of nitrogen is released to the chamber, the 

flush unit sends a confirming signal (nitrogenDone = 1) to the control unit. At this point, 

the analog front end is ready to take in the gas mixture from the environment. The control 

unit then enables the excitation unit, the fluorescence detector, and the ADC by switching 

pwrEn to 1. During this time, the zeolite/nile-red combination is excited and emits 

fluorescence. The emitted fluorescence will be converted into electrical signal 
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(photodiode current), amplified by the amplifiers, and then converted to digital signal by 

the ADC. The digital outputs of the ADC will be stored in the memory of the computing 

unit. However, when the signal pwrEn is switched to 1, the control unit also activates the 

computing unit by turning the 2-bit signal compInstr to 01 to instruct the computing unit 

to take in and store the digital outputs from the ADC in its memory for later processing. 

The instructions from the control unit to the computing unit are summarized in Table 8.2. 

After the fluorescence is recorded, a feedback signal (pwrDone = 1) is sent to the control 

unit, and the excitation unit is disabled. The computing unit will then process the stored 

data to determine which gas is present. When all the necessary processes are done, the 

computing unit sends a signal (computingDone = 1) to the control unit. Upon the 

receiving the signal, the control unit activates the display unit and at the same time, 

switches the signal compInstr to10 to instruct the computing unit to send the detected gas 

and its level to the display unit 

 

Table 8.2: Instruction set for the computing unit. 

 

2-bit Instruction (compInstr) Meaning 

00 Stand by 

01 Store ADC outputs and do calculations 

10 Send detected results to the display unit 

11 Stand by 

 

The I/O layout of the control unit is shown in Figure 8.21. 
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Figure 8.21: The I/O layout of the control unit. 

 

Figure 8.22 shows the register transfer level (RTL) schematic of the control unit 

obtained from the behavioral description in Xilinx. 

 

 

          Figure 8.22: The RTL schematic of the control unit.  
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8.9 Design of Block Diagram of the Overall Sensing Device for 

Fabrication on Ceramic Test Bench 

 

The detailed schematic of main parts of the sensing device is shown in Figure 

8.23. This was designed for fabrication on ceramic test bench using Tanner Tools. 

 

        Figure 8.23: Detailed schematic of the main parts of the sensing device for 

fabrication on ceramic test bench. a) Side view and b) Top view. 

 

This schematic was designed with the consultant of Dr. Catchmark who was co-

director the Nano Fabrication Lab from Penn State Nanotechnology Fabrication 

Facilities.  

 

8.10 Summary  

In this chapter, the whole detecting device was designed in block diagram. The 

subsystems were also designed and simulated to verify the performance and interface 
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with other units. The simulation shows the whole process starting from the device being 

activated to the determination and display of the detected gas and its concentrations. All 

the subsystems work and interact with each other properly. 

 

  



139 

CHAPTER 9 

SUMMARY AND SUGGESTIONS FOR  

FUTURE WORK 

 

9.1 Summary 

The goal of this research was to develop an optical gas detector using nile red dye 

encapsulated in the supercages of zeolites Y. The research was conducted in different 

phases: studying methods to encapsulate nile red dye in zeolites’ supercages, 

experimenting to find an effective method to clean the zeolite-Y/nile-red combinations, 

obtaining the optical characteristics (light absorption and fluorescence emission) of the 

zeolite-Y/nile-red combination, measuring the desorption of the inclusions, and designing 

the electronic circuit to process the acquired fluorescence spectrum and determine which 

gas is detected. 

The encapsulation of nile red in the porous structure of zeolites Y was tried with 

different methods including mechanically forcing the dye to enter the supercages of the 

zeolite via its open pores, thermally expanding the pores, and chemical reaction. The 

experimental data showed that the first two methods resulted in nile red dye adsorbing to 

the external surface of the zeolites. With the third method, the nile red dye was 

successfully included inside the zeolites’ structure. Three types of zeolites Y were studied 

(ammonium Y, hydrogen Y, and sodium Y), and nile red dye was successfully included 

in the supercages of the three zeolites. 

Since the zeolite-Y/nile-red inclusions were formed via chemical reaction, and the 

inclusions were in solution, it is necessary to have an effective way to remove excess free 

nile red adsorbing to the external surface of zeolites. Different methods were 
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experimented including manually rinsing the combination with ethanol, using soxhlet 

extraction system, and using a combination of ultrasound and centrifuge of the 

zeolite/nile-red inclusions in ethanol. The third method resulted in cleaner inclusion in 

shorter time.  

After the zeolite-Y/nile-red inclusions were synthesized and cleaned (dried), 

samples were prepared from the inclusions to take light absorption and fluorescence 

emission spectra to optically characterize the inclusions. Samples of different inclusions 

were baked in different time durations and measured the fluorescence emission. This 

emission was used as a reference. Next, the baked samples were exposed to different 

solvents (acetone, ethanol, methanol, and water) and excited with light source of 543 nm. 

When excited, the inclusions emitted fluorescence. The analysis of the emitted 

fluorescence spectra showed that the inclusions emitted fluorescence peak at different 

wavelengths when exposed to different solvents. 

Finally, electronic circuits were designed to first condition the analog electrical 

signal, then to convert it into digital signals. The circuits were designed and verified the 

performance via simulation. The simulation showed proper functionality. 

 

9.2 Suggestions for Future Work 

This research used commercially available zeolites.  Given the successful proof of 

concept in encapsulating the nile red dye in zeolites’ supercages, cleaning the 

zeolite/nile-red combinations, measuring the desorption of the inclusions, designing the 

electronic circuit to process the acquired fluorescence spectrum and determinining which 
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gas is detected, future research should replace the commercial zeolitre-Y with waste ash 

generated zeolites. 

 Up to this phase of the research, the hardware parts of the sensing device were 

already and built. The designed hardware includes the analog sensing front end chamber, 

housings for the excitation source, excitation filter, dichroic mirror, the tunable bandpass 

filter, collecting lens, and photodiode. The above-mentioned parts need to be assembled 

and tested for functionality. Since the design and the simulation of the digital processing 

unit were done in XilinxTM ISE software, the design is ready for downloading to the 

Spartan 3E Starter Kit (an FPGA from Xilinx). A already-designed processor needs to be 

synthesized on the FPGA to process the digitized data as presented in Chapter 8. Once 

the complete hardware is assembled and tested, the sensing device is ready to be tested 

for toxic gases. However, to experiment with toxic gases, specialized laboratory is 

needed. 
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APPENDIX A 

MULTISIM 9 SIMULATION SETUP FILES 
 

A.1 Net List for Signal Conditioning and Digitizing Circuit in Figure 8.3. 

 

** SignalConditionCKT1 ** 

* 

* Electronics Workbench 

* 

* This file was created by: 

*   Multisim to SPICE netlist routine 

* 

* Generated by: Son Nguyen 

* Tuesday, August 25 00:14:32, 2011  

*  

* 

  

IIp GND 8 dc 0 ac 1e-005 0 

+      distof1 0 0 

+      distof2 0 0 

+      sin(0 1e-005 0.2 0 0 0) 

 

xA1 Vo2 2 VDD GND 9 10 11 12 13 14 15 16 1 1 A2D8__ADC_DAC__1 

 

VDDVDD  VDD 0 dc 5 
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xGND GND DGND__POWER_SOURCES__1 

 

xV5 2 GND Clock_V_SourceV5 

.SUBCKT Clock_V_SourceV5 1 2 

V 1 2 dc 0 

+   pulse( 0 5 0 1e-9 1e-9 

+   5e-005  

+   0.0001) 

.ENDS 

 

rRs 8 GND 500000 vresRs TEMP=27  

.model vresRs r(TC1=0 TC2=0 TNOM=27) 

 

cCs 8 GND 1e-010 IC=0 

 

rR1 8 Vo1 100000 vresR1 TEMP=27  

.model vresR1 r(TC1=0 TC2=0 TNOM=27) 

 

rR2 Vo1 4 1000 vresR2 TEMP=27  

.model vresR2 r(TC1=0 TC2=0 TNOM=27) 

 

rR3 4 Vo2 5000 vresR3 TEMP=27  

.model vresR3 r(TC1=0 TC2=0 TNOM=27) 

 

xU1_A 8 GND Vo1 5 6 LM124A__OPAMP__1 

VV1 GND 6 dc 6 ac 0 0 

+           distof1 0 0 
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+           distof2 0 0 

 

VV2 5 GND dc 6 ac 0 0 

+           distof1 0 0 

+           distof2 0 0 

 

xU2_A 4 GND Vo2 3 7 LM124A__OPAMP__1 

VV3 GND 7 dc 6 ac 0 0 

+           distof1 0 0 

+           distof2 0 0 

 

VV4 3 V4_OPEN_2 dc 6 ac 0 0 

+           distof1 0 0 

+           distof2 0 0 

 

 

.SUBCKT A2D8__ADC_DAC__1 Vin SOC Vref+ Vref- D0 D1 D2 D3 D4 D5 

D6 D7 EOC OE 

aINI Vin Viniso INISO 

Shld1 Viniso VinHeld SOC 0 isolation1  

Shld2 VinHeld adccorein SOC 0 isolation2 

Chld VinHeld 0 1e-6 

Rhld VinHeld 0 1e15 

a1  adccorein  [F0 F1 F2 F3 F4 F5 F6 F7]  Vref+ Vref- ADC_core 

aADC [SOC] [NSOC] ADC1 

aADCOE [OE] [OEDIG] ADC1 

aEOC [~NSOC] [EOC] Brdg 
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ab0 F0 OEDIG DGND DGND F0d 100 DFF1 

ab1 F1 OEDIG DGND DGND F1d 101 DFF1 

ab2 F2 OEDIG DGND DGND F2d 102 DFF1 

ab3 F3 OEDIG DGND DGND F3d 103 DFF1 

ab4 F4 OEDIG DGND DGND F4d 104 DFF1 

ab5 F5 OEDIG DGND DGND F5d 105 DFF1 

ab6 F6 OEDIG DGND DGND F6d 106 DFF1 

ab7 F7 OEDIG DGND DGND F7d 107 DFF1 

a2 [F0d F1d F2d F3d F4d F5d F6d F7d] [D0 D1 D2 D3 D4 D5 D6 D7] Brdg 

.MODEL isolation1 sw(vt=2.5 vh=1e-6 ron=1e-12 roff=1e20) 

.MODEL isolation2 sw(vt=2.5 vh=1e-6 ron=1e20 roff=1e-12) 

.MODEL ADC_core ew_nla2d( ) 

.MODEL Brdg dac_bridge(out_low=0.3 out_high=5.0 out_undef=0.8 t_rise=1e-

30 t_fall=1e-30) 

.MODEL DFF1 d_dff(clk_delay=1n set_delay=1n reset_delay=1n ic=0 

rise_delay=1n fall_delay=1n) 

.MODEL ADC1 adc_bridge(in_low=2.4  in_high=2.5 rise_delay=1e-12 

fall_delay=1e-12) 

.MODEL DGND1 d_pulldown(load=20e-12) 

.MODEL INISO gain(gain=1 in_offset=0 out_offset=0) 

.ENDS 

 

.subckt DGND__POWER_SOURCES__1 1 

rVGND 1 0 0.1 

.ends 

 

.SUBCKT LM124A__OPAMP__1 1 2 3 4 5 
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** Standard Linear Ics Macromodels, 1993.  

** CONNECTIONS : 

* 1 INVERTING INPUT 

* 2 NON-INVERTING INPUT 

* 3 OUTPUT 

* 4 POSITIVE POWER SUPPLY 

* 5 NEGATIVE POWER SUPPLY 

********************************************************** 

.MODEL MDTH D IS=1E-8 KF=3.104131E-15 CJO=10F 

* INPUT STAGE 

CIP 2 5 1.000000E-12 

CIN 1 5 1.000000E-12 

EIP 10 5 2 5 1 

EIN 16 5 1 5 1 

RIP 10 11 2.600000E+01 

RIN 15 16 2.600000E+01 

RIS 11 15 2.003862E+02 

DIP 11 12 MDTH 400E-12 

DIN 15 14 MDTH 400E-12 

VOFP 12 13 DC 0  

VOFN 13 14 DC 0 

IPOL 13 5 1.000000E-05 

CPS 11 15 3.783376E-09 

DINN 17 13 MDTH 400E-12 

VIN 17 5 0.000000e+00 

DINR 15 18 MDTH 400E-12 

VIP 4 18 2.000000E+00 
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FCP 4 5 VOFP 3.400000E+01 

FCN 5 4 VOFN 3.400000E+01 

FIBP 2 5 VOFN 2.000000E-03 

FIBN 5 1 VOFP 2.000000E-03 

* AMPLIFYING STAGE 

FIP 5 19 VOFP 3.600000E+02 

FIN 5 19 VOFN 3.600000E+02 

RG1 19 5 3.652997E+06 

RG2 19 4 3.652997E+06 

CC 19 5 6.000000E-09 

DOPM 19 22 MDTH 400E-12 

DONM 21 19 MDTH 400E-12 

HOPM 22 28 VOUT 7.500000E+03 

VIPM 28 4 1.500000E+02 

HONM 21 27 VOUT 7.500000E+03 

VINM 5 27 1.500000E+02 

EOUT 26 23 19 5 1 

VOUT 23 5 0 

ROUT 26 3 20 

COUT 3 5 1.000000E-12 

DOP 19 25 MDTH 400E-12 

VOP 4 25 2.242230E+00 

DON 24 19 MDTH 400E-12 

VON 24 5 7.922301E-01 

.ENDS 
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A.2 Net List for ADC Configuration in Figure 8.6 

 

** ADC8Configuration ** 

* 

* Electronics Workbench 

* 

* This file was created by: 

*   Multisim to SPICE netlist routine 

* 

* Generated by: Son Nguyen 

* Tuesday, August 25 00:25:31, 2011  

*  

* 

  

VDDVDD  VDD 0 dc 5 

 

xGND GND DGND__POWER_SOURCES__1 

 

xV2 11 GND Clock_V_SourceV2 

.SUBCKT Clock_V_SourceV2 1 2 

V 1 2 dc 0 

+   pulse( 0 5 0 1e-9 1e-9 

+   5e-005  

+   0.0001) 

.ENDS 

 

xA1 10 11 VDD GND 2 3 4 5 6 7 8 9 1 1 A2D8__ADC_DAC__1 
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vV1 10 GND dc 0 ac 1 0 

+ distof1 1 0 

+ distof2 1 0 

+ pwlrepeat(0 0 0.001 0 0.001 1 0.002 1 0.002 2 0.003 2 0.003 3 0.004 3 0.004 4) 

 

 

.subckt DGND__POWER_SOURCES__1 1 

rVGND 1 0 0.1 

.ends 

 

.SUBCKT A2D8__ADC_DAC__1 Vin SOC Vref+ Vref- D0 D1 D2 D3 D4 D5 

D6 D7 EOC OE 

aINI Vin Viniso INISO 

Shld1 Viniso VinHeld SOC 0 isolation1  

Shld2 VinHeld adccorein SOC 0 isolation2 

Chld VinHeld 0 1e-6 

Rhld VinHeld 0 1e15 

a1  adccorein  [F0 F1 F2 F3 F4 F5 F6 F7]  Vref+ Vref- ADC_core 

aADC [SOC] [NSOC] ADC1 

aADCOE [OE] [OEDIG] ADC1 

aEOC [~NSOC] [EOC] Brdg 

ab0 F0 OEDIG DGND DGND F0d 100 DFF1 

ab1 F1 OEDIG DGND DGND F1d 101 DFF1 

ab2 F2 OEDIG DGND DGND F2d 102 DFF1 

ab3 F3 OEDIG DGND DGND F3d 103 DFF1 

ab4 F4 OEDIG DGND DGND F4d 104 DFF1 
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ab5 F5 OEDIG DGND DGND F5d 105 DFF1 

ab6 F6 OEDIG DGND DGND F6d 106 DFF1 

ab7 F7 OEDIG DGND DGND F7d 107 DFF1 

a2 [F0d F1d F2d F3d F4d F5d F6d F7d] [D0 D1 D2 D3 D4 D5 D6 D7] Brdg 

.MODEL isolation1 sw(vt=2.5 vh=1e-6 ron=1e-12 roff=1e20) 

.MODEL isolation2 sw(vt=2.5 vh=1e-6 ron=1e20 roff=1e-12) 

.MODEL ADC_core ew_nla2d( ) 

.MODEL Brdg dac_bridge(out_low=0.3 out_high=5.0 out_undef=0.8 t_rise=1e-

30 t_fall=1e-30) 

.MODEL DFF1 d_dff(clk_delay=1n set_delay=1n reset_delay=1n ic=0 

rise_delay=1n fall_delay=1n) 

.MODEL ADC1 adc_bridge(in_low=2.4  in_high=2.5 rise_delay=1e-12 

fall_delay=1e-12) 

.MODEL DGND1 d_pulldown(load=20e-12) 

.MODEL INISO gain(gain=1 in_offset=0 out_offset=0) 

.ENDS 
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APPENDIX B 

VERILOG HARDWARE DESCRIPTIVE LANGUAGE (VHDL) 

CODES 

 

B.1 The VHDL Code for the Sensor Motor 

 

`timescale 1ns / 1ps 

module sensorMotor(clk, enable, sensorInplace); 

    input clk; 

    input enable; 

    output sensorInplace; 

 // 

 reg [5:0] counter; 

 reg sensorStatus; 

 // 

 initial 

  begin 

   counter =0; 

   sensorStatus =0; 

  end 

 assign sensorInplace = sensorStatus; 

 // 

 always @ (posedge clk) 

  begin 

   if (enable ==1)  

    begin 
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     counter = counter + 1; 

    end 

   if (counter == 6'd20)  

    begin 

     counter = 0; 

     sensorStatus = 1; 

    end 

  end 

 

endmodule 

 

B.2 The VHDL Code for the Heating Unit 

`timescale 1ns / 1ps 

module heatUnit(clk, enable, heatDone); 

    input clk; 

    input enable; 

    output heatDone; 

  // 

  reg [5:0] counter; 

  reg heatStatus; 

 initial 

 begin 

  counter =0; 

  heatStatus =0; 

 end 

 assign heatDone = heatStatus; 
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 // 

 always @ (posedge clk) 

 begin 

  if (enable ==1)  

   begin 

    counter = counter + 1; 

   end 

  if (counter == 6'd20)  

  begin 

   counter = 0; 

   heatStatus = 1; 

   // sensorInplace = sensorStatus; 

  end 

 end 

 

 

endmodule 

 

B.3 The VHDL Code for the Nitrogen Flush Unit 

 

`timescale 1ns / 1ps 

module nitrogenUnit(clk, enable, nitrogenDone); 

    input clk; 

    input enable; 

    output nitrogenDone; 

 reg [5:0] counter; 

 reg nitrogenStatus; 
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 // 

 initial 

  begin 

  counter =0; 

  nitrogenStatus =0; 

  end 

 assign nitrogenDone = nitrogenStatus; 

 // 

 always @ (posedge clk) 

 begin 

  if (enable ==1)  

   begin 

    counter = counter + 1; 

   end 

  if (counter == 6'd20)  

   begin 

   counter = 0; 

   nitrogenStatus = 1; 

   end 

end 

 

 

endmodule 

 

B.4 The VHDL Code for the Excitation Unit 

 

`timescale 1ns / 1ps 
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module exciteUnit(clk, enable, exciteDone, FLout); 

    input clk; 

    input enable; 

    output exciteDone; 

    output [7:0] FLout; 

 reg [6:0] counter; 

 reg [2:0] counter5; 

 reg exciteStatus; 

 reg [7:0] regFLout; 

 reg clk4; 

// 

 initial 

  begin 

   clk4 = 0; 

   regFLout = 0; 

   exciteStatus = 0; 

   counter = 0; 

  end 

 assign exciteDone = exciteStatus; 

 assign FLout = regFLout; 

 // 

 always @ (posedge clk) 

  begin 

   #40 clk4 = ~ clk4; 

  end 

  // 

 always @ (posedge clk4) 
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 begin 

  if (enable == 1) 

   begin 

   counter = counter + 2; 

    if (counter == 7'd100) 

     begin 

      counter = 0; 

      exciteStatus = 1; 

     end 

    if (counter < 52) 

     begin 

      regFLout = counter; 

     end 

    else if ((counter >= 7'd52)&&(counter <= 

7'd100)) 

     begin 

      regFLout = 100 - counter; 

     end 

   end 

  else if (enable == 0) 

   begin 

    counter = 0; 

   end 

 end 

 

endmodule 
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B.5 The VHDL Code for the Computing Unit 

 

`timescale 1ns / 1ps 

 module computingUnit(clk, compInstr, dataIn, compStatus, gasType, gasLevel); 

     input clk; 

     input [1:0] compInstr; 

  input [7:0] dataIn; 

      output [7:0] gasLevel; 

  output [1:0]compStatus; 

  output [2:0] gasType; 

  // 

  reg [1:0]status; 

  reg avgEn;//, findPeakEn, summingEn, comparingEn; 

  reg [7:0] compMemory [0:99];// compMemory[0] = detected peak height 

// 

comMemory[1] = wavelength 

// 

comMemory[2] = area under the curve 

  reg [7:0] dataOutTemp, avgDataIn, temp0_49; 

  reg [7:0] tempMem; 

  reg [7:0] avgOut; 

 

  // 

  wire [7:0] W_avgDataIn; 

  wire W_avgEn; 

  // 

  reg [2:0] count5; 
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  reg [5:0] count50; 

  reg [2:0] avgcount5; 

  reg [5:0] avgcount50; 

  //  

  integer i,k; 

  // 

  initial 

  begin 

  status = 0; 

  count5 = 0; 

  count50 = 0; 

  avgEn = 0; 

  tempMem = 0; 

  avgDataIn = 0; 

  temp0_49 = 0; 

 //   

  compMemory[0] = 1; 

  compMemory[1] = 2; 

  compMemory[2] = 3; 

  for (i=3; i<= 99; i = i + 1) 

   begin 

    compMemory[i] = 0; 

   end  

   end 

   // 

   assign W_avgEn = avgEn; 

   assign W_avgDataIn = avgDataIn; 
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   // 

   avgFilter Avg(clk,W_avgEn,W_avgDataIn,avgOut); 

   // 

 always @ (clk) 

  begin 

   if (compInstr == 2'b01) 

    begin 

     count5 = count5 + 1; 

     if (count5 == 5) 

      begin  

       count5 = 0;  

      end 

     end 

     

  end 

 always @ (count5) 

  begin 

   if (compInstr == 2'b01) 

   begin 

    if (count5 == 2) 

     begin  

      count50 = count50 + 1; 

      if (count50 == 6'd51) 

       begin 

        avgEn = 1;  

        

        count50 = 0; 
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       end 

      tempMem[7:0] = dataIn; 

      compMemory[count50 + 2] = 

tempMem; 

      temp0_49 = compMemory[count50 

+ 2]; 

     end 

    end 

   else if (compInstr != 1) 

    begin 

     count50 = 0; 

    end 

  end 

 

 always @ (clk) 

  begin 

   if (avgEn == 1) 

    begin 

     avgcount5 = avgcount5 + 1; 

     if (avgcount5 == 5) 

      begin  

       avgcount5 = 0;  

      end 

    end 

     

  end 

 always @ (avgcount5) 
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  begin 

  if (avgEn == 1) 

   begin 

    if (avgcount5 == 2) 

     begin  

     avgcount50 = avgcount50 + 1; 

     if (avgcount50 == 6'd51) 

      begin     

    

       count50 = 0; 

      end 

     tempMem = compMemory[avgcount50 + 

2]; 

     end 

   end 

  else if (compInstr != 1) 

   begin 

    avgcount50 = 0; 

   end 

 end 

endmodule 

 

 

B.6 The VHDL Code for the Moving Average Filter 

 

`timescale 1ns / 1ps 

module avgFilter(clk,enable,dataIn,dataOut); 
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input clk; 

input enable; 

input [7:0] dataIn; 

output [7:0] dataOut; 

// 

reg [7:0] temp [1:0]; 

// 

always @ (clk or enable) 

begin 

 if (enable ==0) 

  begin 

   temp[0] = 0; 

   temp[1] = 0; 

  end 

 else 

  begin 

   temp[1] <= dataIn; 

   temp[0] <= temp[1]; 

  end 

end 

assign dataOut = (temp[1] + temp[0]) >> 1; 

endmodule 
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B.7 The VHDL Code for the Finding Peak and According Wavelength 

 

module findingPeakUnit(clk,enable, dataIn, peak, wavelength); 

input enable; 

input clk; 

input [7:0] dataIn; 

output [7:0] peak; 

output [9:0] wavelength; 

reg [7:0] peakTemp; 

reg [9:0] waveTemp; 

reg [6:0] counter; 

parameter offset = 598; 

// 

initial 

begin 

 peakTemp = 0; 

 waveTemp = 0; 

 counter = 0; 

end 

assign peak = peakTemp; 

assign wavelength = waveTemp; 

always @ (dataIn) 

begin 

 counter = counter +1; 

 if ((enable ==1)&&(dataIn >= peakTemp)) 

  begin 

   peakTemp = dataIn; 
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   waveTemp = offset + counter*2; 

  end 

end 

 

endmodule 

 

B.8 The VHDL Code for the Comparing Unit 

 

module comparingUnit(clk, enable, wavelength, gasOut); 

input clk; 

input enable; 

input [9:0] wavelength; 

output [2:0] gasOut; 

reg [2:0] temp; 

reg [9:0] aceH, aceL, etohH, etohL, methH, methL, waterH, waterL; 

initial 

begin // these values are of NH4OH inclusion in different solvents 

 aceH = 16'd638; 

 aceL = 16'd636; 

 etohH = 16'd634; 

 etohL = 16'd632; 

 methH = 16'd641; 

 methL = 16'd639; 

 waterH = 16'd648; 

 waterL = 16'd645; 

 temp = 3'bz; 

end 
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// 

assign gasOut = temp; 

// 

always @ (posedge clk or enable) 

begin 

if ((enable ==1)&&(wavelength >= aceL) && (wavelength <= aceH)) 

 begin 

  temp = 3'b001; // gas = Acetone 

 end 

else if ((enable ==1)&&(wavelength >= etohL) && (wavelength <= 

etohH)) 

 begin 

  temp = 3'b010; // gas = Ethanol 

 end 

else if ((enable ==1)&&(wavelength >= methL) && (wavelength <= 

methH)) 

 begin 

  temp = 3'b011; // gas = Methanol 

 end 

else if ((enable ==1)&&(wavelength >= waterL) && (wavelength <= 

waterH)) 

 begin 

  temp = 3'b100; // gas = Water 

 end 

else  

 begin  

  temp = 3'b000; 
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 end 

end 

endmodule 

 

B.9 The VHDL Code for the Control Unit 

 

`timescale 1ns / 1ps 

module controlUnit(clk, start, senInPlace, heatDone, nitrogenDone, powerDone, 

computingDone, 

      motorEn, heatEn, nitrogenEn, 

powerEn, compInstr, displayEn); 

    input clk; 

    input start; 

    input senInPlace; 

    input heatDone; 

    input nitrogenDone; 

    input powerDone; 

  input computingDone; 

    output motorEn; 

    output heatEn; 

    output nitrogenEn; 

    output powerEn; 

  output displayEn; 

    output [1:0] compInstr; 

 reg [1:0] reg_compInstr; 

initial 

 begin 
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  reg_compInstr = 0; 

 end 

// 

assign #1 motorEn = start &(~senInPlace); 

assign #1 heatEn = senInPlace &(~heatDone); 

assign #1 nitrogenEn = heatDone &(~nitrogenDone); 

assign #1 powerEn = nitrogenDone &(~powerDone); 

assign #1 compInstr = reg_compInstr; 

assign #1 displayEn = computingDone; 

// 

always @ (clk or powerEn) // powerEnable = 1 ==> start storing FL to memory 

 begin 

  if (powerEn ==1) 

   begin 

    reg_compInstr = 1; 

   end  

 end  

always @ (posedge computingDone) 

 begin 

  reg_compInstr = 2; 

 end 

 

endmodule 

 

 


