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ABSTRACT 

 

 Detection of biodiesel at low and high concentrations in diesel is highly desired in 

the aviation and fuel industries.  Cross contamination of jet fuel with biodiesel may 

impact the thermal stability and freezing point which can cause deposits in the fuel 

system or cause the fuel to gel, leading to jet engine operability problems and possible 

engine flameout.  A dye doped optical sensor utilizing the dye Nile Blue Chloride has 

been developed for quick and direct detection of biodiesel which mainly contains fatty 

acid methyl esters (FAME).  The sensing mechanism relies on the solvatochromatic 

properties of the dye which undergoes a color change from blue to pink.  A detection 

limit of 0.250 ppm (parts per million) and quantification limit of 0.750 ppm is obtained 

with a dynamic range from 0.5–200,000 ppm (20% v/v) FAME. This sensor is a viable 

alternative to compliment more sophisticated and expensive bench top techniques in 

current use.  

 The detection of chloroform in aqueous and non-aqueous has direct 

environmental and pharmaceutical applications, due to its well documented toxicity.  A 

sensor has been developed based on a modified Fujiwara reaction for detecting 

chloroform, a halogenated hydrocarbon, in the visible spectrum. 2,2’-dipyridyl and tetra-

n-butyl ammonium hydroxide are the modified Fujiwara reagents encapsulated within a 

sensing film.  Upon exposure to chloroform in non-aqueous solution, a colored product 

is produced within the film which can be analyzed spectroscopically yielding a detection 

limit of 0.830 ppm (v/v) and quantification limit of 2.77 ppm.   
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Monitoring and detection of gas plume constituents is a useful diagnostic tool in 

evaluating combustion efficiency, ensuring safe testing conditions, and in quantifying 

greenhouse gas emissions.  Rocket engine ground tests are vital to ensure the 

performance of the rocket engines during critical space missions.  Optical sensors were 

developed for remote sensing applications to detect isopropyl alcohol utilizing the dye 

Chromoionophore IX.  This sensor gave a detection limit of 9, 13, 21 ppm and 

quantification limits of 32, 43, and 70 ppm for methanol, ethanol, and isopropyl alcohol 

respectively.  Also a fingerprinting method was developed utilizing several indicator 

dyes in order to detect kerosene vapor. 
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Introduction and Background 
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1.1. Foreword 

With the increasing capabilities of chemical sensors, it is no surprise that they 

have been established as an important component in a wide variety of studies and 

applications.  Sensors rely on an array of different methods such as optical, 

electrochemical, or mass-sensitive techniques and are highly sought after for their 

ability to easily detect a range of concentrations.  The focus of the research presented 

primarily covers the development of chemical sensors as analytical detection tools for 

environmental, aviation, and pharmaceutical industries.  Optical thin film sensors have 

been developed to detect fatty acid methyl esters (FAME) in diesel, testing for trace 

halogenated organic contaminants, and monitoring of gaseous analytes in test plumes 

for rocket engine analysis.  

Spectroscopic methods are an ideal technique in coupling optical sensors for 

monitoring a variety of gas and liquid analyte constituents.  The monitoring of biodiesel 

or FAME in petroleum based diesel fuel is a serious concern in industry.  FAME is a 

highly surface active material as it can adhere to pipelines and distribution tank walls 

and desorb into other transportation fuels causing future issues with cross fuel 

contamination.2,3  This raises a difficult problem for the aviation industry where FAME 

contamination can impact the thermal stability and freezing point of jet fuel leading to jet 

engine operability problems and possible engine flameout.3-5  Therefore, the ability to 

rapidly detect FAME at low concentrations in a simple user-friendly and easy fashion 

would be highly valuable in evaluating fuel safety integrity.  Another significant concern 

is the detection and quantification of chlorinated hydrocarbon (CHC) pollution in 

groundwater and sediments, as well as, quality control of residual CHCs in 
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pharmaceutical products.6-10  CHCs in low concentrations can cause a variety of health 

problems.11-13  Therefore, detection of CHCs would enhance environmental monitoring 

as well as industries where CHCs occur such as the pharmaceutical industry.  There is 

also a critical need for miniaturized and remote near real-time monitoring of exhaust 

plumes from chemical steam generators placed in rocket test stands for the 

development of space engines as well as for health monitoring and failure detection 

systems.1  The ability to characterize plume constituents provides important information 

about test stand performance as well as address any safety concerns that ground 

personnel may have.  This dissertation involves the development of optical sensors 

using polymer films or sol-gel chemistry to encapsulate sensing materials for the 

detection of FAME, chloroform, isopropyl alcohol vapor, and kerosene vapor. 

 

1.2. Analysis Techniques Used in the Research 

 

1.2.1. Ultraviolet and Visible Spectroscopy  

The research performed in this dissertation utilized a specific type of absorption 

spectroscopy called molecular absorption. In experiments using UV-Vis spectroscopy, 

incident light is absorbed by molecules in the path of the light.  When a molecule 

absorbs the energy from this photon, an electron transition follows in which outer 

electrons are promoted from their ground state to a higher energy excited state.  Using 

a radiationless transition, the absorbed energy is then transferred to nearby solvent 

molecules or through vibrational relaxation.14  According to Beer’s law (Eq. 1.1), the 

concentration of the absorbing species is directly proportional to the absorbance 
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A = ε b c                           Eq. 1.1 

 

where A is the absorbance, ε is the molar absorptivity constant (M-1cm-1), b is the 

pathlength (cm), and c is the concentration (M) of the analyte.14  UV-Vis spectroscopy 

was coupled to different optical sensors to monitor various concentrations of FAME in 

diesel as well as halogenated organic contaminants in aqueous and non-aqueous 

solutions.  

 

1.2.2. Fluorescence Spectroscopy  

Fluorescence spectroscopy is a technique that primarily focuses on the 

relationship between a molecule’s various energy levels.  Fluorescence examines a 

molecule’s ground electronic state or low energy state, and a high energy excited 

electronic state.  Within each of these electronic states are various vibrational states. 

When a molecule absorbs a photon, it becomes excited and proceeds to go from a 

ground electronic state to one of the various vibrational states in the excited electronic 

state.  The excited molecule’s energy will then decay and go to lower vibrational energy 

states until it reaches the lowest vibrational state of the excited electronic state.  The 

molecule will then drops down to the ground electronic state and emit a photon in the 

process.14  This process is illustrated by the Jablonski diagram (Figure 1.1).15  

Molecules are able to emit photons at wavelengths longer than that of the excitation 

source in all directions. In order to detect the emission from a compound, fluorescence 

spectroscopy utilizes a monochromator which holds the excitation light at a constant 

wavelength. Then, an emission spectrum is generated by scanning along the emission  
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Figure 1.1. Jablonski diagram illustrating the process of fluorescence.15 
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wavelength.  Luminescence is measured at another monochromator placed at a 90o 

angle from the incident light to avoid any impact from the excitation source.  An 

excitation spectrum is collected using the reverse process by holding the emission 

wavelength at a certain wavelength and scanning along the excitation wavelength.15  

The emission or excitation intensity at a single wavelength is then proportional to the 

concentration of the analyte being examined. 

 

1.2.3. Immobilization Methods 

In general, a good immobilization technique should be simple and fast, be 

nonspecific to the type of reagent being immobilized, produce a stable product, and 

allow the immobilized reagents to retain their initial chemical activities.16,17  One of the 

most common techniques used for immobilization of sensing agents onto solid 

substrates to produce optical sensors is encapsulation.  Encapsulation involves the 

physical entrapment of reagents such as indicator dyes or organic reagents inside a 

polymer or silica substrate.  

 

1.3. Overview of Sol-gel Chemistry 

Sol-gel chemistry refers to reactions incorporating alkoxide precursors to prepare 

solid glass and ceramic oxide materials.  This started as early as the mid-1800s by 

Ebelman and Graham’s study on silica glass.  However, little interest was generated 

from sol-gels because there was a lack of understanding on preventing the sol-gel 

process from cracking and fracturing.18  By the 1950s, there was a resurgence in sol-gel 

chemistry when Roy and coworkers were able to synthesize various novel homogenous 



7 
 

ceramic oxide composites involving Al, Si, Ti, Zr, and other metals using what is now a 

standard sol-gel method.19  The ceramic industry began to realize the enormous amount 

of potential in sol-gel chemistry in the 1970s when Yoldas, Yamane, and coworkers 

were able to create sol-gel monoliths by carefully drying the gels forming solid 

structures at room temperature.20  Only recently have researchers begun to fully 

understand the chemistry derived from alkoxide precursors.20   

 

1.3.1. Sol-gel Processing 

 Sol-gels offer many advantages over traditional glass and ceramic methods such 

as their homogeneity, lower processing temperatures, and compatibility with many 

chemical reagents.21  The sol-gel process generally involves an alkoxide precursor such 

as Si(OR)4 or R’Si(OR’’)3 (R = alkyl) becoming hydrolyzed followed by a condensation 

reaction which generates an inorganic cross-linked polymer with a three dimensional 

porous structure.  This reaction is summarized in Figure. 1.2.  However, the sol-gel 

reaction is strongly influenced by a multitude of factors such as the size of the alkoxide 

ligand, solution pH, solvents, temperature, and catalyst selection.21-28  By utilizing these 

factors, the physical properties of the resulting sol-gel structure can be tailored and 

adjusted to give different products to meet the specific needs of a particular study.  A 

brief example is through the use of catalysts.  Sol-gels reactions that utilize an acid 

catalyst result in thick, dense gels while base catalyzed reactions give a less dense 

structure with greater  porosity throughout the gel.20,29-31  The versatility of sol-gels 

allows it to be used in a variety of different applications including electronics, optics, 

separations, catalysis, and sensing.22,29-32 
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Figure 1.2. The basic reactions in the sol-gel process. 
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1.3.2. Development and Applications of Sol-gel Sensors 

The area of chemical sensing utilizing sol-gels has been a focus in our research 

group.33-35  Sol-gels possess a variety of unique physical properties that make them 

attractive for sensing applications.  Since sol-gels are extremely inert and compatible 

with many chemical agents, they are good candidates to be used for sensor matrix 

supports. Sol-gels are able to produce glass-like properties with little to no heating. This 

permits temperature sensitive organic molecules such as chemical sensing agents to be 

easily incorporated within the sol-gel without the fear of decomposition.16  Generally, 

sensing materials are encapsulated by doping them inside the sol-gel or grafting them 

to the backbone of the sol-gel matrix.  Although doping sol-gels is a much easier 

process and includes the physical entrapment of the sensing agent, the major drawback 

is that the sensing agent can be leached from the matrix.  Grafting reagents to produce 

organofunctionalized sol-gel materials offers a more rigid and stable product but the 

process is far more tedious and limited to the number of materials available that contain 

necessary –Si(OR)3 groups.16,17,36,37  Also, the porous nature of sol-gels easily allows 

the analyte of interest to be transported to the encapsulated sensing agents. Another 

important feature of sol-gels is that they are transparent in the visible region which 

allows their use in optical sensing.38  Sensors are now being produced that utilize sol-

gels towards applications in monitoring pH,17,22,24,27,28,36,39-45 metal ions,46-49 and various 

other analytes.50-52  Sol-gels have also found use in electrochemical53-60 and 

spectroelectrochemical61 sensing applications. 
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1.4. Preparation of the Sensor Substrate and Coating Techniques 

To prepare sol-gel films, microscope slides (Fischer Scientific) were cut into the 

appropriate glass substrate size depending on placement in either a cuvette or sensor 

platform.  The cut glass slides were washed in piranha solution (concentrated H2SO4 

and 30% H2O2 in 3:1 ratio) for 30 min, followed by rinses with deionized water, acetone, 

methanol, and ethanol.  The use of piranha solution ensures the maximum formation of 

Si-OH groups on the surface of the slide.  These slides were then allowed to dry in an 

oven up to two days before use.  All other glass substrates that did not need Si-OH 

groups were cleaned using deionized water, acetone, and ethanol rinses.  

Once the glass slides were prepared, they were fastened onto a custom built 

spin coater using double sided tape.  Solution was pipetted onto the slide and drawn to 

the edges of the glass substrate with a plastic pipette tip.  The slide was then spun at a 

set revolutions per minute (RPM) and for a specific amount of time.  Another coating 

method used was drop coating a solution onto the glass slide and drawing the solution 

to the edges to ensure full coverage.  This method is helpful if organic precursor 

reagents need to be retained in the film.  Both of the resulting films were subsequently 

cured and conditioned before use.  

 

1.4.1. Scanning Electron Microscopy  

Scanning electron microscopy (SEM) is an imaging technique that provides 

information to characterize a sample’s composition and topography.  Typically, SEM 

utilizes electrons accelerated between a cathode and anode to produce an electron 

beam as a probe. The electron beam is focused by one or more condenser lenses to 
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increase or decrease the diameter and current of the probe.  The beam then passes 

through scanning coils or deflection plates located in the final lens.  Afterwards, the 

beam scans over the surface of a sample in a raster fashion, where the beam sweeps 

the surface in a straight line and returns to the starting position and then shifts 

downward.62  This sequence is repeated until the entire area is scanned and converted 

into an image.  SEM is capable of producing high resolution images down to the 

nanometer scale with magnification ranging from 10 to 100,000x.63  The straightforward 

sample preparation, excellent contrast, and large depth of focus have helped contribute 

to the widespread use of SEM and its success.  

 

1.5. Summary of Dissertation Parts 

 

1.5.1. Part Two 

In Part two, studies are performed to detect biodiesel at low and high 

concentrations in diesel.  The current techniques for the detection of biodiesel, which 

generally consists of fatty acid methyl esters (FAME), rely on chromatography, infrared 

spectroscopy, or nuclear magnetic resonance.  We have found that solvatochromism 

can be used to detect FAME/biodiesel in diesel.  Here, we present a simple, optical 

sensor containing the dye, Nile Blue Chloride (NBC), in an ethyl cellulose film for quick 

and direct biodiesel detection.  Based on the solvatochromatic properties of the dye, the 

sensor undergoes a color change from blue to pink in the presence of FAME.  The 

highly sensitive and disposable sensor in this study detects 0.5-200,000 ppm (20% v/v) 

FAME (or biodiesel) in diesel.  It may be used for both low, ppm-level detection of 
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FAME in diesel or jet fuels and high-level measurement of biodiesel in biodiesel-diesel 

blends. 

 

1.5.2. Part Three 

Part three describes the use of optical thin film sensors for the detection of trace 

amounts of chloroform in aqueous and nonaqueous solutions.  The sensors utilize a 

modified Fujiwara reaction, one of the only known methods for detecting halogenated 

hydrocarbons by the visible spectroscopy.  The modified Fujiwara reagents, 2,2’-

dipyridyl and tetra-n-butyl ammonium hydroxide (Bun
4NOH or TBAH), are encapsulated 

in an ethyl cellulose (EC) or sol-gel film.  Upon exposure of the EC sensor film to HCCl3 

in petroleum ether, a colored product is produced within the film, which is analyzed 

spectroscopically, yielding a detection limit of 0.830 ppm (v/v) and quantification limit of 

2.77 ppm.  In aqueous solution of HCCl3, reaction in the sol-gel sensor film turns the 

sensor from colorless to dark yellow/brown with a detection limit of 500 ppm.  To our 

knowledge, these are the first optical quality thin film sensors using Fujiwara reactions 

for halogenated hydrocarbon detection.  The sensors are easy to fabricate and 

inexpensive, The EC sensor may be coupled to visible spectroscopy and/or with a fiber 

optic bundle for direct measurement studies in the field. 

 

1.5.3. Part Four 

Part four of this dissertation describes the use of optical sensors utilizing the 

fluorescent dye 4-dibutylamino-4′-(trifluoroacetyl)stilbene (Chromoionophore IX or CIX) 

as the sensing agent.  The dye is dissolved in an ethyl cellulose solution and spin-
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coated onto glass substrates to form thin films for the detection of alcohol vapors.  

When the sensor is exposed to alcohol vapors, the trifluoroacetyl group of the dye 

reacts with alcohol to form a hemiacetal which quenches the luminescence intensity of 

the sensor.  Results are shown using these sensors in a custom-designed multichannel 

portable sensing device for remote simultaneous multi-analyte sensing of test plume 

constituents. 

 

1.5.4. Part Five 

Initial studies to evaluate optical sensing strategies for gas phase kerosene 

detection are discussed in Part 5.  Kerosene is mainly composed of long chain 

saturated hydrocarbons.  Therefore, it is difficult to employ a sensing agent that will 

respond to kerosene vapor because no appropriate functional group is available.  Thus, 

a fingerprinting-type method has been closely looked into using up to 4 different sensing 

materials in hopes to produce a unique response to kerosene or constituents of 

kerosene such as hydrocarbons.  Optical detection will be achieved by using indicators 

and monitoring either absorbance or fluorescence emission characteristics in the 

presence of kerosene vapor.  

 

1.5.5. Part Six 

A summary of each part of this dissertation is discussed in Part 6.  Highlights for 

important findings as well as concluding remarks are given for each work.  The 

significance of each research project and how they relate to each other are also 
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discussed.  Lastly, a central theme is provided that helps to unify all parts of this 

dissertation. 
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Part 2 

 

A Dye-Doped Optical Sensor for the Detection of Biodiesel in 

Diesel 
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This chapter is revised based on a paper by Jonathan K. Fong, and Zi-Ling Xue. 

Only minor revisions were made.  

J.K. Fong and Z.-L. Xue.  A Dye-Doped Optical Sensor for the Detection of Biodiesel 

in Diesel. Chemical Communications, 2013, 49, 9015-9017.  

 

Abstract 

 

The ability to detect biodiesel at low and high concentrations in diesel is an 

important goal in several industrial sectors. The current techniques for the detection of 

biodiesel, which generally consists of fatty acid methyl esters (FAME), rely on 

chromatography, infrared spectroscopy, or nuclear magnetic resonance. We have found 

that solvatochromism can be used to detect FAME/biodiesel in diesel. Here, we present 

a simple, optical sensor containing the dye, Nile Blue Chloride, in an ethyl cellulose film 

for quick and direct biodiesel detection. Based on the solvatochromatic properties of the 

dye, the sensor undergoes a color change from blue to pink in the presence of FAME. 

The highly sensitive and disposable sensor in this study detects 0.5-200,000 ppm (20% 

v/v) FAME (or biodiesel) in diesel. It may be used for both low, ppm-level detection of 

FAME in diesel and high-level measurement of biodiesel in biodiesel-diesel blends. 
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2.1. Introduction 

 Biofuels and biodiesel are an area of intense interest.  With the rapid depletion of 

non-renewable fossil fuels, there is an increasing demand for alternative energy 

sources.  Thus, a greater emphasis has been put on developing and producing 

renewable forms of energy such as biofuels and biodiesel.1 Several key advantages of 

biodiesel usage are the decrease in hydrocarbon emission, carbon monoxide, and 

sulfur dioxide as well as being carbon neutral.2-4 FAME in biodiesel is usually produced 

by a transesterification process from vegetable oil, animal fat, or cooking grease where 

triglycerides are cleaved and reacted with methanol to produce glycerol and FAME. 

Because biodiesel generally consists of FAME, both terms are used interchangeably 

here.  With the recent passage of ASTM D975 and EN 590 biodiesel regulations, the 

U.S allows on-and-off-road diesel to contain up to 5% v/v biodiesel while European 

countries permit up to 7% v/v biodiesel in automotive diesel without specific labeling.5-7 

In most cases, its distribution and supply systems use the same refineries, storage tank 

facilities, and pipelines as the majority of other transportation fuels.  This practice raises 

a difficult problem regarding cross fuel contamination because FAME is a highly surface 

active material, adhering to pipelines and distribution tank walls during its 

transportation.7-8  Therefore, FAME can potentially desorb into other transportation fuels 

that use the same pipelines or storage tanks. 

 In the aviation industry, there is a particular concern over FAME contamination in 

jet fuel because at higher levels it can impact the thermal stability and freezing point of 

jet fuel leading to deposits in the fuel system or cause the fuel to gel.8-10  These issues 

can result in jet engine operability problems and possible engine flameout.  An aviation 
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catastrophe was avoided when fuel contamination caused the throttles of two engines 

on a Cathay Pacific flight to stick while in flight.  It was only because the skill of the 

pilots and a long runway at the landing airport that the 322 passengers and crew were 

not injured.11-12  Currently, the aviation industry allows up to 5 ppm FAME in its jet fuel 

before it is off specification.13  While protective measures and strict regulations are in 

place to prevent cross contamination, the permitted threshold of FAME in jet fuel makes 

it difficult to completely prevent FAME contamination in a shared fuel system.13  Since 5 

ppm FAME in jet fuel has proved to be difficult to detect, very sophisticated 

instrumentation is needed in order to determine FAME contamination.  In addition to the 

highly sensitive, ppm-level detection of FAME in the aviation industry, there is also a 

need for quick, easy, and direct detection of biodiesel in biodiesel-diesel blends for the 

verification of the blend accuracy.14-15  Such blends (e.g., 20% v/v biodiesel known as 

B20) are commercially available in gas stations.  Therefore, a quick verification check of 

the biodiesel blend accuracy would be an indispensable tool before a delivery of the 

blend is made.  As discussed below, current biodiesel detection methods are more 

amenable to laboratory testing where waiting for an off-site test may take several hours 

to days.14-15 

 Some of the most common standard techniques applied for FAME detection 

include specialised gas chromatography (GC) usually in tandem with supplementary 

methods,16-19 Fourier transform infrared spectroscopy (FT-IR),15,20 high-performance 

liquid chromatography (HPLC),21,22 and nuclear magnetic resonance (NMR).23,24  

Despite the regular use of these standard techniques, there are a few noticeable 

drawbacks such as bulky and expensive instrumentation, and portability issues.  A 
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variety of other specialized and specific methods have been developed for FAME 

detection which utilize electrospray ionization with chemometrics, x-ray fluorescence 

spectrometry (EDXRF), several spectroscopic techniques in tandem with each other, 

and test kits based on solubility differences.14, 25-28  

 One technique that has experienced relatively little application with FAME 

detection, however, is the use of visible optical sensors.  Optical sensors are often 

intrinsically easy to use, inexpensive, and can be mass produced for disposable 

applications.  Moreover, combining dye-doped optical sensors to spectrophotometers 

makes remote sensing possible.  Solvatochromatic dyes in particular have been used in 

a variety of applications such as chemical sensors and indicators.29-36  In this study, a 

specific oxazine dye called Nile Blue Chloride (NBC) is applied to an optical sensor for 

FAME detection.  Several authors have described these types of dyes as displaying 

positive solvatochromism leading to a large red shift in absorption and emission maxima 

when going from non-polar to polar solvents.37,38  Solvatochromism describes the 

change in position and sometimes intensity of a UV-visible absorption band following a 

change in the polarity of the solvent.30,35  The solvatochromatic behavior of NBC occurs 

from the large dipole moment change it undergoes during the transition between the 

ground and excited states.  This corresponds well to the charge transfer between the 

diethylamino group which acts as an electron donor and aromatic acceptor.
35 
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2.2. Experimental 

 

2.2.1. Materials and Methods 

  All solvents were purchased from Fischer Scientific and used as received.  Ethyl 

cellulose (49% ethoxy content) was purchased from MP biomedicals and Nile Blue 

chloride (NBC, 85%) was purchased from Sigma-Aldrich.  Methyl hexanoate (98%) was 

purchased from Eastman, and methyl myristate (>98%), methyl oleate (>96%), and 

methyl behenate (>90%) were purchased from Fischer Scientific and used as received.  

These FAMEs were used for make standard solutions in kerosene.  Biodiesel (B20) 

containing 20% v/v FAME was purchased from a Pilot gas station in Knoxville, 

Tennessee. 

 

2.2.2. Sensor Fabrication and Analyte Exposure 

  Standard microscope slides (Corning) were cut to 1 cm2 squares and used as the 

sensor substrate.  The glass squares were washed in a piranha solution (concentrated 

H2SO4 and 30% H2O2 in 3:1 ratio) for 30 min, followed by washes with acetone, 

methanol, ethanol, rinsed with deionized water, and allowed to dry in the oven before 

use.  N-type [100] silicon wafers were similarly cleaned for deposition of thin film 

sensors that were then used for characterization by SEM. 

  Ethyl cellulose (~0.750 g) was dissolved in a 1:1 mixture of toluene and ethanol 

and sonicated for approximately 4 h to ensure that the ethyl cellulose was completely 

dissolved in solution.  The result was a viscous ethyl cellulose solution (7.5% wt EC). 

NBC (~1 mg) and methanol (350 µL) were added to 1.10 g of ethyl cellulose solution 
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with stirring.  This mixture was allowed to stand and cure for several days in a capped 

vial prior to use.  After curing, the mixture was pipetted onto a clean glass slide and 

drawn to the edges of the glass with a plastic pipette tip.  The slide was then spun at 

~2600 rpm for approximately 1 min in a custom built spin-coater.  After spin-coating, a 

freshly made thin film sensors with a distinct blue color were placed in a Schlenk tube 

and pumped at 0.01 mmHg vacuum for 1 h.  They were then stored prior to use.     

  The FAME mixture was made by combining methyl hexanoate, methyl myristate, 

methyl oleate, and methyl behenate in an evenly distributed 1:1:1:1 ratio.  This mixture 

provides methyl esters with varying chain lengths (C6–C23) with methyl oleate offering 

a CH=CH bond in its chain.  Different concentrations of the FAME mixture were made 

by diluting the mixture to the appropriate concentration with diesel.  Sensors were 

submerged into their respective vials containing 20 mL of varying diesel/FAME 

concentrations while the solution was stirring.  After satisfactory analysis time, the 

sensors were taken out of their vials and analysed using a UV-Vis spectrometer.   

  The sensor response to 20 mL of FAME, ranging from 0.5–30 ppm, is less than 

30 min.  To achieve this response time, two steps have been taken to allow faster 

diffusion of FAME into the sensor film and reduce the response time.  First, the mixture 

of ethyl cellulose and NBC dye needs to be spin-coated at 2600 rpm (revolutions per 

minute) to make a thin sensor film.  Second, the freshly-made sensor film is subjected 

to a dynamic vacuum (<0.01 mmHg) for 1 h to remove toluene and excess MeOH/EtOH 

in the film.  After the vacuum treatment, the sensor remains blue, indicating that there is 

sufficient MeOH/EtOH around the NBC dye molecules in the sensor.  These steps 

reduced the response time from originally over 1 h (without the vacuum treatment) to  
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<30 min. 

 

2.2.3. Instrumentation  

   An Agilent 8453 UV-Vis spectrometer using two light sources, a deuterium and 

tungsten lamp, was used to acquire absorbance spectra of the sensing films.  A quartz 

cuvette with a 1 mm pathlength was utilised to hold the sensor in place.  Spectra were 

recorded in the range from 190 cm-1 to 1100 cm-1.  Peak deconvolution and baseline 

correction were achieved through Origin software.  SEM images of the sensors before 

and after exposure to FAME were taken using a Leo 1525 Field Emission Scanning 

Electron Microscope. 

  Scanning electron microscopy (SEM) imaging was taken in order to characterise 

the surface of the FAME sensor before and after exposure to the FAME mixture.  The 

images show “porous pitting” features consistent with the phase separation that occurs 

during the processing of the sensor with no discernible difference on the surface of the 

sensor before or after exposure (Figure 2.1).  The porosity and polar features of the 

cellulose film allow FAME to preconcentrate and diffuse into the sensor, causing a color 

change. 

 

2.3. Results and Discussion 

 

2.3.1. Film and Sensor Characterization 

  Extensive research has been accomplished in recent years on the unique photo-

physical properties that make oxazine dyes suitable for many chemical and biological  
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     A      

        

     

B 

        

Figure 2.1. SEM surface images of the thin film sensors before (A) and after (B) 

exposure to FAME. The white particles in (B) are due to the sputtered gold particles 

needed on the sensor’s surface to increase the conductivity for SEM imaging.  
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applications as well as the spectroscopic behaviour and interaction to different 

environments.39-45  A simple procedure has been developed producing thin film sensors 

with high sensitivity towards FAME using NBC as the sensing agent.  The sensor 

changes colors upon exposure to FAME and has been successfully used for 

quantitative FAME detection in the 0.5-200,000 ppm (20% v/v) range.  The color change 

may be monitored by the naked eye or analysed by a visible spectrometer. Dye-doped 

optical sensors have been actively studied to detect different analytes using unique 

properties of specific dyes.46-52  Several solvatochromatic dyes such as Reichardt’s dye, 

Methylene Blue, Methyl Red, Coumarin, and NBC were tested in various solutions of 

kerosene, MeOH, and FAME.  Only NBC showed the qualities necessary in preliminary 

tests to be used as the sensing agent. In the current work, initial solution tests 

demonstrated that NBC is insoluble in nonpolar solutions such as diesel, turns to a blue 

color in MeOH with an absorbance at ~625 nm, and changes to a pink color in a mixture 

of several different FAME solutions with an absorbance at ~525 nm (Figure 2.2). 

However, encapsulating the sensing dye into a polymer matrix for FAME detection 

proved to be challenging.  Many different polymer matrices were examined such as sol 

gels and polyvinyl derivatives, and it was found that an ethyl cellulose polymer provided 

the most uniform and stable substrate.  Sensor fabrication delivered an effective 

process to encapsulate NBC resulting in distinct blue colored thin films.  These blue thin 

films have an absorbance at 610 nm.  Exposing our sensor to a nonpolar solution (e.g., 

diesel) showed no color change, no dye leaching, and no influences on stability in the 

sensing film when put in an organic solvent which reinforces the choice of the polymer 

cellulose matrix.  
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Figure 2.2. The absorbance of NBC when dissolved in MeOH (625 nm) and FAME 

(525 nm). 
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 A distinct color change (blue to pink) is observed when the sensor is exposed to  

FAME, a less polar solution (Figure 2.3).  This color change is believed to be largely  

attributed to FAME molecules replacing alcohols that surround the sensor during its 

fabrication, as a result of the positive solvatochromatic property of NBC.  The spectrum 

of the sensor shows a new peak at 500 nm that corresponds to the sensor’s pink color 

(Figure 2.4).  The sensor was analyzed through spectrophotometry utilizing the newly 

defined peak at 500 nm that is associated with the physical change in sensor color.  

This peak was de-convoluted using Origin 8.1 Pro and was found to proportionally 

increase with increasing concentrations of the FAME mixture (Figure 2.5).  The sensor 

provides a quick, direct, and disposable method for FAME determination that is unlike 

any other standard detection method15,16-28 in the field such as GC-MS or FT-IR.   

 

2.3.2. FAME Analysis 

 For low FAME concentrations of 0.5-30 ppm in diesel, the absorbance at 500 nm 

shows a linear relationship (Figure 2.6) both with standards and biodiesel samples 

made from a commercial biodiesel, B20.  The standards were first measured to 

establish the calibration plot in Figure 2.6 with R2 = 0.997.  The limit of detection (3σ) for 

the sensor was found to be 0.22 ppm and the limit of quantification 0.73 ppm, indicating 

high sensitivity for FAME detection.  The response of the real biodiesel samples, 

prepared from a serial dilution of B20, is also shown in Figure 2.6 insert.  The biodiesel 

calibration is overlaid onto the calibration plot to demonstrate that the results fall within 

the standard error of the FAME calibration curve (Figure 2.6).  For example, a 30 ppm 

biodiesel sample was evaluated using the FAME sensor.  Using its absorbance value at
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Figure 2.3. Shift in absorbance and a distinct color change from blue to pink occurring when the optical sensors are 

exposed to FAME.
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Figure 2.4. Absorbance spectra of the sensor showing the formation of a new peak at 

500 nm. 
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Figure 2.5. Absorbance spectra showing the peak at 500 nm increasing with 

increasing concentrations of FAME mixture (0–0.001% v/v). 
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Figure 2.6. Calibration plot and confirmation using biodiesel samples in the 0.5-30 

ppm range. 
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500 nm and the calibration data, the sensor gave the concentration of 29.3 ppm FAME 

with an accuracy of 97.7%.  The results here verify the validity of the calibration plot 

established by the standards.  The tests with the commercial biodiesel demonstrate the 

reliability and application potentials of the new FAME sensor.  The color change from 

blue to pink is evident with the naked eye.  The FAME sensor may thus also serve as a 

qualitative, disposable one. 

 At increasingly high FAME concentrations, more alcohol groups surrounding the 

dye inside the sensor are being replaced by FAME producing a greater color change.  

However, as more alcohol groups become replaced, the differences in color between 5– 

20% become less pronounced and give only subtle changes in absorbance providing 

essentially a saturation effect.  This saturation curve may be modelled by a logarithmic 

function.  Plots involving 0 and 100–200,000 ppm (20% v/v) FAME standards are shown 

in Figure 2.7.  The absorbance A vs. ln (x – xo) (x is concentration of FAME, xo is found 

through the logarithmic fitting) gives a linear line with R2 = 0.995 (Figure 2.7 insert).  At 

concentrations higher than 1,000 ppm, the sensor response time is less than 5 min. 

With the naked eye, different shades of pink can be clearly detected corresponding to a 

conservative range of 1000 ppm–1% FAME.  At concentrations lower than 1000 ppm 

and greater than 1% the color shades becomes too light and too dark to distinguish any 

color difference respectively.  Therefore, these sensors may provide an effective and 

quick method for FAME determination with applications as a qualitative disposable 

sensor. 
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Figure 2.7. Detection of 100 ppm–20% v/v FAME mixtures modeled by a logarithmic 

curve function. 

  



38 
 

2.3.3. Stability Tests 

 Experiments were performed to test the stability of the FAME sensor over 

different periods of time.  Extra sensors not used in previous experiments were kept in  

open air and then tested four months later against FAME sensors made a week ago 

and freshly made sensors made one day ago.  These sensors were each exposed to 

real world samples of 1% biodiesel and examined by the UV-Vis spectroscopy. A side 

by side comparion in Table 2.1 shows that a freshly made sensor and a week old 

sensor have only a 0.3% error in absorbance at 502 nm while a sensor made 4 months 

ago left in open air had a 3% difference when compared to the freshly made sensor.  

This demonstrates that a sensor made several months ago is able to perform similarly 

to a freshly made FAME sensor that was fabricated only a day ago.   

 

Table 2.1. Stability Tests 

 Fresh Sensor Week Old Sensor 4 Month Old 

Sensor 

Absorbance at 502 nm 

(AU) 

0.1622 0.1617 0.1577 

 

 

2.3.4. B20 Sample Analysis 

 The FAME mixture used in previous experiments consisted of 4 diffeernt kinds of 

FAME ranging from C6 to C23 which was used as a mimic for biodiesel standards. 

However, the FAME mixture that was used as standards is not entirely representative of 
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the FAME composition found in biodiesel in the U.S and Europe, where methyl esters 

C16 and C18 dominate.  Further tests have been performed using our FAME senosr on 

real world biodiesel samples (containing C16 or C18 fatty acids with unsaturation sites) 

over the range of 100 ppm–20% FAME instead of a FAME mixture to serve as methyl 

ester standards.  The data was analyzed using UV-Vis spectrometry and modelled 

using a lograthmic curve function (Figure 2.8).  The data is similar to previous 

experiments using FAME standards where the sensor undergoes a saturation effect.  

The absorbance (A) vs. ln (x – xo) of the biodiesel data gives a linear line with R2 = 

0.993 (Figure 2.8).  These studies using biodiesel give a better representation of the 

target analyte and the detection of FAME.  This study along with previous studies shows 

that this FAME sensor can detect FAME at a full range from 1 ppm to 20%.  

 

2.4. Conclusions 

 In conclusion, since Nile Blue Chloride is insoluble in diesel, it thus does not work 

to directly use the solvatochromatic properties of the dye in diesel and FAME.  In the 

current approach, the dye, dissolved in alcohol, is made into a film.  Diesel does not 

displace the alcohol surrounding the dye, thus keeping the blue color of the dye in 

alcohol.  But FAME does replace the alcohol, changing the sensor color and leading to 

the detection of biodiesel.  The approach here is thus not a traditional use of 

solvatochromism for analyte detection.
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Figure 2.8.  (Top) Detection of 100 ppm–20% v/v biodiesel modeled by a logarithmic 

curve function; (Bottom) Data plotted as a function of absorbance (A) vs. ln (x – xo). 
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Thin Film Optical Sensors for the Detection of Trace 

Chloroform 
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Abstract  

 

 Optical thin film sensors have been developed to detect chloroform in aqueous 

and nonaqueous solutions.  These sensors utilize modified Fujiwara reactions, one of 

the only known methods for detecting halogenated hydrocarbons in the visible 

spectrum.  The modified Fujiwara reagents, 2,2’-dipyridyl and tetra-n-butyl ammonium 

hydroxide (Bun
4NOH or TBAH), are encapsulated in an ethyl cellulose (EC) or sol-gel 

film.  Upon exposure of the EC sensor film to HCCl3 in petroleum ether, a colored 

product is produced within the film, which is analyzed spectroscopically, yielding a 

detection limit of 0.830 ppm (v/v) and quantification limit of 2.77 ppm.  In aqueous 

solution of HCCl3, reaction in the sol-gel sensor film turns the sensor from colorless to 

dark yellow/brown with a detection limit of 500 ppm.  To our knowledge, these are the 

first optical quality thin film sensors using Fujiwara reactions for halogenated 

hydrocarbon detection. 
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3.1. Introduction 

 Chlorinated hydrocarbons (CHCs) pose a serious threat to the environment. 

CHCs such as chloroform (HCCl3)
1 are widely used in many industries as a solvent, 

refrigerant, and pesticide.2,3  The extensive use and production of HCCl3 is on the scale 

of thousands of tons per year worldwide which results in increased disposal of HCCl3 

into the environment in the form of aqueous wastes.  One of the greatest concerns is 

that HCCl3, with a solubility of 8.7(0.5) g/L or [5.8(0.3) x 103 L/L] in water at 23-24 C,4 

easily causes the pollution of groundwater and sediments.  Generally, CHCs in low 

concentrations in air or in water can cause damage to the liver, kidneys, and central 

nervous system.  Most CHCs, including HCCl3, are also suspected carcinogens.5-7 

Moreover, it has been shown that organic solvents, such as HCCl3 used in the 

manufacturing processes for drug products, are often not completely eliminated in the 

manufacturing process.8-11  Thus, low levels of residual organic solvents are present in 

most pharmaceutical products.  The acceptable level of HCCl3 at 60 ppm in 

pharmaceuticals is given in guidelines issued by the International Conference on 

Harmonization (ICH).8-11  Therefore, monitoring the concentration of HCCl3 in 

groundwater and quality control of residual HCCl3 in pharmaceutical samples is vital for 

the environment and the pharmaceutical industry.11,12 

 Several common methods have been established for HCCl3 detection including 

GC-MS usually in tandem with preconcentration such as purge and trap, solid-phase 

microextraction (SPME), and headspace/SPME analysis.13-19  While these methods 

provide sensitive and adequate detection limits, they often require relatively expensive, 

non-portable equipment and trained technicians.  In addition, they are time consuming 
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and difficult to apply for on-site monitoring.  There have been drives to develop a 

simple, direct, and low cost method to analyze HCCl3 as an environmental pollutant as 

well as determining residual concentration in pharmaceuticals.  Infrared spectroscopy 

has also been studied for CHC detection in water.20-22 

 Detection of CHCs in the visible range is generally based on Fujiwara reactions 

in solution.23-28  The Fujiwara reaction for the spectroscopic detection of HCCl3 was first 

reported in 1916 and originally relied on a two phase system consisting of an aqueous 

layer of NaOH along with a liquid pyridine layer to which HCCl3 was added.29  This 

mixture was then heated to give an intense red color that was monitored 

spectroscopically for HCCl3 detection and quantification. 

Many studies have modified the original Fujiwara procedure to a single phase 

system where the reaction relies on the use of excess pyridine for the detection and 

quantification of halogenated compounds.25-28  However, pyridine itself is a toxic, 

offensive-smelling compound.30-32  We have recently developed new alternative 

approaches using solid dipyridines (SDPs) such as 2,2’-dipyridyl, 4,4’-dipyridyl or 1,2-

bis(4-pyridylethane) and a new base, tetra-n-butyl ammonium hydroxide (TBAH), for the 

detection of HCCl3.
33  The mechanism for the modified Fujiwara reactions is described 

for trihalogenated hydrocarbons (HCX3) and shown in Figure 3.1.  First, a strong base 

removes the acidic proton in HCX3 to yield a trihalogenated anion (:CX3
).  This 

unstable anion loses a halide anion to give a reactive carbene species (:CX2) that is 

able to react with dipyridine yielding a colored product.34,35  In nonaqueous solutions, 

the reactions of CHCs with SDPs and TBAH give colored species with detection limits of 

0.17 ppm for HCCl3 using visible spectroscopy.33   Although our earlier approach using 



49 
 

 

Figure 3.1. Modified Fujiwara reaction mechanism (di-py = dipyridine).  
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the modified Fujiwara reactions removed the requirement to use liquid pyridine, one 

major limitation is that the process is conducted in solution, specifically CHCs in THF 

solutions, using a cuvette (10 mm pathlength) and a spectrophotometer.  It is more 

desirable to use optical thin film sensors that in part preconcentrate CHCs into the films 

to react with SDPs and the base, forming color products for CHC detection. 

In this study, procedures have been developed to fabricate optical sensors 

encapsulating modified Fujiwara reagents (2,2’-dipyridyl and TBAH) to detect HCCl3 in 

aqueous and nonaqueous solutions.  Ethyl cellulose (EC) polymers and sol-gels were 

evaluated as the matrix for the optical sensors.  Upon exposure to HCCl3 the sensor 

produces a colored product which is visible to naked eyes or is analyzed using visible 

spectroscopy.  Coupling spectroscopy to the sensors would allow for online monitoring 

and remote sensing applications.  Optical thin film sensors have a great deal of 

versatility since they may be doped with a variety of different sensing agents, and are 

intrinsically easy to use and inexpensive to produce.  The sol-gel-based sensor was 

designed for the analysis of HCCl3 in water with a detection limit of 500 ppm.  The color 

change of the sol-gel sensor could be monitored by naked eyes.  The EC-based sensor 

was designed for the analysis of HCCl3 in organic solvent and it demonstrates a linear 

response in the 5-500 ppm range with a detection limit of 0.830 ppm (v/v) and 

quantification limit of 2.77 ppm.  To our knowledge, the current work represents the first 

optical thin film sensors based on Fujiwara reactions. 
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3.2. Methods 

 

3.2.1. Chemical Reagents and Materials 

  Tetra-n-butylammonium hydroxide (TBAH, 40% v/v, Lancaster), 

tetraethoxysilane (TEOS, 99.9%, Alfa Aesar), methyltrimethoxysilane (MTMS, 97%, 

Acros), 3,3,3-trifluoropropyltrimethoxysilane (TFPTMOS, 98%, Gelest), Sufasil (Thermo 

Scientific™ Hydrocarbon-Soluble Siliconizing Fluid), 2,2’-dipyridyl (99%, Acros), 

acetylsalicylic acid (99%, Fischer Scientific), and ethyl cellulose (EC, 49% ethoxy 

content, MP biomedicals) were used as received.  Solvents were purchased from 

Fischer Scientific and used as received.  Standard microscope slides (Corning) were cut 

to 1 cm2 rectangles and used as the sensor substrate.  Solutions prepared using 

deionized (DI) water were prepared from a Barnstead International e-pure four-holder 

deionization system (18 MΩ cm). 

 

3.2.2. Fabrication of Ethyl Cellulose and Sol-gel Films  

A two-pronged approach was employed in developing sensor films to detect 

trace CHCs.  The first approach was the use of polymer films to encapsulate the solid 

dipyridines and TBAH.  Several polymers, including polystyrene (PS), poly(2-

vinylpyridine), poly(4-vinylpyridine), and ethyl cellulose (EC), were tested. EC was found 

to be the best polymer to use as the matrix.  EC is porous enough to allow organics to 

diffuse through the polymer and rigid enough to hold up under use.  EC (~0.750 g) was 

dissolved into a mixture of toluene and EtOH (1:1) and sonicated for 4 h forming a 

viscous EC solution (7.5% wt EC).  Approximately 1.5 g of EC solution was transferred 
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into a vial along with 0.85 g of 2,2’-dipyridyl and 200 µL of TBAH and stirred thoroughly 

for 1 h.  This solution was directly pipetted onto glass substrates, drawn to the edges of 

the glass with a plastic pipette tip, and allowed to cure at 4 oC in a refrigerator overnight.  

In order to increase the amount of TBAH base in the system, the cured EC films were 

removed from the refrigerator after 12 h and an additional layer of TBAH in EC was 

pipetted onto the top of the EC films and spread across the surface with a plastic pipette 

tip.  Then, the films were allowed to cure again at 4 oC overnight to allow the TBAH 

base to penetrate into the EC film. 

The second approach was the use of sol-gel based materials.  It should be 

pointed that both 2,2’-dipyridyl and TBAH are bases, and sol-gel reactions, catalyzed by 

base, are highly sensitive to the presence of base.  It is thus extremely challenging to 

place the two bases in a thin sol-gel film.  Sol-gel precursors TEOS (2 mL) and MTMS 

(1.5 mL) were mixed and added to 2 mL of ethanol.  This solution was stirred thoroughly 

for 15 min and then 0.85 g of 2,2’-dipyridyl was added.  The solution was stirred again 

for 30 min to ensure that dipyridyl was completely dissolved.  Afterwards, 300 µL of H2O 

was added to the sol-gel solution to allow the mixture to hydrolyze and 5 mL of TBAH 

was added dropwise to saturate the sol-gel solution with the base.  The entire solution 

was allowed to stir again for another 30 min and then the solution was pipetted onto 

glass substrates and drawn to the edges of the glass with a plastic pipette tip.  The films 

were then cured at 4 oC for 12–48 h to help prevent any cracking and allow the sol-gel 

sensors to harden, yielding crack-free transparent films. 

In the case where moisture sensitive over-coatings were evaluated, 3,3,3-

trifluoropropyltrimethoxysilane (TFPTMOS) and Surfasil were utilized.  The sol-gel 
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precursor TFPTMOS was mixed in a 1:1 ratio with TEOS.  H2O (100 µL) and 1 M HCl 

(100 µL) were added to the solution and the mixture was stirred for 48 h to allow the 

over-coating sol-gel solution to hydrolyze.  This over-coat solution was then pipetted 

directly onto the sol-gel sensors and allowed to cure at 4 oC overnight.  SurfaSil was 

used as received and directly pipetted onto the sol-gel sensors and then allowed to cure 

at 4 oC overnight. 

 

3.2.3. Analyte Exposure and Instrumentation  

 Different concentrations of HCCl3 were made by diluting HCCl3 to the appropriate 

concentration with either petroleum ether, pentane, or DI water.  Sensors were 

submerged into their respective vials containing 20 mL of varying chlorforom 

concentrations.  After satisfactory analysis time, the sensors were taken out of their 

vials and analyzed using visible spectrometry. 

  An Agilent 8453 UV-Vis spectrometer using two light sources, a deuterium and 

tungsten lamp, was used to acquire absorbance spectra of the sensing films.  A quartz 

cuvette with a 1 cm pathlength was utilized to hold the sensor in place.  A blank glass 

substrate was then placed in the cuvette along with solution that did not contain CHC 

and this was used as the blank for the visible spectra.  To reduce the noise from the 

visible spectrometer, data were collected by filling the cuvette with each sensor’s 

respective analyte solution along with the sensor standing up in the cuvette.  Spectra 

were taken at several different areas of the sensor in order to obtain a good 

representation of the sensor film.  Spectra were recorded in the range from 190 cm-1 to 

1100 cm-1.  Data smoothing, peak deconvolution, and baseline correction were 
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achieved through Origin Pro 8.1 software.  SEM images of the sol-gel and EC sensors 

were taken using a Zeiss Auriga Scanning Electron Microscope.  

  A Hewlett Packard HP 6890 Series GC system equipped with a HP 5973 Mass 

Spectrometer was used for GC-MS measurements.  Gas chromotagraphy was carried 

out in a 30.0 m x 250 µm i.d. x 0.25 µm thick capillary column.  Helium was used as the 

carrier gas with a constant flow rate of 0.8 mL min-1.  The initial temperature was set at 

30 oC and held for 3 min, ramped at 10 oC up to 100 oC, and a second rate at 15 oC up 

to 250 oC.  

 

3.3.  Results and Discussion 

 

3.3.1. EC Sensor Characterization and Response 

  For the Fujiwara reaction to generate a colored product within the sensing film, 

the concentration of dipyridyl and TBAH need to be maximized.  Spin-coating or dip-

coating techniques are widely used in fabricating thin films onto glass substrates.  In the 

currenty studies, these techniques produce uniform thin films but are not effective in 

retaining the dipyridyl and TBAH reagents needed to produce a distinct colored product 

in the film at low concentrations.  Therefore, the EC solution was directly pipetted onto 

glass substrates to improve the amount of reagents in each film fabricated.  The 

resulting sensor film is thicker but more responsive.  SEM measurements show a 

“porous pitting” feature in the EC films that is consistent with the phase separation 

during the processing of the sensor (Figure 3.2).  This also enlarges the surface area of 

the sensor, thus improving its sensivitity.  The thickness of the EC film as measured by  
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Figure 3.2. SEM image of the EC sensor surface. 
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SEM imaging was found in the range of 5–10 µm.  The addition of an extra layer of 

TBAH onto the EC sensor and letting TBAH penetrate into the film increased the 

sensitivity of the EC sensor as well.  However, it was found that storing these EC 

sensors under open atmosphere significantly diminished the sensor’s ability to form a 

colored product when exposed to HCCl3.  This is most likely due to the slow 

neutralization of TBAH by acidic CO2 in open air.  The best results came from storing 

the sensors at 4 oC or under nitrogen.  

  Exposing the EC sensors to different concentrations of HCCl3 in aqueous 

solutions did not produce a colored product within the sensing film.  When excess 

aqueous solution is present, it may compete with the bipyridine for the carbene 

intermediate, decomposing :CX2 before it reacts with the dipyridine to give the colored 

product in the Fujiwara reaction.33  Overcoatings applied to this sensor were 

unsuccessful in providing a colored product.  However, a colored product was observed 

(Figure 3.3) within the EC sesnsor in nonaqueous solution (petroleum ether, pentane) 

with a response time of approximately 1 h at concentrations ranging from 5 to 500 ppm 

HCCl3.  A distinct peak around 430–450 nm was observed in the visible spectra for the 

EC sensors which correlates with the colored product from the Fujiwara reaction.  This 

peak intensity decreased with decreasing concentrations of HCCl3, as shown in Figure 

3.4.  Using this peak, a calibration curve was created with R2 = 0.9978 (Figure  3.5).  

The  limit of detection (3σ) for the sensor was found to be 0.830 ppm and the limit of 

quantification (10σ) 2.77 ppm.  Several additional HCCl3 concentrations were tested by 

spiking nonaqueous solutions and measuring these with the EC sensors.  The data 

were overlaid onto the calibration curve in Figure 3.5.  The data from the spiked  
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Figure 3.3. HCCl3 concentrations ranging from 5 to 500 ppm and the resulting colored 

product from the Fujiwara reaction. 



58 
 

  

Figure 3.4. Visible spectra showing a decrease in absorbance at approximately 430–

450 nm with decreasing HCCl3 concentrations. 
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Figure 3.5. Calibration plot of the EC sensor using HCCl3 standards with spiked 

standards overlaid onto the plot. Inset shows a standard visible spectrum of the sensor 

from 320–700 nm. 
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samples fall within the standard error of the EC calibration curve.  For example, a 250 

ppm HCCl3 sample was evaluated by the EC sensor.  Using its absorbance value at 

430–450 nm and the calibration data, the sensor gave the concentration of 249.6(3) 

ppm with 0.12% error.  The results here were compared below to GC-MS analysis on 

the same analyte samples to verify the validity and reliability of the calibration plot 

established by the standards and EC sensors.  These sensors may provide an effective 

method for the direct determination of HCCl3 with applications as a qualitative and 

quantitative disposable sensor.  

 

3.3.2. Comparison of the HCCl3 Measurements by the EC Sensor with Those by 

GC-MS 

 A comparison of GC-MS and optical sensing was conducted for HCCl3 detection.  

While detection methods for HCCl3 using GC-MS rely on a preconcentration step such 

as a purge and trap on a sorbent in order to achieve adequate sensitivity and detection 

limits,13-19 this study focused on measurements using GC-MS without preconcentration 

to compare the results with the direct response of our optical sensors coupled to a 

visible spectrometer.  The same HCCl3 solution samples (5-400 ppm) to test the EC 

sensor was used here in the GC-MS measurements.  HCCl3 concentrations below 5 

ppm did not display a discernable peak that could be verified with MS and were thus not 

taken into account for analysis.  With the parameters set for the GC-MS, the resulting 

chromatogram displays a peak for HCCl3 at 2.4–2.7 min retention time for each 

concentration (Figure 3.6).  This peak was analyzed using MS and was verified as 

HCCl3.  It was observed that the integration of each peak area was proportional to the  
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Figure 3.6. Chromatogram displaying the various concentrations of HCCl3 peaks at 

2.4–2.7 min retention time. 
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concentration of HCCl3 analyte.  A calibration plot was created showing good linearity 

for the analysis using GC-MS with R2 = 0.995 (Figure 3.7).  Additional HCCl3 

concentrations were evaluated by spiking the pentane solution.  These measurements 

were overlaid onto the calibration plot as well.  This data fell within the standard error for 

the GC-MS calibration plot.  Samples of 250, 75, and 25 ppm showed a 4.69%, 6.89%, 

and 3.66% error respectively.  Table 3.1 gives the comparison of GC-MS and optical 

sensors for the spiked HCCl3 samples.  This comparison shows that our optical sensor 

is able to correctly determine higher HCCl3 concentration (250 ppm) more accurately 

than the GC-MS but does not accurately outperform the GC-MS in determining HCCl3 

concentrations at lower concentrations (75 and 25 ppm).  Without a preconcentration 

step, the calculated limit of detection for the GC-MS method was found to be 80 ppb 

and limit of quantification 267 ppb.  However, these results confirm that our EC optical 

sensors give the correct HCCl3 concentrations and thus may be used as a direct 

qualitative and quantitative sensor for HCCl3 analysis. 

 

Table 3.1.  Comparison of GC-MS and EC Sensors Detecting Spiked Solutions of 250, 

75, and 25 ppm HCCl3. 

 

 250 ppm 75 ppm 25 ppm R2 

GC-MS (% Error) 4.69% 6.89% 3.66% 0.9977 

EC Sensors (% Error) 0.12% 10.83% 5.16% 0.9961 
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Figure 3.7. GC-MS calibration plot of HCCl3 standard samples ranging from 5–400 

ppm (v/v) with spiked samples overlaid onto the plot. 
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3.3.3. Application in a Pharmaceutical Sample 

  The analytical reliability and application potential for the proposed method was 

evaluated by measuring residual HCCl3 in nonaqueos sample solutions containing 

acetylsalicylic acid, an active pharmaceutical ingredient (API) of aspirin.  Prior to the 

analysis, 100 mg of acetylsalicylic acid, a low dosage amount of API in aspirin, was 

dissolved in minimal THF and transferred to a nonaqueous sample containing residual 

HCCl3 ranging from 20 to 500 ppm.  The EC sensors were then exposed to each 

sample solution and spectroscopic measurements were performed to evaluate the 

colored product produced within the sensing film layer.  A well defined peak around 440 

nm was observed and shown to increase proportionally with the HCCl3
 concentrations 

(Figure 3.8).  This indicates the successful use of the proposed method for the detection 

of residual HCCl3 in a pharmaceutical sample.  The API did not cause any obvious 

interference in the performance of the EC sensor, and the sensor showed good 

sensitivity to detect below the concentration limit of HCCl3 (60 ppm) allowed in a 

pharmaceutical. 

 

3.3.4. Sol-gel Sensor Characterization and Response 

  For our sol-gel sensor, it was found that saturating the sol-gel solution with 5 mL 

of TBAH served two purposes.  This amount of TBAH helped to base-catalyze the sol-

gel solution and left an adequate amount of TBAH in solution to interact with the 

dipyridyl and HCCl3 analyte.  An additional benefit from base-catalyzed sol-gel films is 

that they tend to have greater porosity due to the formation of highly condensed 

particulate sols and thus have larger diffusion rates and more surface area to interact  
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Figure 3.8. Visible spectra of nonaqueous samples with residual HCCl3 ranging from 

20 to 500 ppm in the presence of an API. 
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within the sensing layer to produce a response.36-37  The sol-gel solution was directly 

pipetted onto glass substrates and cured under the same conditions as the EC sensors 

above.  Surfasil and TFPTMOS were evaluated as moisture sensitive over-coatings to 

protect the sol-gel sensors in aqueuos solutions.  The use of Surfasil ontop of the 

sensor caused the sensor to lose a significant degree of optical quality as did 

TFPTMOS to a lesser extent.  SEM images of the sol-gel sensors show a fairly uniform 

coating on the surface with some structural defects, possibly due to contractions of the 

film during the curing process (Figure 3.9A) and at higher magnification, SEM images 

show the encapsulation of the solid dipyridyl (Figure 3.9B).  The thickness of the sol-gel 

sensors as measured by SEM imaging ranged from 9 to 18 µm.  Compared to the EC 

sensors, the sol-gel sensors had a slightly thicker film most likely due to the additional 

moisture sensitive over-coating applied to the sol-gels.  

  The sol-gel sensors were evaluated under excess aqueous solutions and found 

to show a dinstinct colored product in solutions of diluted HCCl3.  As previously 

reported,38 the Fujiwara reaction must be conducted in a low moisture environment but 

when an excess amount of water is present, the reaction is inhibited and there is no 

formation of a colored product in the solution.  However, in this study the addition of  

Surfasil and TFPTMOS allow a moisture proof over-coating that appears to have 

prevented water from entering the sol-gel sensor while allowing organics, HCCl3, to 

diffuse within the sensor producing a colored product from the Fujiwara reaction.  In the 

sol-gel sensors, a distinct colored product was detected in concentrations ranging from 

625 to 7000 ppm, yielding a detection limit of 500 ppm.  However, it was found that the 

optical quality is reduced from the over-coatings, causing a large amount of  
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Figure 3.9. (A) SEM surface images of the sol-gel sensors; (B) Higher magnification 

image showing the encapsulation of the dipyridyl.  
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scattering. Several samples that were tested provided broad shoulder spectrums 

instead of clear peaks (Figure 3.10).  The sol-gel sensor is, however, adequate for 

HCCl3 detection at 500 ppm that is significantly lower than the solubility (8,700 ppm) of 

HCCl3 in water.  To our knowledge, the approach described here provides the first 

optical sensors for qualitative and direct detection of a halogenated hydrocarbon 

compound using the Fujiwara reaction in aqueous solutions. 

The in-depth testing showed that the amount of base in the sol-gel reactions was 

crucial in obtaining a colored product using the Fujiwara reactions.  It was determined 

that the sol-gel solutions should be saturated with (Bun
4NOH, TBAH) in order to provide 

the best opportunity for the resulting sol-gel sensors to react with HCCl3.  In addition, 

the sol-gel solutions should contain as much solid pyridine derivative as possible.  

These approach lead to optically transparent thin film sensors (Figure 3.11). 

 

3.4. Conclusion 

The optical sensors developed in this work utilizing the modified Fujiwara 

reaction in the EC thin films have proved to be useful for HCCl3 detection in organic 

solution with a detection limit of 0.83 ppm and quantification limit of 2.77 ppm. 

Calibrations from the EC sensor resulted in good linearity in nonaqueous solutions, 

demonstrating the use of the sensor as a qualitative and quantitative sensor.  The sol-

gel method presented in this study gives the first optical sensor based on the Fujiwara 

reaction to qualitatively detect CHCs in an aqueous solution.  The sensors are easy to 

fabricate and inexpensive.  The EC sensor may be coupled to visible spectroscopy 

and/or with a fiber optic bundle for direct measurement studies in the field for  
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Figure 3.10. Visible spectra showing the large broad shoulder from 500 to 550 nm in 

the sol-gel sensors. 
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     A   B 

   

Figure 3.11.  (A) Sol-gel sensor where the solution was directly pipetted upon the glass 

substrate and allowed to cure in the refrigerator to prevent cracking; (B) Sol-gel sensor 

after exposure to 625 ppm aqueous HCCl3 solution. 
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pharmaceuticals or water quality.   
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Part 4 

 

Fluorescent-dye Doped Thin-film Sensors for the Highly 

Sensitive Detection of Alcohol Vapors 
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Abstract  

 

 Fluorescence sensors based on a trifluoroacetophenone compound doped in 

ethyl cellulose (EC) thin films have been developed for the detection of methanol, 

ethanol, and 2-propanol (isopropanol, PriOH) vapors.  Thin-film sensors are prepared 

with 4-dibutylamino-4′-(trifluoroacetyl)stilbene (Chromoionophore IX or CIX) as the 

fluorescent dye and its solution in EC was spin-coated onto glass slides.  The 

luminescence intensity of the dye (555 nm) is quenched when exposed to alcohol 

vapor.  Tested in the range of ca. 0–1.5 x 104 ppm (wt) for MeOH and EtOH, and ca. 0–

2.3 x 104 ppm for PriOH, the sensors gave detection limits of 9, 13, 21 ppm and 

quantification limits of 32, 43, and 70 ppm, respectively.  To enhance the sensitivity of 

the sensors, TiO2 particles have been added to the films to induce Mie scattering, which 

increases the incident light interaction with the sensing films.  The sensors in this work 

have been designed to work in a multianalyte platform for the simultaneous detection of 

multiple gas analytes. 
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4.1. Introduction 

Alcohol vapor detection is an area of intense interest.  At the John C. Stennis 

Space Center (SSC) in Mississippi, the leading NASA testing facility for liquid fuel rocket 

testing and certification, there are a variety of ground test sensing needs including 

chemical sensors for isopropyl alcohol (PriOH) vapor.1  A rocket engine called the J-2X, 

created back in 2007 by NASA, was unique in that it could start up in atmosphere and 

vacuum conditions.1  In order to test the J-2X engine’s abilities, a new A-3 test stand 

was started back in 2007 with the purpose of simulating vacuum conditions.  Chemical 

steam generators were used to generate a vacuum environment with steam being 

generated through the combustion of PriOH, liquid oxygen (LOX), and water to produce 

approximately 2100 kg/s of steam.1,2  NASA desired techniques for near-real time 

detection that was miniaturized and suitable for remote chemical detection of PriOH in 

these test plumes generated from chemical steam generators.  Valuable information 

regarding the efficiency as well as information on the environmental impact of these 

chemical steam generators could be obtained by placing working sensors in different 

locations around the plume for spatial and temporal responses.  Initial work on optical 

sensors for the detection of PriOH is discussed in this chapter.  The ultimate goal is to 

develop sensors for various test plume constituents that could be incorporated into a 

miniaturized multi-analyte testing device for the simultaneous detection of different 

plume constituents.  

While the importance of PriOH vapor detection has been stated, interest can also 

be extended to other alcohol vapors such as methanol (MeOH) and ethanol (EtOH). 

Since fossil fuels are not a renewable source of energy, the need for promising 
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alternatives such as alcohols has steadily increased in demand.  Fuels heavily blended 

with ethanol have shown promise in the automotive industry.3  In addition, methanol has 

been actively studied in fuel cell technologies.4  However, the increasing use of 

methanol for fuel cells may lead to the greater exposure of methanol vapors to the 

general public due to, e.g., unburned fuel in the form of exhaust or from evaporation 

during refueling.3  Methanol vapor can cause nausea, headaches, and even  

blindness.5-7  In 2002, an experimental physicist developed Parkinson’s disease from 

the delayed toxic effect of long term exposure to methanol vapors without showing any 

signs of acute toxicity.8  While ethanol is a renewable energy source, it is known to be 

corrosive to stainless steel and other metals/alloys,8,9 and more studies on ethanol gas 

tank corrosion are required.  Since ethanol and gasoline have different physical and 

thermodynamic properties, engines in vehicles, especially flex fuel vehicles, need to be 

optimized for performance accordingly.10  Ethanol has a lower vapor pressure than 

gasoline which could lead to potential cold start engine problems particularly in flex fuel 

vehicles.11  These issues establish a need for a sensor to detect a variety of alcohol 

vapor analytes.  

Methods developed to sense alcohol vapor are largely based on the 

solvatochromatic effect (or their physical changes inside the sensor matrices).  Stevens 

and Akins have developed a fluorescence sensor using the dye Coumarin 481 

specifically for methanol vapor at 150 ppm.12  The sensor in that study displays 

fluorescence quenching upon exposure to methanol as a result of physical changes 

inside the sensor matrix.  However, the fluorescence intensity is not fully recoverable 

possibly because of an irreversible morphological change in the film.12  Bangalore and 
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coworkers have shown that detection of methanol vapor from 400 to 7000 ppm in air 

can be accomplished by open path FT-IR spectroscopy, but this method requires quite 

bulky and expensive instruments that are not field deployable.13  Pang and coworkers 

have used the sol-gel method to fabricate a planar waveguide ring resonator sensitive 

to ethanol with spectral dips that are red shifted when exposed to ethanol.14  However, 

this technique has a small dynamic range (0–160 ppm) and the sensitivity of the 

resonant wavelength may be detected more precisely by spectroscopy than from loss 

measurements.14  Hunter and coworkers have developed a technique for the 

measurement of ethanol concentrations in aqueous mixtures with a detection limit of 40 

ppm, in which ethanol vapor is transported by a permeable membrane to a 

microelectromechanical (MEMS) chemi-capacitor array.15  The dielectric constant of a 

polymeric material in the micro-capacitors increased upon absorption of ethanol vapor, 

leading to the measurement.  There has been ongoing and continued research in the 

field of alcohol detection such as miniature GC16 and bioelectronic gas sensors 

(biosniffers)17 to improve and advance alcohol analyzers based on other methods.  All 

of the aforementioned techniques are based on physical (rather than chemical) 

detection methods.   

Currently optical sensors have been convenient to use for a variety of analytes 

because of its cost effectiveness, easy of production, and can be made into disposable 

chemical sensors if required.  Mohr and coworkers have produced an optical sensor for 

alcohols using a synthesized fluorescent compound Chromoionophore IX (CIX) 

prepared in a poly(vinyl chloride) (PVC) membrane for the detection of alcohols in the 
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liquid phase.18-20  We have adapted and developed sensors based on the fluorescence 

of CIX for the detection of methanol, ethanol, and 2-propanol in the gas phase. 

With the goal of detecting various alcohols in the gas phase, optical sensors 

were developed using an ethyl cellulose (EC) thin-film matrix to encapsulate the dye in 

our studies.  Their preparation has been optimized to produce highly sensitive sensors 

for alcohol vapors.  TiO2 particles were used in the sensor films to induce Mie 

scattering, which increased the incident light interaction with the sensing films, and 

enhanced the sensitivity of the sensor.21  The sensors show fast and reversible 

responses.  The optical sensors have also been designed to function in a multianalyte 

platform for the simultaneous detection of multiple gas analytes.  The studies here 

follow our earlier work in the development of optical sensors for chemicals in both liquid 

and gas phases.22-28 

 

4.2.  Experimental  

 

4.2.1. Chemical Reagents and Materials 

Ethyl cellulose (49% ethoxy content, MP Biomedicals), 

tridodecylmethylammonium chloride (TDMACl, 98%, Sigma-Aldrich), 

methyltriethoxysilane (MTEOS, Aldrich), tetramethoxysilane (TMOS, Aldrich), R706 

TiO2 (DuPont), and dioctyl sebacate (DOS, Sigma-Aldrich) were used as received.  

Methanol (99.9%), ethanol (99.9%), 2-propanol (99.9%), and other chemicals were 

purchased from Fisher Scientific.  Chromoionophore IX (CIX) was either purchased 

from Fluka or prepared by the reported procedure.20  
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Standard microscope slides (Corning) were used to cut 1 cm2 glass sensor 

substrates.  They were washed in a piranha solution (concentrated H2SO4 and 30% 

H2O2 in 3:1 ratio) for 30 min, followed by rinses first with deionized water and then with 

acetone, methanol, and ethanol.  These slides were then dried in an oven before use.  

N-type [100] silicon wafers were similarly cleaned for deposition of thin film sensors that 

were then used for characterization by scanning electron microscopy (SEM). 

A 0.9900% CO2 gas tank (Airgas), odorless kerosene (Acros), acetone (Fischer), 

hexanes (Fischer), 29% aqueous ammonia solution, and food products, specifically 

bread, were used in the interference tests. To expose CO2 gas to Sensor A, the CO2 

gas tank was directly connected to one of the flowmeters.  After establishing a N2 

baseline, CO2 gas (0.9900%) was introduced into the gas stream.  In the interference 

tests involving kerosene, acetone, hexanes, and aqueous ammonia, approximately 50 

mL of each analyte were placed into a temperature controlled jacketed gas impinger for 

their respective tests.  After a baseline was established for Sensor A, nitrogen gas was 

introduced to the impinger to bubble the specific interferent vapor into the sensor 

flowcell, where the response was recorded.   

 

4.2.2. Experimental Procedures (Sensors A, B and C) 

A custom-built spin-coater was used to make the thin films.  Ethyl cellulose 

(~0.235 g) was dissolved in a 4:1 mixture of toluene (8 mL) and ethanol (2 mL) to give a 

solution (2.5% wt EC) which, after several tests, was found to be of the optimal for the 

deposition of the sensor thin films.  This solution was sonicated for 20 min and stirred to 

ensure that ethyl cellulose was completely dissolved.  Then CIX (1–2 mg) and TDMACl 
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(0.28 mg) were dissolved into 1.00 g of the solution with stirring.  The ethyl cellulose 

solution containing the dye was pippetted on a cleaned glass slide (~1 cm2), which was 

on the spin coater, and drawn to the edges of the glass slide with a plastic pipette tip.  

The slide was then spun at ~2600 rpm (revolutions per minute) for approximately 30 s.  

Schlenk tubes were used to store the freshly made thin-film sensors (Sensor A) under 

vacuum prior to use. 

Sensors were also prepared by incorporating TiO2 particles (360 nm diameter) to 

induce the Mie scattering.  In the preparation of these sensors, R706 TiO2 particles 

(~3.7 mg) were added to EtOH (5 mL) and sonicated for 20 min to disperse the 

particles.  The EtOH solution containing the TiO2 particles (100 μL) was added with 

additional EtOH (1.9 mL) and then mixed with toluene (8 mL) to give an ethyl cellulose 

solution (2.5% wt EC).  Sonication was used to ensure that ethyl cellulose was 

completely dissolved.  Thin film sensors on glass slides were prepared from this EC 

solution (Sensor B) in a process similar to that described above, and then stored under 

vacuum in a Schlenk tube before use. 

Sensor C was prepared on silicon wafers as Sensor A.  

 

4.2.3. Instrumentation and Analytical Procedures  

 A Perkin-Elmer LS55 luminescence spectrometer with a pulsed Xe source was 

used for fluorescence measurements.  The spectrometer was set at the following 

parameters: λex = 445 nm, λem = 555 nm, 10 nm slits, 810 V PMT detector voltage, and 

a 515 nm emission cutoff filter.  For time-based signal measurements, a signal reading 

was taken every 0.1 s.  To improve the signal-to-noise ratio (S/N), signal averaging was 
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used by the arithmetic mean of a point and the points before and after.  Sensors were 

placed in a brass flow cell constructed to fit with a front surface sample cell holder 

purchased from Perkin-Elmer. 

The vapor pressure of each alcohol at various temperatures was calculated by 

using the Antoine equation (Eq. 4.1), where A, B and C are constants over a defined 

temperature (T in K) range.29 

 

CT

B
Ap


log      (4.1) 

 

A custom-made, jacketed gas impinger containing an alcohol liquid was used.  The lid 

for the bubbler contained a medium frit gas diffuser immersed in the alcohol, and the lid 

was sealed by an O-ring and clamp.  On top of the lid, there was a gas inlet for nitrogen 

gas and an outlet for the alcohol-saturated gas.  The temperature of the jacketed 

impinger was controlled by a Thermo Haake temperature controller at -15.0, -7.0, and 

0.0 ºC to give 1.000% MeOH (wt%, 1.549 x 104 ppm), 1.000% EtOH (1.587 x 104 ppm), 

and 1.000% PriOH (2.310 x 104 ppm), respectively.  Two separate mass flow controllers 

(MKS Instruments) (Figure 4.1) were connected to the inlet of the flow cell in the 

fluorescence spectrometer, and they were used to control the ratio of nitrogen gas and 

the gas from the impinger to obtain an accurate alcohol concentration.  The outlet of the 

flowmeter was linked to a sealed vial which was attached to a separate bubbler to 

prevent the backflow of gases. 

SEM images of Sensor C were taken using a Leo 1525 Field Emission Scanning 

Electron Microscope. 
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Figure 4.1. Schematic diagram of the instrumental set-up. 
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4.3. Results and Discussion 

 

4.3.1. Dye Sensing Mechanism 

The CIX dye, a trifluoroacetyl, reacts with alcohol to give a hemiacetal (Figure 

4.2) and in the process quenches the fluorescence of the dye.  However, formation of 

the hemiacetal takes approximately 20 h to complete.  Mohr and coworkers found that a 

quaternary ammonium salt, TDMACl, catalyzes the reaction resulting in an immediate 

conversion of the trifluoroacetyl group to the hemiacetal upon exposure to alcohol.20  To 

our knowledge, the dye, CIX, has not been used for gas phase detection of alcohols or 

encapsulated in an ethyl cellulose matrix. 

 

4.3.2. Matrix Effects on Sensor Response 

Initially, PVC sensors (Sensor D) were made following the formulation by Mohr 

and coworkers.20  Upon exposure to air for several days, the PVC films lost a majority of 

their orange color, but were still responsive when tested under 1.000% PriOH pulses. 

The sensors, with an excitation peak at 450 nm, produced an emission peak at 540 nm 

(Figure 4.3).  During pulses of nitrogen and 1.000% PriOH vapor, Sensor D showed 

quick response times by displaying a decrease in emission intensity and fast recovery 

times suitable for online measurements (Figure 4.4).  In order to increase the sensitivity, 

Sensor E was prepared with twice the dye content.  In the 0.036–1.000% PriOH vapor 

range (Figure 4.5), Sensor E showed better sensitivity.  However, the signal was noisy 

and it required signal averaging and baseline correction to adjust for the baseline drift.  

 Sol-gel sensors (Sensor F) were then explored as another alternative matrix for 
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Figure 4.2. Proposed mechanism for the reaction between the dye and an alcohol 

catalyzed by TDMACl.18 
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Figure 4.3. Excitation/Emission spectra of PVC Sensor D and signal quenching upon 

exposure to 1.092 mol% PriOH vapor. 
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Figure 4.4. Time-based emission of Sensor D at 540 nm demonstrating a signal 

quenching response when exposed to 1.092 mol% PriOH in nitrogen gas without signal 

averaging or background correction.  
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Figure 4.5. Response of Sensor D to 0.0364–1.092 mol% PriOH with signal averaging 

and baseline correction. 
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CIX.  Figure 4.6 shows the response of the sol-gel sensor to 1.000% PriOH pulses.  

Initially, the response to PriOH was quick, but after switching back to nitrogen gas, the 

response was higher than the initial baseline, indicating that the sol-gel matrix perhaps 

has an affinity for alcohols and once exposed to alcohols reversibility may be 

problematic. 

 After several comparison tests, ethyl cellulose (EC) was found to be the best 

matrix to encapsulate the dye CIX.  A focus on EC as the matrix for CIX also helped to 

provide consistency with other sensors previously studied by Innosense LLC in a multi-

channel sensing platform.  Sensor A produced an emission peak at 555 nm when the 

dye was excited at 445 nm (Figure 4.7). 

Figure 4.8A shows a section of a uniform pitted surface of Sensor C on a silicon 

substrate at 900x magnification from SEM imaging.  Figure 4.8B displays a cross 

section of Sensor C at 3000x magnification that has a thickness of 1–2 µm, highlighted 

by the two parallel lines in the image.  The surface of the sensor shows features 

(“pitting”) consistent with phase separation that occurs during the processing of the 

sensor. 

  

4.3.3. Mie Scattering with TiO2 Particles 

In order to increase the sensitivity of the indicator dye, TiO2 particles were 

incorporated into ethyl cellulose thin films.  TiO2 particles scatter wavelengths in the 

visible range about equally.21  The scattering of light by the TiO2 particles within the 

sensing matrix allows for a more effective interaction of light with the indicator 

molecules in the sensing layer, thus effectively increasing the path length without using  
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Figure 4.6. Response of the sol-gel Sensor F on exposure to 1.092 mol% pulses of 

PriOH vapor; Emission was detected at 580 nm. 
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      A 

 

       B 

 

Figure 4.7. (A) Spectra of Sensor A: (a) excitation; (b) emission; (c) emission after 

exposure to 1.000% PriOH; (B) Time-based emission at 555 nm demonstrating a signal 

quenching response when exposed to 1.000% PriOH in nitrogen gas without signal 

averaging or background correction.  arb = arbitrary unit. 
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Figure 4.8. SEM images of Sensor C: (A) Surface; (B) Cross section. 
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thicker sensing layers.21  The optimum particle size would be approximately 0.5 times 

sensing matrix allows for a more effective interaction of light with the indicator 

molecules in the sensing layer, thus effectively increasing the path length without using 

thicker sensing layers.21  The optimum particle size would be approximately 0.5 times 

the wavelength of interest which, in this case, would be around 250–350 nm for the 

emission wavelength of 550 nm from the dye.  This method was adapted from CO2 

sensors that we developed recently.27  Figure 4.9 shows the response of TiO2-doped 

Sensor B.  The addition of TiO2 R706 particles resulted in an increase in the emission 

intensity.  This is most likely because the median size of R706 particles, at 360 nm,30 is 

close to the 250–350 nm range indicated above.  Moreover, according to the DuPont’s 

R706 product sheet, small TiO2 particles scatter blue light more effectively than those 

with larger particle sizes.30  In addition, R706 is ideal for the prototype optoelectronic 

device using a blue LED as its light source discussed below. 

 

4.3.4. Storage Conditions and Long Term Studies 

Unlike the PVC sensors (Sensors D and E), the EC sensors (Sensor A) were 

able to keep their fluorescent orange color and demonstrated durability under ambient 

environment.  An EC matrix helped to stabilize the baseline response which was 

observed by the small difference between the original and baseline corrected response 

(Figure 4.10) when the sensor was exposed to PriOH vapor.  Since the EC thin-film 

sensors do not lose their initial sensitivity in ambient environment, a long term study 

was performed to test the durability of the sensors.  In order to simulate real-world field 

tests, Sensor As were wrapped in a lint-free cloth and then covered in aluminum foil to  
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Figure 4.9. Comparison between Sensor A and TiO2-doped Sensor B: (a) Sensor B; 

(b) Sensor B when exposed to 1.000% PriOH; (c) Sensor A; (d) Sensor A when 

exposed to 1.000% PriOH. 
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Figure 4.10. Response of Sensor A to PriOH vapors. 
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protect the sensors from light.  Afterwards, the sensors were placed in sealable bags.  

Fluorescence measurements were performed every 2 weeks on the same sensor 

(Sensor A1), which was compared to a freshly opened sensor from the same batch.  

Over a period of eight months, Sensor A1 began to fluctuate in baseline (Figure 4.11) 

but the sensor still showed sensitivity when exposed to alcohol vapor (PriOH).  In 

comparison, freshly opened sensors for each measurement showed a baseline and 

sensitivity similar to that of Sensor A1 from month 1.  This long term study 

demonstrates that Sensor A is able to optimally detect alcohol for 3 months before it 

needs to be replaced, and the sensor can remain sensitive for up to a year. 

 

4.3.5. Multi-channel Prototype Platform 

To demonstrate that these alcohol sensors can be used in the field, InnoSense 

LLC has designed and built a miniaturized multi-channel optoelectronic device that can 

test up to seven different sensors simultaneously from a blue or amber LED light 

source.  Each channel has a slot for an optical filter to enable absorbance or 

fluorescence based measurements and longpass filters (500 nm) were used to examine 

the EC-CIX alcohol sensors.  Within the optoelectronic sensor unit, there is a built-in 

temperature and humidity probe to monitor temperature and relative humidity during the 

testing period.  Therefore, any contribution from humidity can be subtracted from the 

signal, thus giving the signal arising from the alcohol analyte itself.  The optoelectronic 

sensor unit can be connected to a PC where data acquisition is monitored by LiveGraph 

software.  The sensor unit was evaluated by testing three alcohol sensors (Sensor A) 

and an EC blank and exposing these sensors to varying concentrations of PriOH  
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Figure 4.11. Baseline study of Sensor A: (A) one sensor over an 8-month period; (B) 

freshly opened sensors over an 8-month period. 
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ranging from 0 to 1.000%.  Data were taken every 5 s.  Figure 4.12 displays the results 

from the sensor unit.  Each alcohol sensor shows a similar response to the other and 

demonstrates an expected decrease in signal upon exposure to PriOH.    

 

4.3.6. Analytical Performance 

As indicated earlier, reactions of the dye CIX with alcohols forming hemiacetals 

are selective.  Primary alcohols with increasing chain lengths show an increasing ratio 

of the trifluoroacetyl form rather than the product hemiacetals.20  Figure 4.13 shows the 

sensitivity of the EC sensor towards MeOH, EtOH, and PriOH, respectively.  Linear 

calibrations are obtained over large concentration ranges.  The detection limits are 9, 

13, 21 ppm, and the quantification limits are 32, 43, and 70 ppm, respectively, for 

MeOH, EtOH, and PriOH vapors.  The data shows that the sensors are in general more 

sensitive to less bulky alcohols.  Since CIX reacts with different alcohols, it is important 

to place the sensor in a specific location where the type of alcohol is known.  For 

example, the alcohol sensor could be positioned to detect methanol leaks from fuel cells 

that are used in microelectronics or be adapted into breathalyzers for ethanol 

intoxication. 

Compared to other previously mentioned studies of alcohol sensors, the EC-CIX 

sensors developed in this study have a much higher dynamic range and lower limit of 

detection for the alcohols investigated.  Commercial alcohol gas sensors such as the 

ones used in breathalyzers usually have a sensor accuracy of 0.01 blood alcohol 

content (BAC), according to commercial product specifications, which indicates the 

readings can vary by as much as 100 ppm.31-33 
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Figure 4.12. Response of three alcohol sensors (Sensor A) in the prototype 

optoelectronic device in channels B, C, and E when exposed to PriOH vapor and CO2. 
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Figure 4.13. Response of Sensor A to MeOH vapors - Calibration: y = 0.1517x + 

0.0021 (R2 = 0.998) based data in the range of 0–1.000% (0–1.549 x 104 ppm) MeOH, 

EtOH vapors - Calibration: y = 0.3476x - 0.0045 (R2 = 0.996) based data in the range of 

0–1.000% (0–1.587 x 104 ppm) EtOH, and PriOH vapors - Calibration: y = 0.0926x + 

0.0123 (R2 = 0.998) based data in the range of 0–1.000% (0–2.310 x 104 ppm) PriOH.  
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4.3.7. Temperature and Interference Study 

An Agilient 8653 UV-Vis spectrometer, connected to a thermostattable cell holder 

in order to control temperature, was used to analyze the response of the EC-CIX 

alcohol sensor under various temperatures without exposure to analytes such as PriOH.  

Figure 4.14 shows that as temperature increases the absorbance of the sensor 

increases. At approximately 60 oC, the increase in absorbance due to temperature 

begins to taper off.  Also, as the absorbance of the sensor increases, the EC-CIX 

sensor red-shifts 10 nm from 450 to 440 nm under increasing temperature (Figure 

4.14). 

 Another challenge for detection in optical sensors is interferences.  To evaluate 

the response of the alcohol sensor to interferent vapors, carbon dioxide (CO2), 

kerosene, ammonia (NH3), moisture (H2O), hexanes, and acetone were directly 

exposed to Sensor A in triplicate and recorded.  Kerosene is a rocket fuel, and CO2 is a 

major component of rocket plumes.  NH3 is a primary product of hydrazine (H2NNH2) 

decomposition, and hydrazine has been used as a liquid rocket propellant.34,35  Moisture 

is a byproduct generated through the combustion of 2-propanol with liquid oxygen in 

order to simulate a vacuum for rocket testing.1  Acetone, and hexanes are some of the 

interferences that have been attributed to false positives in general commercial alcohol 

sensors.36   

As expected, Figure 4.15 shows that CO2 gas has a minute effect on Sensor A, 

and the observation is consistent with the fact that CO2 does not react with the CIX dye.  

Exposing Sensor A to kerosene vapors caused the fluorescence of the sensor to slightly 

quench in intensity, suggesting that the introduction of the hydrophobic kerosene to the 
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Figure 4.14. UV-Vis measurement of the response of the EC-CIX sensor to (A) 

temperature and (B) the resulting change in wavelength.  
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Figure 4.15. Response of the alcohol sensor to interferent vapor CO2, kerosene, 

ethylene glycol, and NH3. 
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sensor film may have changed the environment, shifting to a small degree the 

equilibrium of the reaction between the CIX dye and alcohol (Figure 4.2).  It is expected 

that vapors of other organic hydrocarbons may lead to a similar, small effect.  However, 

exposing Sensor A to ammonia vapor and moisture caused a large decrease in 

fluorescence of the sensor.  Other amines, especially primary amines, may react with 

the CIX dye and quench its fluorescence.37  Moreover, moisture can react with the CIX 

dye, a ketone, forming geminal diols and thus affect the reaction of the dye with 

alcohol.37  Since Sensor A is being used in an optoelectronic sensor unit with a built in 

humidity probe, the relative humidity can be measured during the testing period.  Thus, 

the relative humidity can be measured and be subtracted from the signal.  Studies are 

also underway to develop a dual optical sensing approach to address the impact of 

moisture, and the results will be reported in the future. 

General alcohol sensors such as commercial breathalyzers may also be 

susceptible to outside interferences such as chemicals in the environment, leading to 

readings higher than normal and false positives.36  The US National Highway Traffic 

Safety Administration (NHTSA) establishes guidelines and screenings for commercial 

breathalyzers in order to be approved as an alcohol sensing device.38  These guidelines 

do not require a certain limit of detection to be met but require devices to conform to a 

set of tests to evaluate the precision and accuracy of the alcohol sensing device.38  

One of the major flaws of IR breathalyzers is the lack of specificity, since it is 

often the methyl group in ethanol that is being detected.36  Thus the sensor will treat any 

compound with a methyl group as ethanol which includes many chemical compounds 

whose molecular structures are compatible with IR filters.  Two IR wavelengths and an 
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algorithm for the detection of interferents have been used in new breathanalyzers to 

calculate the ratio of absorbance values at the two measured wavelengths.36  Also, the 

instrumentation for IR breathanalyzers can be complex with some requiring five filters to 

address volatile interferences.39  Although such an approach reduces interference, 

acetone, e.g., was found to still have an effect on the new, IR-based breathanalyzers.40  

Semiconductor breathalyzers have been shown to absorb many substances which can 

give positive alcohol readings even when no ethanol is present.36  Studies have 

confirmed the existence of a wide variety of compounds on the human breath.41  

Acetone and hexanes are among chemicals that are commonly found on the breath of 

normal, healthy individuals but are of insignificant levels to affect breathalyzers.  

However, dieters and diabetics not in control of their blood sugar can have acetone 

levels hundreds or even thousands of times higher than normal which may create 

falsely high results in a semiconductor breathalyzer.36  Breathalyzers based on fuel cell 

technology give concerns due to sensitivity loss and sensor degradation after long term 

exposure in dry conditions.42  The primary reason for sensitivity loss and sensor 

degradation is from the loss of electrochemically active surface area of the platinum 

electrode, which is seemingly irreversible.42  Another concern for fuel cell sensors, albeit 

to a lesser extent, is the loss of proton conductivity as a result of membrane dehydration 

but can be alleviated by rehydrating the membrane in humid conditions.42  There has 

been a report of a false-positive breath-alcohol test using a fuel-cell based analyzer 

after a ketogenic diet.43 

In comparison to commercial breathalyzers, Sensor A appears to be less prone 

to common interferences of current commercial alcohol sensors.  Sensor A was directly 
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exposed to interferents that are known for commercial breathalyzers such as acetone, 

and hexanes but gave a minute response to these interferences (Figure 4.15).  The 

small responses are perhaps a result of solvent effects, as acetone and hexanes do not 

react with the CIX dye.44  The interference study here demonstrates that interferences 

without active N-H or O-H groups are unlikely to interfere with the response of Sensor 

A.  The current study looks into a new method centered on a fluorescence based 

system for the detection of alcohol and provides an improvement over existing alcohol 

sensors by limiting the possible interferences that may affect a reading such as 

chemicals or dry conditions.  

 

4.4. Conclusion 

In this study, the CIX dye was incorporated into EC films in order to detect 

alcohol vapors.  The ethyl cellulose sensor for alcohol vapors was sensitive to MeOH, 

EtOH, and PriOH.  To induce Mie scattering, TiO2 particles were added to the alcohol 

sensors to increase the interaction of light with the indicator material which enhanced 

the sensitivity of the sensors.  The use of TiO2 particles increased the signal of the 

emission intensity by approximately 30%.  The alcohol gas sensor reported in this study 

has a much higher dynamic range and lower limit of detection for the alcohols studied 

than the other gas alcohol sensors reported earlier using microelectronics and 

resistivity.  Sensor A was tested with a miniaturized multi-channel testing platform, 

showing that they could be used under real world field testing conditions.  The research 

here shows that EC-CIX sensors may be considered an option as a highly sensitive 

alcohol sensor for detection in rocket plumes as well as being adapted and providing an  
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improvement to general alcohol sensing devices. 
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Fingerprinting Method for Kerosene Vapor Detection 
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Abstract 

 

 The ability to detect hydrocarbons is a topic of interest for NASA.  Hydrocarbons 

in test plumes may interfere with the line of sight and complicate the analysis of current 

optical emission/absorption measurements.  A variety of different indicator dyes have 

been utilized to develop optical sensors as a fingerprinting method to detect 

hydrocarbon/kerosene vapors.  Reichardt’s dye, Coumarin 153, and Resorufin were 

encapsulated into several polymer films or sol-gels and their response to kerosene was 

evaluated.  The solvatochromatic properties of these dyes have been exploited to 

measure the fluorescent or absorbance response when exposed to kerosene.  These 

sensors were then tested using a multichannel prototype test box developed by our 

collaborators at InnoSense LLC in order to evaluate the capability of the prototype for 

detecting kerosene vapor.  
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5.1. Introduction 

 Hydrocarbons are used to fuel many of NASA’s rockets and are expected to 

remain a major component in the future of the space program.1  Built in the 1960s, the 

John C. Stennis Space Center (SSC) in Mississippi has become the leading testing 

facility for NASA on rocket engine fuel testing and certification.2  In recent years at SSC, 

there has been an assortment of ground test sensing needs including chemical sensors 

for hydrocarbon detection.   Unburnt hydrocarbon fuels need to be detected to reduce 

their impacts on the environment and the safety of ground personnel. Therefore, NASA 

has a need at space launch ground testing facilities for near real time detection methods 

for hydrocarbons that are suitable for remote chemical detection in test plumes 

produced from chemical steam generators.  The initial work covered in this part 

discusses methods utilizing optical sol-gel and polymer sensors for the detection of 

hydrocarbons with the ultimate goal to produce sensors that can be incorporated into a 

miniaturized multi-analyte testing device and placed in the plumes produced from 

chemical steam generators.  Valuable data on rocket engine efficiency as well as 

information on the environmental impact could be gathered from the sensors and test 

unit placed at different locations around the test plume for spatial and temporal 

responses. 

 

5.2. Experimental 

 

5.2.1. Chemical Reagents and Materials 

Bis[3-trimethoxysilyl)propyl]amine) (ATMOS, Gelest), methyltriethoxysilane 

(MTEOS, 98% Acros), methyl trimethoxysilane (MTMOS, 97% Acros), methyl 
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triethoxysilane (MTEOS, 98% Acros), 3-glycidoxypropyltrimethoxysilane (GPTMS, 97% 

Acros), 3-aminopropyltriethoxysilane (APTES, 99% Acros), polyvinyl chloride (PVC, 

Sigma Aldrich), bis(2-ethylhexyl) sebacate (DOS, Sigma Aldrich), ethylcellulose (EC, 

49% ethoxy content, MP Biomedicals, Inc.), methanol (MeOH, ACS certified, Fisher), 

ethanol (EtOH, ACS certified, Fisher), toluene (ACS certified, Fisher), Reichardt’s dye 

(Aldrich), Coumarin 153 (Sigma Aldrich, 99%), Resorufin (TCI America, 85%), 

Chromoionophore IX (Fluka), tridodecylmethylammonium chloride (TDMACl, 98%, 

Sigma Aldrich), and kerosene (ACS certified, Fisher) were used as received. 

Tetrahydrofuran (ACS certified, Fisher) was modified by drying over 

potassium/benzophenone, then distilled, and stored under N2 before being used.  DI 

water (18 M cm) was obtained from a Barnstead International e-pure 4-holder 

deionization system and used to prepare aqueous solutions.  Gas phase analytes were 

combined with nitrogen flow from a standard high purity N2 gas tank (Airgas) or bled off 

from a liquid N2 tank.  

Glass slides (Fisher) were cut using a diamond tipped scriber in order to make 

glass sensor substrates.  For sol-gel preparation, glass substrates were washed in a 

piranha solution (concentrated H2SO4 and 30% H2O2 in 3:1 ratio) for 30 min, followed by 

rinses first with deionized water and then with acetone, methanol, and ethanol to ensure 

maximum Si-OH formation on the surface of the glass.  These slides were then dried in 

an oven overnight and left to open air for 1 to 2 days before use.  N-type [100] silicon 

wafers were similarly cleaned for deposition of thin film sensors that were then used for 

characterization by scanning electron microscopy (SEM). 
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5.2.2. Instrumentation 

For fluorescence measurements, a Perkin-Elmer LS55 luminescence 

spectrometer with a pulsed Xe source was utilized.  A custom build spin coater was 

used to create films onto glass substrates.  Films were placed in a brass flow cell that 

was created to be compatible with a front facing sample cell holder accessory to attach 

to the Perkin Elmer spectrometer.  In order to make room for the brass flow cell and gas 

tubing, the sliding mechanism of the sample cell holder accessory was removed.  A 

custom-made, jacketed gas impinger (Figure 5.1) stored the kerosene analyte being 

examined.  The lid for the bubbler contained a medium frit gas diffuser immersed in 

kerosene liquid and the lid was sealed by an O-ring and clamp.  The lid also contained a 

gas inlet for nitrogen gas and an outlet for kerosene saturated gas. The gas impinger 

was connected to a Thermo Haake temperature controller so that the liquid’s 

temperature could be carefully regulated.  Two separate mass flow controllers (MKS 

Instruments) were connected to the inlet of the flow cell in the fluorescence 

spectrometer, and they were used to control the ratio of nitrogen gas and the gas from 

the impinger to obtain an accurate concentration.  The outlet of the flowcell was linked 

to a sealed vial which was attached to a separate bubbler to prevent the backflow of 

gases.  For absorbance measurements, an Agilent 8453 photodiode array UV-Vis 

spectrophotometer was used along with a peltier thermostated cell holder for 

temperature control.  Sensors were placed inside a 2 mm pathlength quartz cuvette with 

a plastic gas inlet and outlet tubes placed on the top of the cuvette which was tightly 

sealed with parafilm to create a gas-tight flow cell. 

A prototype optoelectronic detection unit created for placement in test plumes  
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Figure 5.1. Gas saturator/bubbler for generating analytical quantities of kerosene in 

N2 gas streams.   
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was made by collaborators at InnoSense LLC used to obtain data from completed 

optical sensors (Figure 5.2).  The prototype was outfitted with a dual cube sensor unit 

with a blue and amber LED that each contained seven channels for sensor placement. 

The prototype unit also contained valves on each cube so that gas tubing could be fitted 

onto the unit and act as a flowcell for analytes gases.  Attached to the prototype were a 

motherboard in an enclosure and a USB minihub/miniboard to connect to a computer 

interface. 

 

5.2.3.  Experimental Procedures 

Several dyes were studied for the detection of kerosene gas.  Reichardt’s dye 

was encapsulated into a PVC film matrix by dissolving 1 mg of dye in 1.5 mL of THF, 20 

mg of PVC, and 40 mg of DOS plasticizer.  The solution was stirred for 1 h followed by 

spin coating on glass substrates at ~2600 rpm and then stored under vacuum for 24 h 

before testing.  Reichardt’s dye was also encapsulated into a sol-gel according to a 

previously published procedure.3  However, the procedure was modified because the 

solution would gel too quickly before films could be made.  The solution was made by 

dissolving 7.5 mg of Reichardt’s dye in 200 μL ATMOS, 100 μL MTMOS, 10 μL H2O, 

and 250 μL MeOH.  This mixture was stirred for 1 h before spin-coating the solution 

onto glass slides.  

The fluorescent dye Coumarin 153 was tested for kerosene sensing as well.  

This dye was encapsulated into a sol-gel matrix by mixing 2 mg of Coumarin 153 with 

200 μL of MTEOS, 100 μL of MTMOS, 10 μL of H2O, and 250 μL of MeOH.  The 

solution was stirred for 1 h and spin-coated onto glass substrates.  The resulting films  
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Figure 5.2. InnoSense LLC optoelectronic prototype unit. 
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were stored under static vacuum for at least 24 h before testing.  To produce sensing 

films containing Resorufin, 2 mg of Resorufin was combined with 1.5 mL of EtOH, 250 

μL of APTES (3-aminopropyltriethoxysilane), 250 μL of GPTMS (3-

glycidoxypropyltrimethoxysilane), and 25 μL of TBAOH (tetrabutylammonium 

hydroxide).  The solution was stirred until thoroughly mixed and then coated onto glass 

slides and stored under static vacuum.  

 

5.2.4. Analytical Procedures  

 Several indicator dyes were selected and tested for their potential response to 

kerosene.  A Perkin Elmer LS55 luminescence spectrometer using a standard 1 cm 

quartz cuvette or front facing sample cell holder accessory unit fitted with a custom flow 

cell was utilized for fluorescence based tests of dyes and sensing films in solution or 

solid phase.  When time based signal measurement studies were conducted, a signal 

reading was usually integrated over 1 s and signal averaging was used to improve the 

signal noise by averaging each data point with two data points preceding and following 

it.  For absorbance measurements, a UV-Vis (photodiode array detector) spectrometer 

was utilized to monitor changes in absorbance spectra of indicator dyes in relation to 

the changing concentration of analytes.  A prototype multichannel test device developed 

by InnoSense LLC was evaluated for detection of kerosene vapor.  This current unit is 

being tested to eventually be used in test plumes to detect certain hydrocarbon 

constituents. 

 In order to generate kerosene gas vapor, N2 gas was connected to a double 

walled glass vessel containing a gas saturator/bubbler with liquid kerosene inside.  The 
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lid of the saturator/bubbler contained a fine glass frit gas diffuser that extended into the 

analyte solution allowing N2 to flow into the solution in order to saturate the gas stream 

with kerosene analyte.  The glass vessel was sealed with an O-ring and clamp.  

Integrated on top of the lid was a gas inlet and outlet for N2 and analyte saturated N2 

respectively.  The analyte saturated N2 vapor could then be further diluted when 

combined to another line and mixing it with various amount of pure N2 gas.  

 

5.3.   Results and Discussion 

 

5.3.1. Dye Selection/Testing for Kerosene Vapor 

 In order to detect kerosene, a fingerprinting-type method was closely studied 

using up to 3 different dyes that produce a unique response to kerosene or constituents 

of kerosene such as hydrocarbons.  Generally, many of these dyes were 

solvatochromatic.  When they are exposed to solvents of different polarities, the 

absorbance spectrum of the dye shifts.  Optical sensors were developed using dyes 

including Reichardt’s dye, Coumarin 153, and Resorufin. The dyes were encapsulated 

in several different polymer matrices such as sol-gel, PVC, or EC and their response to 

kerosene vapor was evaluated. 

 

5.3.2. Reichardt’s Dye Indicator 

 Reichardt’s dye (Figure 5.3) was chosen for its potential sensitivity towards 

kerosene vapor.  It is a solvatochromatic dye that has an electronic transition of 350 nm 

when the solvent is changed from tetrahydrofuran to methanol.4  Initially, a sol-  
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Figure 5.3. Structure of Reichardt’s indicator dye. 
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gel formulation was used to encapsulate Reichardt’s dye.  Since the dye is hydrophobic 

in nature, a non-polar media is required.  Using alkoxide precursors such as tetramethyl 

orthosilicate (TMOS) causes the dye to precipitate.  When the sol-gel reaction is acid 

catalyzed, the phenolate group of the dye may be protonated which can adversely affect 

the sensitivity of the dye.  Therefore, the dye was successfully encapsulated using 

slightly basic non-polar conditions using a previously published report.3  The recipe 

uses 25 μL of ATMOS (bis[3-trimethoxysilyl)propyl]amine), 45 μL of MeOH, 30 μL of 

H2O, 30 μL of MTMOS (methyltrimethoxysilane), and 30 μL of 10 mM of Reichardt’s dye 

in MeOH.  This recipe is advantageous because ATMOS has long chain spacer units 

that contain both hydrophobic and hydrophilic groups, providing a good mixture of polar 

and non-polar environment for the dye.   Addtionally, the amino-containing precursors 

provide the slightly basic sol-gel conditions needed to prevent protonation of the dye.4  

However, after attempting to reproduce this formulation several times, it was found that 

the solution would gel instantly within 2 minutes of mixing.  Therefore, the recipe was 

modified by adding additional MeOH and using less H2O to help slow the hydrolysis so 

that the solution would not gel as fast.  The new recipe stayed in solution and was able 

to be mixed thoroughly for 1 h before spin-coating the solution onto glass substrates.  

The film produced a dark blue color after spin-coating the purple solution onto the glass 

substrate and the comparison of the solution and film is given in Figure 5.4.  

 The response to kerosene vapor was tested using the gas saturator system 

described above in Section 5.2.2.  Pulses of kerosene were introduced to the sol-gel 

sensor and the effects on the absorbance were monitored.  The sol-gel sensor shows 

an absorption peak at 610 nm and upon exposure to kerosene the absorption peak red 
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           A       B   C 

   

Figure 5.4. (A) Solution of the modified sol-gel recipe; (B) Blue sensor after spin 

coating; (C) The same sensor becoming purple after exposure to kerosene vapor for 5 

min. 
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shifts to 650 nm (Figure 5.5A).  A time-based study focusing on the 610 nm and 650 nm 

wavelengths shows that the sensor displays an increase in absorbance after exposure 

to kerosene vapor and a decrease in absorbance after the kerosene vapor is turned off 

(Figure 5.5B).  The response at 650 nm showed greater sensitivity towards kerosene 

vapor which could be seen by the greater increase in absorbance when exposed to 

kerosene vapor.  There was also an overall downward drift throughout the experiment 

but the sensor did display some reversibility to kerosene when targeting these specific 

wavelengths.  Alternative films were also studied to encapsulate Reichardt’s dye.  A 

polyvinyl chloride matrix was evaluated.  To produce the sensing films, 1 mg of 

Reichardt’s dye was dissolved in 1.5 mL of THF, 20 mg of PVC, and 40 mg of DOS 

plasticizer.  The films were spin-coated at 2600 rpm on glass slides and stored under 

vacuum for 24 h before testing.  In PVC, the films were yellow in color and tested using 

a fluorometer to observe if there was better sensitivity or reversibility towards kerosene 

vapor using fluorescence.  The emission response of the PVC sensor shows a peak at 

approximately 500 nm and a slight quenching response can be observed when exposed 

to a pulse of kerosene vapor and reversibility after sweeping the sensor with N2 gas 

(Figure 5.6A).  Time-based fluorescent measurements of the sensor showed an initial 

quick response to kerosene vapor, but displayed an upward drift during the kerosene 

pulse (Fig 5.6B).  Sweeping the sensor with N2 gas exhibited a small amount of 

reversibility but subsequent pulses gave a reduced response to kerosene vapor.  There 

was also a slight downward drift throughout the entire experiment.   
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Figure 5.5. Modified sol gel recipe using Reichardt’s dye exposed to kerosene in (A) 

the UV-Vis and (B) under a time based study. 
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Figure 5.6. Response of the PVC-Reichardt’s dye sensor exposed to kerosene vapor 

on (A) excitation and emission single scan measurements and (B) under time based 

measurements. 
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5.3.3. Coumarin 153 Indicator 

 Coumarin 153 (Figure 5.7) is another fluorescent dye that has been previously 

reported with solvatochromatic characteristics.5  Coumarin has been used as a 

colorimetric chemosensor and selective fluorescence turn-on probe for a variety of 

different analytes.6-8  To our knowledge, this dye has not been used for detection of 

kerosene in the gas phase.  This dye was encapsulated into an optimized ethyl 

cellulose solution (2.5% w/w) and mixed thoroughly for 1 h.  The solution was then spin 

coated onto glass substrates.  Fluorescence studies show that the sensor has an 

emission peak at 530 nm and when exposed to kerosene vapor for 30 s there is a small 

quenching in fluorescence in response (Figure 5.8A).  Time based fluorescence 

measurements were taken for Coumarin 153 when exposed to 1% kerosene (Figure 

5.8B).  The signal was allowed to stabilize for 15 minutes prior to testing.  The sensor’s 

response was then measured for pulses of kerosene and then flushed with N2 gas and 

repeated.  The signal shows a drop in intensity by approximately 30 units upon initial 

exposure to kerosene which corresponds to the single scans done previously. After 

flushing the sensor for N2 gas the signal was not able to be fully recovered.  Upon 

exposure to kerosene again the signal showed a smaller response and was not able to 

fully recover the signal again.  However, Coumarin 153’s response to kerosene makes it 

a potential candidate to use in a fingerprinting method.  

 

5.3.4. Resorufin Indicator 

 Resorufin (Figure 5.9) is another potential dye that was suggested from our 

collaborators at InnoSense LLC for kerosene detection.  Resorufin has been previously  
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Figure 5.7. Structure of Coumarin 153 indicator dye. 
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Figure 5.8. (A) Coumarin 153’s fluorescence quenching response when exposed to 

1% kerosene. Insert: Full view of emission spectra; (B) Time based measurement for 
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Coumarin 153. 

 

Figure 5.9. Chemical structure of Resorufin indicator dye. 
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used as a fluorescent probe for colorimetric applications.9,10  This dye was encapsulated 

into a sol-gel matrix by mixing Resorufin dye (2 mg) with EtOH (1.5 mL), APTES (250 

μL), GPTMS (250 μL), and TBAOH (25 μL).  This solution was stirred for 1 h and then 

spin-coated onto glass slides, giving dark purple films (Figure 5.10).  The films gave a 

distinct excitation peak at 590 nm and an emission peak at 625 nm (Figure 5.11).  

However, the sensor showed minimal response when exposed to kerosene vapor. 

 

5.3.5. Multi-analyte Optical Sensor for Rocket Engine Testing   

 For the ultimate goal of this project, studies were conducted evaluating a 

miniaturized multi-channel sensing platform built to monitor various plume constituents 

in near real time.  The device developed by InnoSense LLC for use with this project is 

termed a multi-analyte optical sensor for rocket engine testing (MOSRT).  These studies 

use the second generation of the MOSRT device which contains a dual cube sensor 

with seven different channels with either a blue or amber LED light source.  Each 

channel has a slot for a 500 nm or 600 nm longpass filter and data from these channels 

can be simultaneously obtained.  Moreover, the device has a built-in temperature and 

humidity probe to monitor these factors during testing.  The test unit is interfaced to a 

PC by a National Instruments USB controller and operated with LabView software.   

Since Coumarin 153 in ORMOSIL and Resorufin and Reichardt’s dyes in sol gel 

each have emission spectra past 600 nm, it was decided to use 600 nm longpass filters 

and to test these sensors in the amber LED to help optimize signal response.  

Therefore, channel A contained a sol-gel blank, Resorufin sensors were put in channels 

B and C, a sol-gel Reichardt’s dye sensor was placed in channel E, and ORMOSIL  
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Figure 5.10. Glass slide spin-coated with Resorufin solution giving a dark purple color. 
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Figure 5.11. Resorufin sensor: (A) excitation peak and (B) emission spectra. 
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Coumarin 153 sensors were put in channels F and G.  Figure 5.12 shows each sensor’s 

response to 1% kerosene vapors.  The data reveal that the Resorufin sensors have a 

slight response to kerosene by showing an increase in signal of 0.0005 V.  However, 

the signal is very noisy and looks similar to channel A which contains a blank.  Thus, 

deciphering a response is challenging.  The sol-gel sensor containing Reichardt’s dye 

demonstrated a somewhat reversible signal when exposed to kerosene vapor but 

exhibited an upward drift throughout the experiment.  The ORMISIL matrix with 

Coumarin 153 displayed a response similar to that of the Resorufin sensors in channel 

B and C.  The signal response was very noisy but a slight response can be interpreted 

from the data when the sensor is exposed to kerosene vapor.  However, channel G 

does not show a similar noisy signal, but the response to kerosene is still difficult to 

detect. 

After trying the amber LED cube, studies were done using the blue LED cube to 

compare each sensor’s response to different LED light.  Each sensor in the 

optoelectronic sensing device was placed in the blue LED cube with a 500 nm longpass 

filter.  Channel A was treated as a blank channel and contained only a blank glass 

substrate with no film or indicator dyes, Channel B was placed with an EC sensor with 

Coumarin 153, and a PVC sensor containing Reichardt’s dye was placed in channel C.  

An ORMISIL sol-gel sensor with Coumarin 153 was placed in channel E, a sol-gel 

sensor with Reichardt’s dye was put in channel F, and channel G was left blank.  The 

response of each channel is given in Figure 5.13.  Channel F displayed a good initial 

response to kerosene by showing an increase in signal, but needed a much longer time 

to recover its original signal.  ORMISIL and EC sensors containing Coumarin 153 each  
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Figure 5.12. Evaluating the amber LED cube with a 600 nm filter and the response of 

sol-gel Resorufin sensors in channels B and C, sol-gel Reichardt’s dye sensor in 

channel  E, and ORMISIL Coumarin 153 sensors in channels F and G to kerosene. 
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Figure 5.13. EC Coumarin 153 in channel B, PVC Reichardt’s dye in channel C, 

ORMISIL-Coumarin in channel E, sol-gel Reichardt’s dye in channel F exposure. 
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had similar responses to kerosene vapor, while channel F seemed to have no signal 

change at all when exposed to kerosene vapor.  Since sol-gels containing Reichardt’s 

dye provided some of the best results using the MOSRT, they were evaluated again 

along with sensors encapsulating Resorufin using the blue LED cube with a 500 nm 

longpass filter.  Chanel A contained a sol-gel with no indicator dye to simulate a blank 

and channels B and C contained Resorufin sensors.  Sol-gel sensors with Reichardt’s 

dye were placed in channels E and F and the response of each sensor upon exposure 

to kerosene vapor was observed (Figure 5.14). There is a distinct increase in signal for 

the Resorufin and Reichardt’s dye sensors when exposed to kerosene vapors.  Also, 

after flushing the blue LED cube with N2 each sensor roughly shows a reversible feature 

in signal.  

 

5.4. Conclusions 

After obtaining the results for these dye-doped sensors, the final 

recommendation for a fingerprinting method for kerosene detection using the MOSRT 

unit would be using sol-gels as the encapsulating matrix for Reichardt’s dye, Resorufin, 

and Coumarin 153.  Using sol-gels as the polymer helped to give the most unique 

response when exposed to kerosene and also displayed reversible traits for their 

respective signal as well.  The blue LED cube gave the best signal response as well 

and perhaps a prototype box without the amber LED cube would help cut down on 

weight, bulk, and cost of the device.  Preliminary tests using this fingerprinting method 

could be applied to test plumes to study the response to hydrocarbon constituents at 

SSC. 
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Figure 5.14. The response to kerosene in the blue LED cube with a 500 nm longpass 

filter of Resorufin sensors placed in channels B and C and Reichardt’s dye sensors in 

channel E and F. 
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The majority of this work centered on the development of optical sensors for the 

detection of chemical analytes in the gas and liquid phase.  The first portion of this 

dissertation, Part 2, illustrates a new approach in detecting biodiesel (FAME) in diesel. 

Having the ability to detect biodiesel at low and high concentrations would be 

immensely helpful for the aviation and diesel industries.  Since FAME is a highly surface 

active material, it can potentially lead to cross contamination issues with jet fuel causing 

thermal stability problems and affecting the freezing point.  This can lead to deposits in 

the fuel system or cause the fuel to gel which may cause jet engine operability problems 

and possible engine flameout.  An optical sensor utilizing Nile Blue Chloride and its 

solvatochromatic properties has been developed to detect FAME in diesel.  The dye 

dissolved in alcohol is made into a film where diesel does not displace the alcohol 

surrounding the dye keeping the sensor blue.  Once the sensor is exposed to FAME, 

the FAME displaces the alcohol changing the sensor’s color from blue to pink leading to 

the detection of biodiesel.  The developed sensor is highly sensitive and is able to 

detect FAME from a range of 0.5–200,000 ppm (20% v/v).  These sensors provide a 

viable alternative to compliment more sophisticated and expensive techniques currently 

being used to detect FAME in aviation fuels or used as a quick verification method to 

determine biodiesel concentrations (i.e., B5, B20) in diesel. 

 The next part describes the development of an optical sensor to detect 

chlorinated hydrocarbons in aqueous and non-aqueous solutions.  The detection of 

chlorinated hydrocarbons is of intense interest for environmental and pharmaceutical 

applications.  These optical sensors utilized a modified Fujiwara reaction, one of the 

only methods for detecting halogenated hydrocarbons in the visible spectrum, as its 



144 
 

sensing mechanism. 2,2’-Dipyridyl and tetra-n-butyl ammonium hydroxide were the 

modified Fujiwara reagents that were encapsulated into an EC film.  Upon exposure to a 

CHC such as chloroform, a colored product would be produced within the film which 

could be analyzed spectroscopically.  This technique yielded detection limits of 0.830 

ppm (v/v) and a limit of quantification of 2.77 ppm.  In aqueous solution of HCCl3, a sol-

gel sensor was developed which is able to be directly submerged in aqueous samples 

for detection.  This sensor achieves a detection limit of 500 ppm.  Each sensor is easy 

to fabricate and may be coupled to a portable spectroscopic instrument or fiber optic 

bundle for direct measurement studies in the field.  

 The remaining two parts of this dissertation focus on rocket engine ground 

testing.  More specifically, evaluating NASA’s J-2X rocket engine and its ability to start 

in vacuum conditions.  In order to test this engine, an A-3 test stand was constructed 

capable of producing a vacuum environment through the use of chemical steam 

generators.  These chemical steam generators produce ~2100 kg/s of steam through 

the combustion of PriOH, LOX, and water.  The combustion of these components may 

produce several combustion hydrocarbons such as methane, ethylene, acetylene, 

ethane, propylene, and propane.  However, the production of these hydrocarbons may 

interfere with the line of sight and complicate the analysis of current optical 

emission/absorption measurements.  Therefore, NASA has a need at space launch 

ground testing facilities for near real time detection of hydrocarbons as well as unburnt 

PriOH in test plumes produced from chemical steam generators.  Thus, developing 

sensors in order to monitor and detect gas plume constituents can be useful as a 

diagnostic tool for combustion efficiency and to ensure safe testing conditions.  An 
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optical sensor doped with the fluorescent dye Chromoionophore IX has been developed 

for the detection of PriOH.  The sensing mechanism of this sensor utilizes the formation 

of a hemiacetal when exposed to alcohol vapor which quenches the fluorescence of the 

sensor.  The developed optical sensor has detection limits of 9, 13, 21 ppm and 

quantification limits of 32, 43, and 70 ppm for MeOH, EtOH, and PriOH, respectively.  

 Hydrocarbon detection is much harder to do because they have no functional 

groups to take advantage of in detection.  Hydrocarbons are comprised mainly of 

saturated long carbon chains.  Therefore, a fingerprinting method has been developed 

to detect kerosene/hydrocarbon vapors.  Several indicator dyes, Reichardt’s dye, 

Coumarin 153, and Resorufin, were used and encapsulated into a variety of polymer 

films and sol-gels.  Their response to kerosene was then monitored using spectroscopy.  

Results showed that these indicator dyes gave the best response to kerosene vapor 

when encapsulated into a sol-gel.  These sensors were then tested using a 

multichannel prototype test box developed by our collaborators at InnoSense LLC in 

order to evaluate the capability of the prototype for detecting kerosene vapor.  
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