








Part 3

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








	This chapter is revised based on a paper by Jonathan K. Fong, and Zi-Ling Xue. Only minor revisions were made. 
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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.



3.1.	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 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 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



3.2.	Experimental

3.2.1.	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%) 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.

3.2.2.	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 hours 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 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 hour.  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 hour 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 hour (without the vacuum treatment) to <30 min.

3.2.3.	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 3.1).  The porosity and polar features of the cellulose film allow FAME to preconcentrate and diffuse into the sensor, causing a color change.

3.3.	Results and Discussion

3.3.1.	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 applications as well as the spectroscopic behaviour and interaction to different environments.39-45  A simple procedure has been developed producing thin film sensors 
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Figure 3.1.  SEM surface images of the thin film sensors before (a) and after (b) exposure to FAME. The white particles in Figure 3.1b are due to the sputtered gold particles needed on the sensor’s surface to increase the conductivity for SEM imaging. 



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 3.2). 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. 
	A distinct color change (blue to pink) is observed when the sensor is exposed to FAME, a less polar solution (Figure 3.3).  This color change is believed to be largely 
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Figure 3.2.  The absorbance of NBC when dissolved in MeOH (625 nm) and FAME (525 nm). 
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Figure 3.3.  Shift in absorbance and a distinct color change from blue to pink occurring when the optical sensors are exposed to FAME.

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 3.4).  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 3.5).  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.  

3.3.2.	FAME Analysis
	For low FAME concentrations of 0.5-30 ppm in diesel, the absorbance at 500 nm shows a linear relationship (Figure 3.6) both with standards and biodiesel samples made from a commercial biodiesel, B20.  The standards were first measured to establish the calibration plot in Figure 3.6 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 3.6 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 3.6).  For example, a 30 ppm biodiesel sample was evaluated using the FAME sensor.  Using its absorbance value at 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 
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Figure 3.4.  Absorbance spectra of the sensor showing the formation of a new peak at 500 nm.
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Figure 3.5. 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 3.6. Calibration plot and confirmation using biodiesel samples in the 0.5-30 ppm range.




















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 3.7.  The absorbance A vs. ln (x – x0) (x is concentration of FAME, x0 is found through the logarithmic fitting) gives a linear line with R2 = 0.995 (Figure 3.7 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.

3.3.3.	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 
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Figure 3.7. Detection of 100 ppm–20% v/v FAME mixtures modeled by a logarithmic curve function.








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 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 3.1.	Stability Tests
	
	Fresh Sensor
	Week Old Sensor
	4 Month Old Sensor

	Absorbance at 502 nm (AU)
	0.1622
	0.1617
	0.1577




3.3.4.	B20 Sample Analysis
	The FAME mixture used in previous experiments consisted of 4 diffeernt kinds of FAME ranging from C6 – C23 which was used as a mimic for biodiesel standards. However, the FAME mixture that was used as standards is not entirely representative of 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 3.8).  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 3.8).  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%. 

3.3.5.	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.


[image: C:\Users\Jonathan\Desktop\FAME Paper Images\Supporting Fig. 5\Slide1.TIF]
[image: C:\Users\Jonathan\Desktop\FAME Paper Images\Supporting Fig. 5\Slide2.TIF]
Figure 3.8.  (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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Part 4 
Thin film Optical Sensors for the Detection of Trace Chloroform













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 (n-Bu4NOH 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.










4.1. 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 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 Scheme 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 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.
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Scheme 4.1.	 Modified fujiwara reaction mechanism. 

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.

4.2. Methods
4.2.1. 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).

4.2.2. 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 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 the 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 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.

4.2.3. 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 was 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 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. 

4.3. Results and discussion
4.3.1. 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 a 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 4.1). This also enlarges the surface area of the sensor, thus improving its sensivitity. The thickness of the EC film as measured by 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 bipyridine 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 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 4.2. Using this peak, a calibration curve was created with R2 = 0.9978 (Figure  4.3). The 
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Figure 4.1. SEM surface image of the EC sensor.
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Figure 4.2. Visible spectras showing a decrease in absorbance at approximately 430–450 nm with decreasing HCCl3 concentrations.
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Figure 4.3.  Calibration plot of the EC sensor using HCCl3 standards with spiked standards overlaid onto the plot. Inset shows a standard visible spectra of the sensor from 320–700 nm.






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 was overlaid onto the calibration curve in Figure 4.2. The data from the spiked samples fall within the standard error of the EC calibration curve. For example, a 250 ppm HCCl3 sample was evaluated using 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 percent error of 0.12%. 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. 

4.3.2. 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 4.4). 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 concentration of HCCl3 analyte. A calibration plot was created showing good linearity for the analysis using GC-MS with R2 = 0.995 (Figure 4.5). 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 1 shows 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 4.1.  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 4.4. Chromatogram displaying the various concentrations of HCCl3 peaks at 2.4 – 2.7 min retention time.
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Figure 4.5. GC-MS calibration plot of HCCl3 standard samples ranging from 5–400 ppm (v/v) with spiked samples overlaid onto the plot.










4.3.3.  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 4.6). 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.

4.3.4. 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
[image: ] 
Figure 4.6. Visible spectra of nonaqueous samples with residual HCCl3 ranging from 20 to 500 ppm  in the presence of an API.




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 4.7a) and at higher magnification, SEM images show the encapsulation of the solid dipyridyl (Figure 4.7b). 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 scattering.
[image: C:\Users\Jonathan\Desktop\solgel  04.tif] [image: C:\Users\Jonathan\Desktop\solgel  03.tif]
Figure 4.7. (a) SEM surface images of the sol-gel sensors and (b) higher magnification image showing the encapsulation of the dipyridyl. 















Several samples that were tested provided broad shoulder spectrums instead of clear peaks (Figure 4.8). 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 (n-Bu)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 4.9).

4.5. 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.
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Figure 4.8.  Visible spectra showing the large broad shoulder from 500 – 550 nm that occurs from the sol-gel sensors.
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Figure 4.9. (a) Sol-gel sensor where the solution was directly pipetted upon the glass substrate and allowed to cure in the refrigerator to prevent cracking and (b) sol-gel sensor after exposure to 625 ppm aqueous HCCl3 solution.
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