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Abstract 

Biogenic amines are known indicators of spoilage in food. Indole in particular is a 

chemical used extensively to indicate seafood freshness. Levels higher than 25 µg 

[micrograms]/100 g shrimp mark early decomposition, according to the US Food and 

Drug Administration. We developed an optical probe based on an Ehrlich-type reaction 

to detect indole in shrimp. The probe is based on the reaction of p-

dimethylaminobenzaldhyde (DMAB) with indole, generating red β[beta]-

bis(indolyl)methane (BIM). Color development is observed by the naked eye after 

exposure to indole. When using UV-Visible spectroscopy as a detection method, the 

limits of detection and quantification are of 0.05 and 0.16 µg mL-1 [per milliliter], 

respectively. These limits lead to quantification of less than 25 µg [micrograms] 

indole/100 g shrimp, when recovery is accounted for. Moreover, an inexpensive 

handheld colorimeter can be used to perform optical measurements of indole by the 

probe with similar sensitivity. In addition, studies to confirm the structure of BIM were 

conducted. The β-position of two indole molecules is involved in the reaction with one 

DMAB molecule, yielding the product β[beta]-bis(indolyl)methane (BIM). 

Determination of amines in aviation fuels is of interest as these species reduce 

fuel stability when present in higher concentrations. Since anilines and indoles are 

species of major presence in fuels, we have explored their simultaneous determination 

by the probe using a chemometric calibration with Classical Least Squares and 

Principal Component Regression. 
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In-situ chemical oxidation (ISCO) is an approach for remediation of polluted 

groundwater by the release of oxidants directly into the contaminated zone. We have 

developed a system for the controlled release of potassium persulfate from pellets of 

diatomaceous earth for the oxidation of organic contaminants, obtaining a continuous 

delivery for up to 21 h. In addition, this approach was used to release Fe2+ [iron two 

plus] ions for in-situ activation of persulfate. Controlled-released persulfate and Fe2+ 

ions from the pellets have been used for batch treatment of 15 mg L-1 [per liter] 

trichloroethylene (TCE) aqueous solution, giving residual TCE concentration of < [less 

than] 0.06 mg L-1 after 6 h and degradation of 93% TCE after 2 h.  

 

 

 

 

 

 

 

 

 

 

  



ix 
 

Table of Contents 

Part              Page  

1.  Introduction and background .............................................................................. 1 

1.1. Foreword ..................................................................................................... 2 

1.2. Analysis techniques used in the research ................................................... 3 

1.2.1. UV-visible spectroscopy .................................................................... 3 

1.2.2. Color space ....................................................................................... 4 

1.2.3. Gas chromatography ......................................................................... 5 

1.2.4. Overview of sol-gel process ............................................................... 7 

1.3. Summary of dissertation parts .................................................................... 8 

1.3.1. Part 2. ................................................................................................ 9 

1.3.2. Part 3. ................................................................................................ 9 

1.3.3. Part 4. ................................................................................................ 9 

1.3.4. Part 5. .............................................................................................. 10 

1.3.5. Part 6. .............................................................................................. 10 

References ...................................................................................................... 11 

 

2.  Optical probe for the analysis of trace indole in shrimp ................................. 15 

Abstract ........................................................................................................... 16 

2.1. Introduction ............................................................................................... 17 

2.2. Materials and methods.............................................................................. 20 

2.2.1. Probe fabrication ............................................................................. 20 



x 
 

2.2.2. Probe optimization ........................................................................... 21 

2.2.3. Indole extraction .............................................................................. 22 

2.2.4. UV-Vis/CIELAB measurements ....................................................... 23 

2.2.5. GC-MS determination ...................................................................... 23 

2.3. Results and discussion ............................................................................. 24 

2.3.1. Sensing mechanism ........................................................................ 24 

2.3.2. Probe optimization ........................................................................... 25 

2.3.3. Probe response to indole in petroleum ether solutions and 

  analysis by visible spectroscopy ........................................... 28 

2.3.4. CIELAB detection ............................................................................ 31 

2.3.5. Effect of film thickness ..................................................................... 33 

2.3.6. Interference studies ......................................................................... 34 

2.3.7. Indole extraction .............................................................................. 36 

2.3.8. Comparison with reported indole analyses ...................................... 39 

2.4. Conclusion ................................................................................................ 40 

References ...................................................................................................... 41 

 

3.  Simultaneous determination of aniline and indole in kerosene ...................... 47 

Abstract ........................................................................................................... 48 

3.1. Introduction ............................................................................................... 49 

3.1.1. Chemometrics ................................................................................. 51 

 3.1.1.1. Classical Least Squares method………………………………. 51 

 3.1.1.2. Principal Component Regression method……………………. 53 



xi 
 

3.2. Materials and methods.............................................................................. 54 

3.2.1. Initial aniline and indole analyses .................................................... 54 

3.2.2. CLS analysis .................................................................................... 55 

3.2.3. PCR analysis ................................................................................... 57 

3.3. Results and discussion ............................................................................. 59 

3.3.1. Individual analysis of aniline and indole ........................................... 59 

3.3.2. Simultaneous analysis of aniline and indole .................................... 59 

3.3.2. CLS analysis .................................................................................... 62 

3.3.3. PCR analysis ................................................................................... 64 

3.4. Conclusion ................................................................................................ 67 

References ...................................................................................................... 68 

 

4.  Product in indole detection by Ehrlich’s reagent ............................................. 71 

Abstract ........................................................................................................... 72 

3.1. Introduction ............................................................................................... 73 

3.2 Materials and methods............................................................................... 76 

3.2.1. Synthesis of β-bis(indolyl)methane under the conditions of the 

Ehrlich test ............................................................................. 76 

3.2.2. Synthesis of -bis(indolyl)methane in 100% ethanol with HCl as 

catalyst ................................................................................... 77 

3.2.3. Synthesis of -bis(indolyl)methane with a 2:1 ratio of DMAB and 

indole ..................................................................................... 78 

3.3. Results and discussion ............................................................................. 78 



xii 
 

3.4. Conclusion ................................................................................................ 82 

References ...................................................................................................... 83 

 

5.  Control release of persulfate for in-situ chemical oxidation ........................... 86 

Abstract ........................................................................................................... 87 

5.1. Introduction ............................................................................................... 88 

5.2. Materials and methods.............................................................................. 90 

5.2.1. General procedure for the preparation of diatomaceous earth 

  pellets ................................................................................... 91 

5.2.2. Organic sol-gel coating .................................................................... 91 

5.2.3. Inorganic sol-gel coating .................................................................. 91 

5.2.4. Persulfate and Fe2+ release profiles ................................................ 92 

5.2.5. TCE determination ........................................................................... 93 

5.2.6. TCE extraction ................................................................................. 94 

5.3. Results and discussion ............................................................................. 95 

5.3.1. Preliminary studies with organic sol-gel coatings ............................ 95 

5.3.2. Inorganic sol-gel as binder ............................................................... 96 

5.3.3. Fe2+ release profile .......................................................................... 98 

5.3.4. TCE studies ................................................................................... 101 

5.3.5. Sol-gel/diatomaceous earth matrix ................................................ 106 

5.4. Conclusion .............................................................................................. 107 

References .................................................................................................... 109 

 



xiii 
 

6.  Concluding remarks.......................................................................................... 113 

 

Appendices ................................................................................................................ 116 

 Appendix A .................................................................................................... 117 

A1. Additional materials and methods ..................................................... 117 

Appendix B .................................................................................................... 124 

Appendix C .................................................................................................... 127 

Appendix D .................................................................................................... 129 

 

Vita……………………………………………………………………………………………. 130 

  



xiv 
 

List of Tables 

Table               Page 

2.1. Initial values and variation steps for simplex optimization. ................................. 22 

2.2.     Summary of simplex optimization experiments................................................... 27 

2.3.    Effect of film thickness on probe response ......................................................... 33 

2.4.  Probe response to indole 0.5 µg mL-1 with the presence of interferents. ............ 35 

3.1.     Concentration of each analyte in CLS validation samples. ................................. 56 

3.2. Exposure conditions on screening calibration sets ............................................. 56 

3.3.  Concentrations used for PCR analysis ............................................................... 58 

3.4. Equations for the linear fit of the CLS predictions. .............................................. 62 

5.1. Mass gain and fitting parameters for each coating treatment. ............................ 98 

A.1.   Preliminary tests for probe polymer matrix ....................................................... 123 

C.1. Crystal data and structure refinement for β-bis(indolyl)methane..………………128 

 

 

 

 

 



xv 
 

List of Figures 

Figure             Page 

1.1. CIELAB color space. ............................................................................................ 5 

1.2. Basic diagram of typical GC-MS instrumentation. ................................................ 7 

2.1. Sensor response vs. time to 10 mL of 0.5 µg mL-1 indole solution in         

petroleum ether. ................................................................................................. 28 

2.2     (a) Visible spectra of the probe showing response to increasing indole 

concentrations. (b) Calibration plot using the absorbance at 540 nm.                   

(c) Photos of the probe to 0.1-3.0 µg mL-1 indole solutions. ............................... 30 

2.3. (a) Calibration plot with a* axis values showing correlation with                       

indole concentration. (b) Calibration plot with the L* axis values. ....................... 32 

2.4. Astaxanthin. ........................................................................................................ 37 

3.1. Calibration plot for determination of indole in kerosene with probe. ................... 60 

3.2. (a) Calibration plot of aniline concentration was held at 0.2 mg L-1                                  

(b) Visible spectra of probe exposed to aniline. (c) Naked-eye response               

of probe to aniline.  ............................................................................................. 61 

3.3. (a) Calibration plot of indole under aniline held at 0.2 mg L-1.                               

(b) Corresponding visible spectra (c) Color development of the probe. .............. 63 

3.4. Predictions of the validation dataset with PCR calibration for                               

aniline (top) and indole (bottom).. ....................................................................... 65 

4.1. (a) Calibration plot of β-bis(indolyl)methane. (b) UV-visible spectra                        

of β-bis(indolyl)methane in 95% ethanol. ............................................................ 79 



xvi 
 

4.2. ORTEP view of β-bis(indolyl)methane………………………………...…………….81 

5.1. Persulfate release profile for pellets with coatings A and B (organic)……………97 

5.2. Persulfate release profile for pellets with coatings A and B (inorganic). ............. 97 

5.3.  Pictures of diatomaceous earth pellets: (a) Uncoated; (b) Coating 1;                    

(c) Coating 2 ....................................................................................................... 99 

5.4.  Release profile for 20% FeSO4 pellets.. ........................................................... 100 

5.5. Molar ratio of persulfate to Fe2+ vs. time. .......................................................... 102 

5.6. TCE degradation profile. ................................................................................... 105 

5.7. Release profile for 1.0 g pellets with pre-mixed persulfate (n = 3). ................... 108 

A.1. Probe response under different exposure times ............................................... 118 

A.2.  GC-MS calibration plot with standard solutions of indole in petroleum            

ether. ................................................................................................................ 119 

A.3.   Plot showing b* axis values after exposure of the probe to indole in                    

the probe to indole in petroleum ether solutions. .............................................. 119 

A.4. UV-Vis calibration plots for Films A (top) and B (bottom). ................................ 120 

A.5. CIELAB calibration plots for Films A (top) and B (bottom). ............................... 121 

A.6. Visible spectra of solutions after extraction of astaxanthin from shrimp. .......... 122 

A.7. UV-Vis spectra of a solution of indole in petroleum ether (10 µg mL-1)                     

before (black line) and after addition of 10-80 mg of SiO2. ............................... 122 

B.1.  Predictions on validation dataset with CLS calibration for aniline                            

(top) and indole (bottom) for a 15 min exposure time. ...................................... 124 

B.2.  Predictions on validation dataset with CLS calibration for aniline                        

(top) and indole (bottom) for a 30 min exposure time. ...................................... 125 



xvii 
 

B.3.  Predictions on validation dataset with PCR calibration for aniline                      

(top) and indole (bottom) for a 30 min exposure time.. ..................................... 126 

D.1.  Release profile for pellets with pre-mixed persulfate. ....................................... 129  



xviii 
 

List of Schemes 

Scheme             Page 

1.1. General sol-gel process. ....................................................................................... 8 

2.1. Enzymatic degradation of tryptophan to indole by bacteria. ............................... 17 

2.2. Reaction of indole with DMAB forming pink-colored product β-

bis(indolyl)methane…………………………………………………………………… 25 

3.1. Aromatic nitrogenated compounds present in aviation fuels. ............................. 50 

3.2. Reaction in the synthesis of yellow azo-compound from aniline. ........................ 60 

4.1. One product indicated for the Ehrlich reagent. ................................................... 74 

4.2.  Solvent-free, 1:2 reaction of DMAB with indole at the α-position with a cobalt 

manganese oxide nano catalyst ......................................................................... 75 

4.3. Reaction of DMAB with indole by the Ehrlich test, yielding                                    

β-bis(indolyl)methane. ........................................................................................ 76 

4.4. Proposed mechanism in the reaction of DMAB with indole, yielding β-

bis(indolyl)methane……………………………………………………………………82 

5.1.  Activation of persulfate by (a) a transition metal M and (b) UV/heat. .................. 89 

C.1. Chemical shifts predicted by the ChemDraw program…………………………..127 

  



xix 
 

Nomenclature and Abbreviations 

A  Absorbance 

AOP  Advanced oxidation process 

b  Pathlength 

BIM  β-Bis(indolyl)methane 

BFB  Bromofluorobenzene 

c  Concentration 

CLS  Classical Least Squares 

°C   Degree Celsius 

DART  Direct Analysis in Real Time 

DI  Deionized 

DMAB  p-Dimethylaminobenzaldehyde 

EC  Ethyl cellulose 

EPA  Environmental Protection Agency 

EtOH  Ethanol 

EtOAc  Ethyl acetate 

ε  Molar absorptivity 

g  Grams 

GC-MS Gas chromatography-mass spectrometry 

h  Hour 

ISCO  in-situ chemical oxidation 

K  Kelvin 



xx 
 

λ  Wavelength 

L  Liter 

m  Meter 

MeOH  Methanol 

mM  Milimolar 

M  Molar 

mol  Moles 

MΩ  Megaohm 

min  Minute 

mg  Miligram 

mg L-1  Miligrams per liter 

mL  Mililiter 

nm  Nanometer 

NMR  Nuclear magnetic resonance 

PCR  Principal Component Regression 

PEG  Poly(ethyleneglycol) 

PMMA Poly(methylmetacrylate) 

PS  Polystyrene 

PTSA  p-Toluenesulfonic acid 

R2   Coefficient of determination 

RSD  Relative standard deviation 

rpm  Revolutions per minute 

s  Second 



xxi 
 

t  Time 

TCA  Trichloroacetic acid 

TCE  Trichloroethylene 

TEOS  Tetraethylorthosilicate 

THF  Tetrahydrofuran 

TMOS  Tetramethylorthosilicate 

UV-Vis Ultraviolet-visible 

wt%  Weight percent 

µg  Microgram 

µg mL-1 Micrograms per microliter 

µL  Microliter 



1 
 

 

 

 

 

 

 

Part 1 

 

Introduction and background 

 

  



2 
 

1.1. Foreword 

Development of novel sensing mechanisms has been one of most active 

research areas, providing alternatives for chemical analyses that have been traditionally 

carried out by complex methods or instrumentation. An example is the use of optical 

detection with thin-film sensors or probes. Numerous applications of optical thin-film 

sensors have been reported in the literature, ranging from pH determination [1, 2] to the 

detection of gases [3, 4], metals [5, 6], and organic compounds [7, 8]. 

Control of food quality using new analytical techniques is an area of interest, as 

several parameters such as moisture, bacterial count, and other biomarkers are 

routinely monitored for quality assurance in the manufacturing processes [9]. Among 

these biomarkers, amines are a common indicator of bacterial breakdown of protein. 

Indole in particular has been observed in seafood and is correlated to seafood 

decomposition [10-12]. Amines are also analytes of concern in matrices such as fossil 

fuels, due to their effect on the storage stability [13,14]. Part of the research in this 

dissertation explores the determination of indole in food and fuel matrices, respectively. 

We have developed spectroscopic methods for indole analyses using doped polymer 

thin-film probes in shrimp and fuel matrices. In addition, colorimetric analysis of indole in 

shrimp has been developed using an inexpensive, hand-held color scanner (Color 

Muse™ [https://colormuse.io/]) coupled to cell phones. 

Non-selective advance oxidation processes (AOPs) have been actively studied to 

treat a wide variety of organic pollutants in ground and wastewater [15]. In-situ chemical 

oxidation (ISCO) is a form of AOPs that rapidly treats contaminants [16]. Common ISCO 

oxidants include persulfates such as K2S2O8, hydrogen peroxide, and permanganate. 
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However, these oxidizing species often have short lifetimes, limiting their applications 

[16]. Sustainable delivery of these oxidative species has been actively explored [17-19]. 

This dissertation also reports the development of a controlled release system involving 

the pelletization of persulfate and FeSO4 in diatomaceous earth. The system 

performance has been studied using trichloroethylene as the target pollutant.   

 

1.2. Analysis techniques used in the research 

1.2.1. UV-visible spectroscopy 

Irradiation of a molecule with light can result in the absorption of a photon. This 

leads to the transition from the ground state to an excited state [20]. Presence of 

delocalized electrons in organic compounds affects absorption in the UV-visible range 

of 180-800 nm. Functional groups leading to the absorption in the ultraviolet and visible 

region are called chromophores. For molecules in solution, vibrational states are 

affected by the solvent, causing the appearance of absorption bands rather than distinct 

peaks [21]. 

Beer’s law shows a quantitative relationship between the concentration of a 

species and its absorbance of light at a specific wavelength: 

 

 A = εbC Eq. 1 

 

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

optical pathlength (cm), and C is the concentration of the analyte (M). A typical UV-Vis 

spectrophotometer includes a light source and a monochromator. The light after the 
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monochromator then goes through a cuvette containing a solution of the analyte, and 

the intensity of the beam emerging from the analyte is then measured.  

 

1.2.2. Color space 

In color space, colors are described by their location in 3-dimensional (3D) 

geometric arrangements. Several color spaces have been proposed since the 18th 

century as our understanding for color perception has evolved [22]. An early theory by 

Young and Helmholtz proposed that human vision relied on the presence of sensors in 

the eye that are sensitive to three starting colors [23]. This tristimulus theory of color 

would eventually lead to the development of modern conventional color spaces. Since 

the observation of color is not uniform among individuals, one of the early tasks of the 

Commision Internationale de l’Eclaraige (CIE) was the development of a color space 

based on a standard observer. In 1931, the CIEXYZ color space was introduced, 

describing color by the coordinates in a sphere whose three axes are mutually 

perpendicular [24]. Each axis corresponds to a stimulus on the human eye to a certain 

region of the visible spectrum. However, a major disadvantage of this system was the 

lack of correlation between the geometric distance of two tones and their empirical 

perception among different colors [24]. In an effort to overcome this drawback and to 

unify the different schemes available for controlling color, the CIELAB space was 

developed in 1976 and it became popular for the specification of color differences.  

The CIELAB system describes three parameters, L*, a*, and b* (Figure 1.1). L* 

provides a measurement for lightness in a scale of 0-100, where zero corresponds to 

absolute black and 100 to white. The a* axis represents the green-red character (a* < 0 
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Figure 1.1. CIELAB color space. 

 

green, a* > 0 red), while b* denotes blue-yellow components (b* < 0 blue, b* > 0 yellow). 

Applications of this device-independent color space, particularly correlating CIELAB 

parameters to food quality parameters, can be found in the literature [25]. For example, 

for the estimation of anthocyanins in juice [26].  

 

1.2.3. Gas chromatography 

Chromatography is currently the most extensively used separation method. In the 

same way as extraction techniques, it consists of the partition of a solute between two 

phases. However, chromatography involves the immobilization of one of them, the 

stationary phase [20]. The solutes flow between the stationary and mobile phases 

through a separation column, eluting at different times depending on the distribution 

between them.  

Separation of a compound between stationary and mobile phases is governed by 

thermodynamic and kinetic factors. Thermodynamics affects the distribution constant 
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Kc, which is the ratio between equilibrium constants of the solute in the stationary and 

mobile phase. The magnitude of this distribution constant is affected by intermolecular 

and interionic forces between the phases, including Van der Waals forces and ionic 

interactions, hydrogen bonding, and charge transfer [27]. Kinetics affects the dispersion 

of the analyte on the column. As the stationary phase becomes increasingly wider 

during the elution process, the solutes tend to spread more, causing peaks to broaden 

[26]. An efficient chromatographic process considers parameters from both 

thermodynamic and kinetic effects in order to attain an optimal resolution amongst the 

analytes’ peaks. 

In gas chromatography (GC), the mobile phase is an inert gas, while the 

stationary phase is usually an open tubular column. GC is suitable for the separation of 

volatile compounds. The sample is injected with an air-tight syringe or autosampler into  

the injection port, where it is transported by the carrier gas along the capillary column. 

The column is contained inside the oven, which regulates the temperature of the elution 

and has a direct effect on the separation efficiency. A temperature gradient is regularly 

used to achieve an optimal balance between the resolution and elution time. A detector 

is coupled to the instrument to generate a measurable signal of the analytes eluting 

from the column. 

Several detectors are available that vary in performance. While some of them are 

considered universal based on the wide response to several analytes, others respond 

selectively only to certain categories of compounds. The mass spectrometer (MS) is a 

universal detector that relies on the ionizing the analyte, followed by a fragmentation of 

the resulting ions. These are then distributed and detected based on their mass-to-
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charge ratio (m/z). MS can provide information useful both for quantitative and 

qualitative analysis [28]. A diagram of a typical GC instrument is presented in Figure 

1.2. 

 

1.2.4. Overview of sol-gel process 

The sol-gel process refers to a series of reactions leading to the synthesis of 

ceramic or glass-like solids from small molecules as starting materials. Common 

precursors include organic silane alkoxides such as tetramethylorthosilicate Si(OMe)4 

(TMOS) and tetraethylorthosilicate Si(OEt)4 (TEOS). Inorganic precursors include 

sodium metasilicate Na2SiO3 [29]. Sol-gel synthesis involves an initial hydrolysis step, 

where O- H bonds are formed, and a condensation phase in which an expansion of the  

 

 

 

 

 

Figure 1.2. Basic diagram of typical GC-MS instrumentation. 
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molecular network occurs (Scheme 1.1). A drying or curing period then follows to expel 

water from the gel [30]. 

Several factors affect the gel formation. The hydrolysis step is typically catalyzed 

by either an acid or a base, resulting in gels with different characteristics [29]. Gelation 

times vary depending on the concentration of acid or base, temperature, water fraction 

and solvent [31]. 

 

1.3. Summary of dissertation parts  

There are two central themes in this dissertation. Parts 2-4 focus on the 

development and application of an optical thin-film probe for the detection of indole and 

aniline. Part 5 reports our studies of the control release of potassium persulfate and 

Fe2+ for contaminant remediation.  

 

 

 

Scheme 1.1. General sol-gel process. 
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1.3.1. Part 2 

We have studied the incorporation of an Ehrlich-type reaction in an optical probe 

for the assessment of shrimp freshness. Simplex optimization is performed to enhance 

the probe response. An organic solvent has been used to extract indole from shrimp 

and expose the probe to the recovered organic fraction. A limit of detection (LoD) of 

0.05 mg L-1 is calculated for UV-Vis spectroscopic detection. Additionally, a CIELAB 

portable colorimeter has been used as a detection technique, achieving an LoD of 0.31 

mg L-1. Interference studies and the effect of film thickness are discussed, along with a 

comparison of other reports in the literature.  

 

1.3.2. Part 3 

Part 3 describes the use of the probe for the detection of indole and aniline in 

kerosene for potential applications in aviation fuels. We have explored the differences in 

the response of the probe to indole and aniline. Studies to estimate the selectivity of one 

analyte over the other are presented. In addition, we discuss attempts to achieve the 

simultaneous determination of both analytes by chemometric techniques (e.g., classical 

least squares and principal component regression).  

 

1.3.3. Part 4 

Studies to clarify the sensing mechanism in Parts 2-3 are presented here. 

Numerous reports in the literature give conflicting structures for the colored product from 

the reaction between indole and p-dimethylaminobenzaldehyde (DMAB). Part 4 

discusses our studies of the product, including its synthesis and characterization. We 
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have found that the reaction occurs at the β position of indole. The 2:1 (indole:DMAB) 

stoichiometry of the reaction is confirmed. These findings are used in Parts 2-3 of the 

dissertation to assess the maximum saturation of the thin-film probe and the probability 

of other indole-like species to react with DMAB in the probe. 

 

1.3.4. Part 5 

Initial studies to develop pellets for the control release of persulfate are 

described. The effects of sol-gel coatings and mixtures on the pellets made with 

diatomaceous earth on the release of the oxidant have been investigated. To initiate the 

oxidative process by persulfate, we have investigated the use of Fe2+ ions as an 

activator and studied its control release. Furthermore, we have studied the use of such 

control-release pellets in the degradation of trichloroethylene (TCE) in water, reducing 

its concentration from 15 mg L-1 to below the limit of detection.  

 

1.3.5. Part 6 

A summary of the dissertation is presented with emphasis in potential 

commercial applications and recommendations for future work.  
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R.A. Federico-Perez proposed the study, conducted experimental work, 

interpreted the results, and prepared the manuscript. Dr. Z.-L Xue supervised the work.  

 

Abstract 

Indole is a chemical from the decomposition of shrimp and is used extensively to 

indicate seafood freshness. US Food and Drug Administration (FDA) sets its 

concentration of <25 µg/100 g shrimp as the threshold for Class I (fresh shrimp). A 

novel optical probe is reported to quantitatively analyze trace indole in shrimp, including 

the Class I threshold concentration. Based on an Ehrlich-type reaction, UV-visible 

spectroscopic analysis of indole in petroleum ether gives a limit of detection (LoD) and 

quantification (LoQ) of 0.05 and 0.16 µg mL-1, respectively. For 25 µg indole/100 g 

shrimp extracted into petroleum ether, the probe successfully detects it and the color 

change is visible to the naked eye. Analysis of the probe response by a UV-visible 

spectrometer leads to quantification of 25 µg indole/100 g shrimp, when recovery is 

accounted for. When a handheld colorimeter, based on the CIELAB color space, and a 

smartphone with Bluetooth connectivity are used, the probe demonstrates similar 

sensitivity for indole in shrimp. The current probe is made of 4-

(dimethylamino)benzaldehyde (DMAB) and catalyst p-toluenesulfonic acid (PTSA) in 

thin films. Indole in shrimp samples after extraction reacts with DMAB to give red β-

bis(indolyl)methane. 
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2.1. Introduction  

Shrimp consumption has steadily increased, depending heavily on imports to 

meet the market needs [1]. Such high demand for imports has motivated the need for 

rapid methods to evaluate shrimp freshness. The US Food and Drug Administration 

(FDA) relies on organoleptic assessment for the quality classification of shrimp. 

However, quantitative indole determination is used for confirmation and classification of 

the seafood freshness. Indole is produced as a byproduct of the bacterial degradation of 

tryptophan residues in proteins by the enzyme tryptophanase, in addition to pyruvate 

and ammonium (Scheme 2.1). Numerous microorganisms are indole-positive, and this 

characteristic has been utilized as a test for phenotypical characterization of bacteria. 

Therefore, the presence of indole at high concentrations suggests a failure to meet 

Good Manufacturing Practices (GMPs) during harvesting and processing. The FDA 

categorizes shrimp quality in three distinctive classes. Class I (passable) corresponds to 

samples ranging from fresh to characteristic odors, with an indole concentration of <25 

µg/100 g shrimp. Classes II and III are indicative of slight and definitive decomposition, 

respectively. Indole levels of >25 µg/100 g correspond to these two latter classes [2]. 

 

 

 

Scheme 2.1. Enzymatic degradation of tryptophan to indole by bacteria [12]. 
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Methods for the determination of indole in shrimp and other fish products have 

been reported in the literature. In general, solvent extraction is coupled with colorimetric 

[3-5], fluorescence [6], voltammetric [7,8], HPLC [9,10] or GC (gas chromatography) 

detection [11]. Currently, HPLC with fluorescence detection prevails as the FDA 

recommended method for indole determination in shrimp [10]. The reported methods 

typically rely on instrumentation in a central location and are difficult to adapt into a 

rapid field test. In addition, the indole detection in the literature generally involves  

several time-consuming extraction steps. Snellings and coworkers have presented a 

simplified extraction technique that, when coupled to a solution test through a reaction 

with DMAB, colorimetrically quantitates indole in shrimp, achieving 68.7% derivatization 

of original indole [4]. 

Recently, color-sensing processes based on digital RGB (red, green, blue) 

parameters have been reported [13-16]. Digital cameras with the RGB parameters 

make it more convenient to analyze color development than desktop instruments. 

Nevertheless, a disadvantage of using RGB parameters is that it does not match closely 

with the human sense of color [17]. The CIELAB color space was first introduced in 

1976, and it provides more uniformity than the RGB parameters in terms of visual color 

perception and position in a coordinate system when compared to earlier color spaces 

[18]. Each color is defined according to its contribution on three axes: L* for lightness (0-

100), a* for red/green character (green < 0, red > 0), and b* for blue/yellow character 

(blue < 0, yellow > 0). As a device-independent reference, the CIELAB color space has 

found numerous applications. Sant'Anna and coworkers offer a comprehensive review 

of the use of CIELAB parameters and their correlation to the content of bioactive 
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compounds by direct measurements on fruits and vegetables [19]. Several particularly 

portable CIELAB color readers are now available in the market. We have recently used 

a handheld colorimeter (Node Chroma™) and CIELAB for a quantitative, colorimetric 

probe to determine hydrogen sulfide gas concentration [20]. 

Simplex optimization evaluates the effect of several parameters on the 

performance of the analysis. Unlike univariable optimization procedures, where the 

influence of each factor is explored one at a time, the simplex algorithm reduces the 

number of experiments required to reach an optimal set of conditions [21]. The use of 

the basic simplex algorithm for the optimization of flow preconcentration systems, for 

example, has been shown [22,23]. 

Development of a solid sensor to detect indole in vapor phase has been reported 

[24,25], which mostly depends on the naked-eye detection of the color. To our 

knowledge, no optical probe for the detection of indole in solution has been reported. 

We have developed a thin-film probe for indole. Ethyl cellulose thin films, containing 4-

(dimethylamino)benzaldehyde (DMAB) and an organic acid as catalyst for the Ehrlich 

reaction, is used for the probe. Formation of a color product in the probe is monitored by 

either a UV-visible spectrometer or a portable tristimulus CIELAB color reader (with a 

mobile phone through Bluetooth connectivity). The composition of the thin film probe 

has been optimized by the basic simplex algorithm. The new probe is highly sensitive, 

quantitatively analyzing trace indole in shrimp, including the Class I threshold 

concentration of <25 µg/100 g shrimp between “passable” and “slight decomposition.” 

The current optical probe offers a simpler, low-cost procedure for analysis of indole in 

shrimp with potential for field use than the HPLC-based method. 
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2.2. Materials and methods 

Ethyl cellulose (90-110 mPa, TCI America), 4-(dimethylamino)benzaldehyde 

(DMAB, Certified ACS, Fisher), p-toluenesulfonic acid monohydrate (PTSA, Fisher, 

99%), indole (Acros, 99+%), petroleum ether (certified ACS, Fisher, b.p. range 36-60 

°C), trichloroacetic acid (Alfa Aesar, 99%) and ethanol (Decon Labs, 100%) were used 

as obtained. Spectra were collected in an Agilent 8453 UV-Visible spectrophotometer. 

L*a*b* parameters were measured using a MUSE™ colorimeter (about $50) by 

Variable, Inc. (Chattanooga, TN, USA) [26]. A single-speed Waring blender E8100 

(Eberbach corporation, Ann Arbor, MI, USA) was utilized on the extraction of indole 

from shrimp. GC-MS measurements were performed on a Hewlett-Packard HP 6890 

Series GC system with a HP 5973 mass spectrometer detector, equipped with a HP-

5ms Ultra Inert column (30.0 m × 0.25 mm i.d. × 0.25 µm film thickness). 2-methylindole 

(Alfa Aesar, 98+%) was used as an internal standard. Interference studies were carried 

out with skatole (3-methylindole, Alfa Aesar, 99%), catechol (Acros Organics, 99+%), 

melanin (MP Biomedicals), and 2-methylindole. 

 

2.2.1. Probe fabrication   

Ethyl cellulose (0.8 g) was dissolved in 15 mL of 1:1 ethanol/toluene by 

sonication. For a typical batch, 8.0 mg of DMAB was added to 1.0 g of the ethyl 

cellulose solution and 100 µL of a solution of PTSA in ethanol (0.1780 g mL-1 EtOH). 

The mixture was stirred for 15 min. Glass microscope slides were cut to obtain 1.2 × 0.8 

cm2 pieces. A film was deposited onto the glass slide by adding 60 µL of the polymer 

mixture to the surface of the slide that was spun at 2,500 rpm using an in-house spin 
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coater. The probe was dried in air overnight before weighing or use. Probes were stored 

in open air prior to use.  

Two thicker Films A and B have also been prepared and studied in order to 

compare with the probe. Details of their preparation are given in supplemental 

materials.  

 

2.2.2. Probe optimization  

Basic simplex optimization was used to determine the formulation of the polymer 

mixture. A basic simplex method uses a sequence of displacements of an initial 

experimental design with the purpose of discarding areas of unfavorable performance. 

We used the absorbance of the probe after a 30 min exposure to 10 mL of 0.5 µg mL-1 

indole to assess the performance of the formulation. The following three variables were 

optimized: DMAB, PTSA, and EC solution. Table 2.1 describes the original design 

conditions and the variation steps utilized to apply the basic algorithm. Additionally, a 

probe response vs. time profile showing the color development of the probe was 

constructed by exposing several probes under the same conditions as described above, 

but each with a different exposure time (2-70 min). A consistent exposure time was 

selected based on this profile. 
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Table 2.1. Initial values and variation steps for simplex optimization 

Variable (per batch) Initial value Variation step 

DMAB content (mg) 6.0 4.0 

PTSA content (mg) 10.0 10.0 

Ethyl cellulose content (mg) 800.0 200.0 

 

 

2.2.3. Indole extraction 

Commercial pre-frozen, head-off shrimp was obtained from a local supermarket. 

A sample of 20 g of peeled and deveined shrimp was spiked with 50 µL of 100 µg mL-1 

stock solution of indole in petroleum ether (equivalent to 25 µg/100 g of shrimp). A 5% 

aqueous solution of trichloroacetic acid (10 mL) of and 50 mL of ice-cold petroleum 

ether were added to the spiked sample in a single-speed Waring blender with an 

aluminum foil lined cap and homogenized for 1 min. After rinsing the walls with DI water, 

the sample was blended for an additional 30 s. The mixture was distributed in six 10-mL 

conical tubes and centrifuged at 3,200 rpm for 10 min. The upper organic layer was 

recovered and the rest of the phases were homogenized again after adding 15 mL of 

petroleum ether. After a second centrifugation, the total recovered volume of petroleum 

ether was stirred with 50 mg of silica gel for 30 s. Volume of the organic phase was 

reduced to less than 10 mL under a nitrogen gas flow overhead. After concentration, 

each solution was added petroleum ether in a volumetric flask so its volume was 10.0 

mL. 
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2.2.4. UV-Vis/CIELAB measurements 

Probe calibration was conducted by exposing the coated glass slides to 10 mL of 

standard indole solutions at different concentrations for 30 min under magnetic stirring 

at 1,200 rpm. Spiked sample extracts were exposed in a similar fashion. Unspiked 

shrimp was extracted via the aforementioned procedure and used as a blank. Then, the 

probes were allowed to dry in air and UV-visible spectra were collected by placing the 

slides in a quartz cuvette with a 2-mm pathlength. The polymer film on the probe was 

positioned to face the incident beam. Four measurements on different points along the 

length of the probe surface were taken and absorbance data were averaged to account 

for potential variations throughout the film. A Savitzky-Golay filter with a 10-point 

window was applied on average spectra, then baseline subtraction and peak fitting were 

performed using the OriginPro 8.1 software. Absorbance maxima (540 nm) were 

recorded.  

Similarly, CIELAB coordinates were obtained by placing the probe slides on a 

white background. The handheld colorimeter was calibrated with the manufacturer-

supplied calibration cap before measurement. It was placed directly on top of the probes 

at 6 different points, and L*, a*, and b* parameters were recorded to obtain average 

values. Illuminant and observer angle were set at D50 and 2°, respectively. 

 

2.2.5. GC-MS determination 

To establish a comparison, GC-MS analysis was performed at a constant flow 

rate of 1.0 mL min-1 using helium as a carrier gas. Temperature was ramped from 100 

°C to 240 °C at 13.4 °C min-1. Indole standards in petroleum ether (25 mL) were 
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prepared by diluting the corresponding volume of a 100 µg mL-1 stock solution of indole, 

adding 0.2 mL of 2-methylindole (1 µg mL-1) as an internal standard, and diluting to the 

mark.  

 

2.3. Results and discussion 

2.3.1. Sensing mechanism 

The probes show a visible gradient of the red color based on the Ehrlich-type 

reaction that correlates with increasing indole concentrations. The reaction with DMAB 

forms a red product -bis(indolyl)methane (λmax 536 nm, ε = 1.0 × 102 M-1 cm-1 in 

ethanol solution) that includes two indole moieties cleaved at the β position as a result 

of the nucleophilic addition onto DMAB (Scheme 2.2). There have been confusions in 

the literature regarding the nature of the reaction and structure of the product [27-31]. 

Reactions involving both 1:1 and 1:2 DMAB/indole have been reported [32,33]. In 

addition, different sites on the indole ring were reported for the reaction. We have  

recently confirmed the nature of both the site of the reaction and stoichiometry [34]. An 

extended discussion on this issue can be found in Part 4 of this dissertation.  

Several polymers were tested to find a matrix that would give stable films upon 

exposure to potential solvents used in extraction (Table A1). After the polymers giving 

stable films were identified, the films were exposed to a concentrated indole solution 

(1% m/v) to determine whether indole would diffuse into the films. Ethyl cellulose in a 

1:1 ethanol/toluene solution provided both film stability and an initial naked-eye 

response. It was selected as the polymer matrix for the probe for further optimization.  
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Scheme 2.2. Reaction of indole with DMAB forming pink-colored product β-

bis(indolyl)methane. See Scheme 4.3 in which β-bis(indolyl)methane is formed from the 

reaction of DMAB with indole in solution with HCl as catalyst. 

 

Given that the Ehrlich-type reaction is acid-catalyzed (Scheme 2.2), developing a 

formulation for the ethyl cellulose film containing both DMAB and an acid inside is 

essential for the sensing. Earlier formulations of the probe employed a diluted HCl 

solution in the films, which caused a non-uniform response over the probe surface. We 

then turned to solid organic acid p-toluenesulfonic acid (PTSA) and developed the 

current procedure and formulation to incorporate it into the probe. Unlike volatile HCl 

acid, non-volatile PTSA allows for consistent acid concentration in the probes. 

 

2.3.2. Probe optimization 

As a sequential method, simplex optimization implies the movement of an initial 

set of conditions across the experimental design in order to obtain an area of optimal 

response. We have applied it to optimize our probe formulation using absorbance at 

540 nm as a response parameter. In theory, a larger amount of DMAB embedded into 

the film would translate into a larger linear range for our analysis. However, such 
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formulations with higher DMAB concentrations produced less transparent films 

compromising subsequent optical analysis. Thus, an initial set of values were chosen to 

optimize three variables in the formulation of the probe. By adding a variation step to 

each value using the basic simplex algorithm, a set of four experiments (hereafter 

denominated vertices) was obtained. The simplex comprises the geometrical figure 

delimited by n+1 vertices, where n is the number of variables to optimize. In this 

manner, the 4 initial vertices (Table 2.2) were established and tested to determine the 

one with the lowest response. We utilized the basic simplex algorithm, in which the 

variation steps for each initial value are kept constant. Subsequent vertices were 

calculated by reflecting the experiment with the lowest absorbance (vertex W) through 

the rest of the vertices. The coordinates of this new reflected vertex (R) are obtained by 

Eq. 3.1: 

 

 R = 2M – W Eq. 2.1 

 

M corresponds to the coordinates of the midpoint among the rest of the vertices. The 

coordinates of the midpoint can be calculated by Eq. 2.2: 

 

 𝑀 =  
1

𝑛
 ∑ 𝑣𝑗

𝑛
𝑗≠𝑖  Eq. 2.2 

 

where n represents the number of variables (n = 3 for this case) and j corresponds to 

each remaining vertex after discarding W (denoted here as i) [21]. 
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Further reflection on the least favored vertices showed that optimal conditions 

correspond to those on initial vertex 3. Hence, all further tests were conducted utilizing 

the formulation described for experiment 3 (Table 2.2). 

The response of the probe to 10 mL of 0.5 g mL-1 indole in petroleum ether, 

which corresponds to the concentration of the indole solution extracted from 25 g/100 

g shrimp, was then tested by exposing ten probes to different times (n = 1 for each 

exposure time). A probe response vs. time profile is shown in Figure 2.1. In about 20 

min, the probe response started to level, reaching initial saturation. After 40 min, the  

 

 

Table 2.2. Summary of simplex optimization experimentsa 

Experiment Vertex DMAB (mg) PTSA (mg) EC solution (mg) Absorbance 

1 I 6.0 10.0 800.0 0.038 

2 I 10.0 10.0 800.0 0.018 

3 I 8.0 18.7 800.0 0.097 

4 I 8.0 12.9 964.0 0.039 

5 R(2) 5.0 18.0 909.0 0.025 

6 R(1) 11.0 18.0 909.0 0.024 

7 R(3) 8.0 12.9  636.0  0.017 

aI: initial, R: reflection; For example, R(2) is the vertex formed by reflection of 2 through 

1,3, and 4.  
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Figure 2.1. Probe response vs. time to 10 mL of 0.5 µg mL-1 indole solution in 

petroleum ether. 

 

absorbance of the probe started to increase again. Given that DMAB is irreversibly 

depleted in the reaction with indole (Scheme 2.2), we think that film porosity perhaps 

increased after 40 min, exposing the remaining DMAB in smaller pores to indole, 

leading to the new response at the later stage. However, for consistency, we selected 

30 min as the exposure time for subsequent tests of the probe. 

 

2.3.3. Probe response to indole in petroleum ether solutions and analysis by 

visible spectroscopy 

When the probe was exposed to 10 mL of 0.1-3.0 µg mL-1 indole solutions in 

petroleum ether, it gradually turned from colorless to pink, forming -
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bis(indolyl)methane. Photos of the probe to 0.1-3.0 µg mL-1 indole solutions are given in 

Figure 2.2. 

The formation of the colored product in the probe is evidenced by the 

appearance of a peak at 540 nm (Figure 2.2-a). Absorbance at 540 nm shows a linear 

dynamic range between 0.1 and 3.0 µg mL-1 (Figure 2.5-b). At higher concentrations 

(>3.0 µg mL-1), the probe reached the saturation of its response.  Although a larger 

dynamic range was observed for 15 min exposure time (Appendix A, Figure A1), we 

have used 30 min for subsequent experiments due to its enhanced sensitivity. The limits 

of detection (LoD, 3σ/s; s = slope of the calibration plot) and quantification (LoQ, 10σ/s) 

for the probe are 0.05 µg mL-1 and 0.16 µg mL-1, respectively. 

GC-MS analysis of the 0.1 and 3.0 µg mL-1 indole solutions was performed to 

compare with that of the UV-visible spectroscopy. Results are given in the 

supplementary materials. A linear response (0.998) was observed in the range of 0.25-

10 µg mL-1 (Figure A2), showing the LoD and LoQ of 0.14 µg mL-1 and 0.48 µg mL-1, 

respectively. Unlike the probe’s response, the GC-MS analysis failed to detect <0.25 µg 

mL-1 indole solutions. In other words, sensitivity of the probe by UV-visible spectrometer 

is higher. In particular, as analyzed below, the probe sensitivity is adequate to analyze 

indole in Class I (fresh shrimp). Our probe, however, showed a shorter linear range 

when compared to GC-MS. 
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Figure 2.2. (a) Visible spectra of the probe showing response to increasing indole 

concentrations. (b) Calibration plot using the absorbance at 540 nm. (c) Photos of the 

probe to 0.1-3.0 µg mL-1 indole solutions. 
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2.3.4. CIELAB detection 

Probe response by the CIELAB color space using the portable colorimeter 

MUSETM was also evaluated, showing a good correlation (R2 = 0.990) on the a* (the 

red/green axis) parameter (Figure 2.3-a). The L* (lightness) values on Figure 2.3-b 

showed a negative correlation (R2 = 0.982), as the probe became more opaque upon 

exposure to higher indole concentrations. The a* values are thus preferred than the L* 

parameters. No correlation was observed for the b* values (Figure A3). 

For the values on the a* axis, the LoD and LoQ are 0.31 and 1.02 µg mL-1, 

respectively. These limits are larger than those using the Agilent 8453 UV-Visible 

spectrophotometer. In other words, the portable colorimeter is not as sensitive as the 

spectrophotometer, although the colorimeter is much cheaper and easier to use [35]. 

The lower sensitivity by the colorimeter is perhaps expected since it is based on 

reflectance from the polymer surface. The absorbance spectroscopy is more sensitive, 

because of a longer pathlength from the film of the probe. It should be pointed out, 

however, that the sensitivity of the MUSE portable colorimeter to the probe is adequate  

for the analysis of indole extracted from Class I (fresh) shrimp, as the discussion below 

shows. Its low cost ($50) and cell phone connectivity are particularly attractive. 
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Figure 2.3. (a) Calibration plot with a* axis values showing correlation with indole 

concentration. (b) Calibration plot with the L* axis values. 
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2.3.5. Effect of film thickness 

Tests have shown that the process to make the probe gives the thinnest film. The 

tests are given in supplementary materials. In order to find the effects of film thickness 

on sensor response, we have fabricated two different thicker films (Films A and B) than 

our probe. Film A, with the mass of 0.85 ± 0.23 mg (n = 7), was prepared by adding a 

second layer of the polymer mixture on top of Film A through spin-coating at 2,500 rpm. 

Film B, with the mass of 1.90 ± 0.29 mg (n = 7), was fabricated by direct drop-coating of 

the polymer mixture (25 µL) onto the substrate without spinning, followed by drying 

overnight. Using the mass of 0.64 ± 0.07 mg of the probe, it is estimated that Films A 

and B are about 1.3 and 3 times, respectively, of the thickness of the probe. Table 2.3 

summarizes the calibration parameters for each probe in the range of 0.1-3.0 µg mL-1 of 

indole for both UV-visible and CIELAB color space detection.  

Even though the thicker Films A and B have a longer optical pathlength, they are 

both less sensitive than the regular thin film. It is not clear why. Perhaps the regular thin  

film makes the preconcentration of indole in the film easier and more efficient. In 

 

 

Table 2.3. Effect of film thickness on probe response 

Probe 
UV-Vis detection CIELAB detection 

Equation R2 Equation R2 

Probe y = 0.172x - 0.037 0.990 y = 19.0x + 3.354 0.991 

Film A y = 0.156x - 0.026  0.992 y = 17.5x + 1.560 0.993 

Film B y = 0.100x - 0.013 0.994 y = 14.9x + 0.325 0.994 
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addition, even with the same amount of indole in the film, the regular thin film with the 

smallest film volume would have highest indole concentration, leading to formation of 

more pink-colored product -bis(indolyl)methane. This may explain the larger 

absorbance and a* values and higher slopes for the regular thin film. Figures A4 and A5 

(Appendix A) shows calibration plots for thicker Films A and B. 

 

2.3.6. Interference studies 

The effects of skatole (3-methylindole), melanin, catechol, and 2-methylindole as 

potential interferences have been studied. Although indole has been reported as the 

primary product in the decomposition of L-Trp, indole-3-acetic acid (IAA) may also be 

generated as a metabolite by the following path: Trp → IAA → skatole (3-methylindole) 

[4, 36]. Guo and coworkers have reported that no reaction is observed between IAA and 

DMAB at room temperature [37]. Nevertheless, skatole can potentially form a purple 

product with DMAB (λ = 580 nm) under certain conditions at a slower rate than indole 

[4, 38]. Jensen and coworkers have shown that the metabolic degradation of tryptophan 

results in indole as a primary product, with the production of skatole at 15-20% of L-Trp 

[36]. Therefore, we exposed the probe to a mixture of 5:1 indole/skatole (0.5 and 0.1 µg 

mL-1, respectively). Our results show no significant skatole interference. There is <5% 

variation in the probe response to the mixture than the indole alone (Table 2.4).  

 Melanin has been reported to form colored products with DMAB after alkali fusion 

[39]. The presence of melanin in shrimp can be justified by a condition called melanosis, 

where brown spots are observed on the shrimp surface [40]. Our solubility test of 
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melanin, however, shows that it does not dissolve in water or petroleum ether. 

Consequently, it is unlikely to partition into the organic layer after the indole extraction.  

We have studied the effect of catechol since it can act as a precursor in the 

synthesis of some melanins [41]. We have exposed our probe to 0.1 mg L-1 catechol. 

The tests show no reaction between our probe and catechol (and no color 

development). In addition, when our sensor is exposed to a mixture of catechol/indole, 

the probe showed no significant variation (<5%, Table 2.4).  

We have also similarly investigated the effect of 2-methylindole, an indole 

analog. It does lead to larger variation (20%), as its β position as indole itself is available 

for the reaction with DMAB. However, since 2-methylindole is not a natural metabolite in 

tryptophan degradation [42], it is not expected to affect the current analysis of indole in 

shrimp. 

 

 

 

Table 2.4. Probe response to indole 0.5 µg mL-1 with the presence of interferents 

Interferent Mean absorbance (n = 3) 

None 0.053 ± 0.002 

Skatole (0.1 µg mL-1) 0.051 ± 0.002 

Catechol (0.1 µg mL-1) 0.051 ± 0.003 

2-methylindole (0.1 µg mL-1) 0.064 ± 0.015 
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2.3.7. Indole extraction 

In order to test the probe performance, shrimp samples were spiked with a 

standard solution of indole. Previous works have reported a wide range of solvent 

extraction methods, including steam distillation, ethyl acetate, petroleum ether, and 

hexanes [3-11]. Petroleum ether was used, as the ethyl cellulose film on the probe 

surface is stable in petroleum ether solutions. Other solvents caused ethyl cellulose to 

dissolve. Initially, petroleum ether was used with an aqueous carbonate buffer 

(NaHCO3/Na2CO3, pH 9.6) which was a protein precipitating agent that Chambers had 

reported [11]. However, adding petroleum ether to the shrimp sample in the buffer 

caused the sample to gelate after homogenization, impeding subsequent collection of 

the petroleum ether solution for analysis. We then used a 5% aqueous solution of 

trichloroacetic acid (TCA) [3,4] to promote protein denaturation and indole release from 

the sample matrix. No gel formation was observed with TCA. 

After extraction, the petroleum ether phase is light orange in color, which is 

indicative of the presence of astaxanthin (Figure 2.4). This carotenoid is taken by 

shrimp through its diet. Astaxanthin contributes to the characteristic red-orange 

pigmentation of shrimp [43] and has antioxidant activity. In a control test with no indole, 

no reaction was observed between DMAB and astaxanthin upon exposure to shrimp 

extract. However, astaxanthin is an interferent in indole detection by the current probe, 

as the carotenoid adsorbs to the probe surface and obstructs the optical measurements 

as the probe becomes more opaque. This interference is particularly significant, when 

the extract was concentrated and astaxanthin remained in solution, since it can partially 

dissolve the film due to its lipophilic nature. 
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Figure 2.4. Astaxanthin. 

 

Several solids, including silica gel, alumina gel, and ethyl cellulose, poly(2-

vinylpiridine), and poly(4-vinylpyridine), were tested to adsorb astaxanthin in the 

petroleum ether solutions, thus removing it from the extract. Disappearance of the 

extract solution color was monitored by UV-visible spectroscopy. Only alumina and 

silica showed a significant decrease in the peak of astaxanthin at 467 nm (Figure A6) 

and silica was the more effective than alumina, allowing subsequent detection of indole 

extracted from shrimp samples. Silica is effective in removing astaxanthin from the 

petroleum ether extract probably because surface Si-OH forms hydrogen bond with the 

–OH and C=O groups in astaxanthin. Adsorption with silica eliminated the need for 

further filtration steps as previously performed in reported extraction protocols 

[3,4,9,10].  

With the procedure described above, indole spiked in 20 g of shrimp samples at 

the 25 µg/100 g shrimp level (Class I) was successfully analyzed by the probe using 

either the UV-visible spectrometer or the MUSETM colorimeter. Change of the probe 

color to pink, when exposed to the petroleum ether extract, was also clearly observable 

to the naked eyes. Such a 20-g shrimp sample was expected to give 0.5 µg mL-1 of 

indole in the petroleum ether extract. Using the UV-visible spectrometer and the 
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calibration plot in Figure 2.2-b, the indole concentration was 0.31 µg mL-1, giving a 

mean recovery of (62.1 ± 2.6)% (n = 3; relative standard deviation (RSD) of 4.2%). 

Given that the recovery is consistent throughout repetitions, a correction factor (62.1%) 

may be applied for such tests [44]. The recovery is comparable to 68.7% that Snellings 

and coworkers reported [4]. Our additional tests showed that the silica gel, used to 

remove astaxanthin, also adsorbed indole in petroleum ether solutions (Figure A6), 

probably through H bonds between Si-OH and the N atom on indole. The –OH and C=O 

groups in astaxanthin and N-H group in indole both form hydrogen bond with silica. 

Thus, removal of the former by the silica gel inevitably leads to some loss of the latter.  

In addition, some indole may be left in the aqueous TCA solution when petroleum 

ether was used to extract it. In other words, both the use of the silica gel and TCA 

solution probably contributes to loss of indole in the extraction processes, giving the 

current 62.1% recovery. It should be pointed out, however, the procedure reported here 

has been optimized. In particular, the petroleum ether extract from the aqueous TCA 

solution is compatible with the thin film formulation on the probe, as discussed earlier. 

Other solvent mixtures dissolved the thin films on the probe. For the tests with 20 g 

shrimp at the 25 µg/100 g shrimp level, 0.31 µg mL-1 indole in the petroleum ether 

extract is significantly above the LoD (0.05 µg mL-1) and LoQ (0.16 µg mL-1) of the 

current probe. When the MUSETM colorimeter (the a* value) was used to analyze indole 

in the petroleum ether extract, the recovery was consistently 51.2  2.3% (n = 3; RSD of 

4.5%). Although the colorimeter is more convenient to use than the desktop Agilent UV-

visible spectrometer, the recovery here may suggest that it is less sensitive than the 

spectrometer. 
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2.3.8. Comparison with reported indole analyses 

The current method shows several advantages in comparison with reported 

approaches in indole detection and assessment of shrimp freshness. Electrochemical 

detection of indole by flow injection shows a limit of detection of 6.3 × 10-7 mol L-1 (0.074 

µg mL-1) [8], which is above the limit of the current probe. The incubation time of our 

probe is comparable to those using colorimetric solutions to analyze indole. Darko et al. 

show a hydroxylamine-based test that incorporates two consecutive incubation times of 

15 and 30 min prior to measurement [42]. A DMAB-based solution test by Snellings et 

al. requires a 15 min period [4]. When reducing the exposure time to 15 min, our probe 

shows a comparable linear range (Figure A2) to that of a commercial quantitative indole 

assay kit [45]. Furthermore, solution colors in the reported tests fade away [45,46]. In 

contrast, our probe response does not fade and is not constrained to a limited time 

window. 

It should also be pointed out that the use of the CIELAB colorimeter in the current 

work significantly enhances the portability of the probe for field use, making it much 

easier to analyze the freshness of shrimp than the traditional chromatography that is not 

only much more expensive but also requires a centralized location to conduct the 

analysis. Sample handling is simple for the current probe, as no acidic solution is used 

and large batches of the probe can be made at a time. For solution tests using DMAB, 

handling acid solutions is needed [3,4,33]. 
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2.4. Conclusion 

The procedure presented herein represents a sensitive method to determine 

shrimp quality using indole concentration as a parameter. Naked-eye detection of the 

color development correlates accordingly with either a visible spectrometer or with a 

portable CIELAB space-based colorimeter, showing a direct correlation between the a* 

parameter and the analyte concentration with a simple linear calibration. The probe 

incorporates sensing system with preconcentration of indole after a simple solvent 

extraction and, coupled with a handheld device, provides a simpler, low-cost, field test 

to determine if the indole level is in the Class I (passable). It can be adapted into a rapid 

test as an alternative to the FDA-approved process, involving indole extraction followed 

by HPLC-fluorescence analysis with dedicated, expensive instrument and trained 

personnel in a central location.  
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Simultaneous determination of aniline and indole 

in kerosene 
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Abstract 

 The optical probe described in Part 2 has been used for the simultaneous 

detection of aniline and indole in kerosene. Determination of these compounds in 

aviation fuels is of interest as these species reduce fuel stability when present in higher 

concentrations. We observe a larger sensitivity on response of the probe to aniline. The 

response to indole is observed when the probe is exposed to both analytes at the same 

time. Thus, we have explored the simultaneous determination of aniline and indole by 

the probe using a chemometric calibration with Classical Least Squares (CLS) and 

Principal Component Regression (PCR). Based on the fitness of the calibration model, 

an explanation of the non-linear behavior is presented. 
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3.1. Introduction 

Jet fuel consumption has steadily increased in the past 20 years, reaching a 

world consumption of approximately 5.4 million barrels per year in 2012. This 

represents a 40% increase in consumption from 1990 [1]. Fuel supply for aviation 

requires control of parameters such as energy density and combustion quality. Large 

quantities of high-energy, stable fuels are needed for aircrafts. Great interest has been 

put into the development of fuel mixtures that provide optimal performance and easy 

handling. Current, widely used guidelines for quality standards in jet fuel are included in 

ASTM D1655 in the US [2] and DEF STAN 91/91 in the UK [3]. Jet fuel is traditionally 

manufactured by fractional distillation of crude oil. Other sources and methods, such as 

oil shale, oil sands and synthesis gas through the Fischer-Tropsch process [4], have 

been used as well.  

Properties of fuel must be maintained within standards even after long periods of 

storage. In addition, the fuels need to give minimum accumulation of deposits during 

burning. 

Specifications for composition state that jet fuel aromatic content should not 

exceed 25% v/v [5]. The presence of aromatic compounds in jet fuel has an impact on 

both its thermal stability and suitability for use in aviation. Several studies have focused 

on the effects of nitrogen-containing aromatic compounds on the quality of jet fuel, 

mostly indoles, anilines, pyrroles, quinolines, and carbazoles (Scheme 3.1) [6]. For 

instance, anilines and indoles represent 64% and 18% of nitrogen compounds in 

petroleum based fuels. The N-containing compounds destabilize fuel and lead to 

formation of resinous products that form deposits. As demonstrated by Dahlin et al., 
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Scheme 3.1. Aromatic nitrogenated compounds present in aviation fuels. 

 

nitrogen heterocyclic compounds in low concentrations in fuels cause the formation of 

(3.5-10.2) × 107 g/mm2  gum deposits after just 6 days of storage [7]. Moreover, 

synergistic interaction of nitrogen compounds with other organic basis and acids found 

in fuel mixtures has shown to make the fuels less stable through the formation of 

deleterious compounds [8]. 

Jet fuel is used under high temperature conditions during flights. Polymerization 

of fuel components under heating may lead to the formation of deposits affecting the 

mechanical parts during flight. Methods for the characterization of jet fuel performance 

under such conditions include the fuel coker test (ASTM D-l660, IP 197) and the thermal 

oxidation stability test (ASTM D-3241, IP 323) [5]. The relationship between polar 

species concentration and deposit formation from fuels under thermal stress has been 

explored. Sobkowiak and coworkers have demonstrated an excellent correlation of 

mean carbon deposit developed after thermal treatment at 550 °C and 

indoles/carbazoles concentration in jet fuel [9]. 

Among traditional techniques utilized for the characterization of nitrogen-

containing compounds in fuels are mass spectrometry, X-ray, IR, HPLC, gas 

chromatography and XANES [10-12]. Potential drawbacks by these methods are the 

need for specialized equipment and off-site analysis, requiring sample transportation 
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and handling. Optical sensors are a valuable tool to overcome these disadvantages. 

Potential use of the optic probe in Part 2 for simultaneous analysis of indole and aniline 

is the focus of this Part. 

 

3.1.1. Chemometrics 

Modern analytical chemistry often relies on the acquisition of multivariate data to 

characterize a sample. As opposed to univariate measurements, current 

instrumentation is capable of extracting multivariate data to explore the properties of a 

system. The increase in data complexity has resulted in the extensive use of 

chemometrics in analytical chemistry. Svante Wold first introduced the term 

chemometrics in 1971 [13]. Massart and collaborators define chemometrics as a 

discipline used to “provide maximum relevant chemical information by analyzing 

chemical data and to obtain knowledge about chemical systems” [13]. 

 

3.1.1.1. Classical Least Squares method 

Classical Least Squares (CLS) method depends on the existence of a defined 

relationship between the measurement matrix and the component concentrations 

[14,15]. Beer’s law is the common illustration of this concept. Each wavelength exhibits 

an absorbance value that is directly proportional to the concentration of the analyte 

through a response factor (ε, molar absorptivity). This can be expressed in matrix 

notation as follows: 

 

 A = CK    Eq. 3.1 
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where A (m×n) is the matrix of calibration spectra, C (m×l) is the matrix of 

concentrations and K (l×n) is the matrix of response factors (εb, molar absorptivity times 

pathlength). 

 

In order to make predictions on concentrations based on known spectra, we 

calculate a solution on Eq. 3.2: 

 

 AK+ = Ĉ Eq. 3.2 

 

where A is the spectrum of the unknown, Ĉ is the matrix of predicted concentrations, 

and K+ is the pseudoinverse matrix of K.  

  

CLS is based on Beer’s law and assumes linear additivity of the responses, i.e., 

the calculated spectra are expected to be linear combinations of the original calibration 

spectra. A feature of the linear additivity is that all variability is assumed to be explained 

by the spectral features of the sample. Thus, for a CLS model to make effective 

predictions, all components found in the unknown samples must be included in the 

calibration set. When all components on a system are known and samples of the 

components can be easily obtained, CLS presents a straightforward interpretation of the 

calibration model used to make quantitative predictions on unknown samples.  
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3.1.1.2. Principal Component Regression method 

Another general chemometric technique is Principal Component Regression 

(PCR). Unlike CLS, it is not necessary to know all analytes and their concentrations to 

establish a PCR calibration. Rather than relying on a direct relationship between the 

concentration of an analyte and a measurable variable, PCR consists on regressing a 

subset of variables from the response matrix (i.e., spectra) to make predictions on the 

concentrations (Eq. 3.3).  

 

 C = AK   Eq. 3.3 

 

Where matrix C contains the concentrations, A is the response matrix (measurements) 

and K includes the coefficients that correlate the concentrations of each component to 

the intensity of their spectrum [15]. 

 

Finding this subset of variables from the original matrix implies the use of 

Principal Component Analysis (PCA) as a first step. PCA allows us to reduce the 

original variables to a lower number. These new variables explain most of the variability 

observed in the initial dataset, and they are denominated Principal Components (PCs) 

[16]. PCs often do not have a chemical interpretation. In order to determine principal 

components, Singular Value Decomposition is commonly used. The SVD algorithm 

decomposes the response matrix A in the following manner (Eq. 3.4): 

 

 A = USVT   Eq. 3.4 
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where U is the loadings, VT is a matrix containing the scores, and S is a diagonal matrix 

of singular values.  

 

The U matrix contains the coordinates of the samples along the PC axes. The V 

matrix contains the information about how the original measurements are related to the 

PCs. S is a diagonal matrix that explains the amount of variance each principal 

component describes (i.e., singular values). The columns in the U matrix contain the 

PCs, while the product of S and V matrices describe their “scores”. However, not all of 

them are retained in the final model. A fundamental step in PCR is choosing the 

adequate number of PCs, which is typically based on the percentage of variance in the 

experimental data they explain. This characteristic of PCR allows for the regression on 

relevant chemical information while discarding irrelevant variability (e.g., noise) that do 

not describe chemical changes occurring in it. 

 

3.2. Materials and methods 

3.2.1. Initial aniline and indole analyses 

 Individual analyses of aniline and indole in kerosene were conducted to 

understand the response of the probe to each chemical alone. In the preliminary tests, 

probes were prepared as described previously in Part 2. The probe formulation for initial 

tests of indole and aniline in kerosene was one prior to the simplex optimization 

described in Part 2, Table 2.2, Experiment 1. Indole and aniline were added to kerosene 

(98%, Ricca Chemical) to make solutions with indole and aniline concentrations of 0.1-

1.0 mg L-1 to simulate the matrix of a typical fuel sample.  
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Preliminary tests were also conducted with solutions containing both indole and 

aniline to determine the response of the probe after simultaneous exposure to the two 

analytes for 30 min. In the test solutions, aniline concentration was kept constant at 0.2 

mg L-1 and indole concentrations ranged from 0.1 to 1.0 mg L-1. 

 

3.2.2. CLS analysis  

In the tests for the CLS analysis, the probes optimized by the simplex method 

were used. Aniline and indole mixtures of known concentrations were used as 

validation. Each sample was run in duplicates. The calibration dataset consisted of the 

visible spectra of single-component solutions of 0.5 mg L-1 aniline and 0.5 mg L-1 indole. 

Duplicates for calibration spectra were averaged. The composition of validation samples 

is described in Table 3.1. 

The calibration and validation samples were exposed under different time and 

volume conditions to investigate the effect of the probe saturation on the predictive 

power by CLS analysis. Table 3.2 summarizes the exposure conditions on screening 

calibration sets. For each set of conditions, a calibration and a validation dataset were 

run. In addition to performing the baseline subtraction and smoothing as described in 

Part 2, spectra were normalized to unity. In order to apply CLS, we retained only the 

absorbance data at 380-700 nm. A pseudoinverse matrix for each analyte (K+) was 

calculated in Excel. Concentrations were calculated by multiplying this matrix by the 

absorption spectrum (response matrix A). 
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Table 3.1. Concentration of each analyte in CLS validation samples 

Sample 
Concentration (mg L-1) 

Aniline Indole 

1 0.25 0.75 

2 0.50 0.50 

3 0.75 0.25 

 

 

 

Table 3.2. Exposure conditions on screening calibration sets 

Set number Time (min) Volume (mL) 

1 
15 

5 

2 10 

3 
30 

5 

4 10 
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3.2.3. PCR analysis 

 A set of volume and exposure time conditions based on the previous CLS 

treatment were chosen for further studies. Concentrations of the solution mixtures are 

described in Table 3.3. From the 33 solutions, two subsets were designated as 

calibration (15) and validation (17) datasets. These samples encompass aniline and 

indole concentrations between 0 and 1.0 mg L-1 at different ratios, in order to account 

for variability on the response at different concentration levels. After the model was built 

with the calibration dataset, predictions were performed on the validation samples to 

assess the fitness of the calibration. Sample volume of 5 mL and time of 30 min were 

used as exposure conditions. 

A software developed in-house with C++ was utilized to perform PCR analysis. 

Visible spectra were used without modification. To correct for baseline variation among 

different spectra, a drift correction was applied based on modeling pseudo-Principal 

Components (pseudo-PCs). On this drift-correction approach, pseudo-PCs were 

modeled simultaneously with the PCs of the system. While the PCs describe the 

chemical signature of the analytes, the artificial pseudo PCs were of polynomial shape 

and modeled spectroscopically broad drift features. By concurrently modeling real 

spectroscopic signatures and baseline drift artifacts, an accurate description of real 

chemical features and instrumental artifacts was accomplished [17,18]. SVD was 

performed to calculate principal components. A predicted vs. known concentrations 

graph for each individual component was constructed. 
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Table 3.3. Concentrations used for PCR analysis 

Calibration set  Validation set 

Concentration (mg L-1)  Concentration (mg L-1) 

Aniline Indole  Aniline Indole 

0.10 0.75  0.0 0.50 

0.10 1.0  0.10 0.50 

0.20 0.70  0.10 0.25 

0.25 0.75  0.20 0.30 

0.25 1.0  0.30 0.20 

0.40 0.60  0.50 0.0 

0.50 0.10  0.50 0.50 

0.50 0.75  0.50 0.25 

0.50 1.0  0.60 0.40 

0.60 0.80  0.70 0.20 

0.75 0.25  1.0 0.10 

0.75 0.50  1.0 1.0 

0.80 0.60  1.0 0.75 

1.0 0.25  0.25 0.50 

1.0 0.50  0.75 0.10 

   0.75 1.0 

   0.75 0.75 
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3.3. Results and discussion 

3.3.1. Individual analysis of aniline and indole  

The response of probe to indole has been discussed in Part 2. In this case, 

exposure to indole solutions in kerosene showed the same red color development with  

a linear correlation (R2 = 0.988, slope = 0.031), as shown in Figure 3.1. 

When exposed to a solution of aniline, a yellow color appeared immediately in 

the probe. The characteristic yellow color can be explained by the formation of N,N-

dimethyl-4-[(phenylimino)methyl]aniline, a Schiff base. The reaction in Scheme 3.2 has 

been reported, obtaining a yellow-greenish powder that is commonly used as a dye [19]. 

A notable difference between the response of aniline and indole is the yellow color with 

aniline developed much faster. 

A linear correlation (R2 = 0.990; slope = 0.518) was found between the 

absorbance of the product at 432 nm and the concentration of aniline in the 0.05-1.0 mg 

L-1 range for a 30 min exposure time (Figure 3.2). Thus, the probe showed a higher 

sensitivity towards aniline than to indole as evidence by their calibration slopes. 

 

3.3.2. Simultaneous analysis of aniline and indole  

Due to the ability of the probe to sense both analytes individually, how the probe 

responds to one analyte in the presence of the other was investigated.  

 The signal of the indole product at 537 nm in mixture solutions showed a 

comparable response as that of the indole alone, as evidenced by similar slopes. 

However, when analyzing the product of aniline in the presence of indole, a more 

scattered response was observed (Figure 3.3-a). No significant overlapping between  
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Figure 3.1. Calibration plot for determination of indole in kerosene with probe. 

 

 

 

 

 

Scheme 3.2. Reaction in the synthesis of yellow azo-compound from aniline. 
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Figure 3.2. (a) Visible spectra of probe exposed to aniline. (b) Calibration plot for aniline 

concentrations. (c) Probe response to different aniline concentrations.  
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the peaks of the two products was observed (Figure 3.3-b). Thus, we initially conducted 

the simultaneous determination of both analytes by CLS. 

 

3.3.2. CLS analysis 

CLS analysis allowed for an initial assessment of the best set of conditions for 

the simultaneous analysis of the two analytes by the probe. Since saturation for aniline 

is reached in 30 min, we speculated that reducing the volume and/or exposure time may 

reduce the saturation. Table 3.4 shows the equation and R2 for the predicted vs actual 

concentration plot. The corresponding plots can be found in Appendix B. 

 

 

 

 

Table 3.4. Equations for the linear fit of the CLS predictions 

Time 

(min) 

Volume 

(mL) 
Analyte Equation R2 

15 

5 
Aniline y = 1.4021x + 0.034 0.8209 

Indole y = 0.4962x + 0.2647 0.7592 

10 
Aniline y = 1.8793x - 0.1667 0.9136 

Indole y = 0.3285x + 0.3260 0.8547 

30 

5 
Aniline y = 0.8786x - 0.0226 0.927 

Indole y = 0.4345x + 0.2278 0.630 

10 
Aniline y = 1.1016x + 0.0105 0.9502 

Indole y = 0.6784x + 0.0356 0.9012 
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Figure 3.3. (a) Calibration plot of indole with aniline concentration held at 0.2 mg L-1. (b) 

Corresponding visible spectra. (c) Color development of the probe. 
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In general, we obtain lower R2 values for a 15 min exposure time. Better slopes, 

closer to 1, are obtained by exposing the samples for 30 min. This is mainly because 

indole reacts with the probe more slowly. Thus, a longer exposure (i.e., 30 min) favors a 

more noticeable development of its colored product. However, the reaction of aniline  

with the probe reaches saturation in 30 min. From the results of CLS assessment, we 

have determined that linear additivity of the pure component spectra would not hold 

throughout the entire concentration range. This is a common assumption made on CLS 

calibration models [14]. Therefore, we subsequently explored PCR in order to model 

additional variability. The set of conditions used for further analysis was a 30 min 

exposure with 5 mL samples.  

 

3.3.3. PCR analysis 

Two wavelength ranges were tested to determine the optimal calibration range. 

The 375-600 nm range provided the best fit for the determination of both analytes. Five 

principal components were retained to explain maximum variance. The number of 

principal components selected was larger than the two analytes in order to model 

additional non-linear behavior in the system. Figure 3.4 shows a predicted vs. actual 

plot for this PCR calibration model. For aniline determination, the equation of the linear 

fit for this plot is y = 0.073x + 0.0005 (R2 = 0.773). For indole, the equation is y = 0.621x 

+ 0.2282 (R2 = 0.663). As shown in the graph, most predictions on validation samples 

for aniline result in an underestimation of the actual concentration. On the other hand, 

indole predictions result in an overestimation.  
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Figure 3.4. Predictions of the validation dataset with PCR calibration for aniline (top) 

and indole (bottom). Note that the dashed line is a 45° diagonal added as a reference 

for an ideal fit. 
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The reaction of either aniline or indole with p-dimethylaminobenzaldehyde 

(DMAB) is second order in nature [20]. We think that the non-linear kinetics of both 

reactions are responsible for the errors in the prediction samples. Faster color 

development of aniline is an indication of preferential reaction between DMAB and  

aniline. The limited amount of DMAB in the probe likely makes the nonlinearity of the 

probe more prominent. Based on the mass of the polymer film and the formulation of 

the original ethyl cellulose solution used to make the probes, DMAB content in the 

probe was expected to be 2.5 × 10-8 mol in each film. Assuming a quantitative reaction, 

complete saturation of the probe would be achieved with 5.0 × 10-8 mol of indole or 2.5 

× 10-8 mol of aniline. For 5 mL of analyte solutions, saturation is expected to be with 

1.20 mg L-1 indole or 0.46 mg L-1 aniline. 

Other factors may also lead to the different behavior observed for simultaneous 

analyses in comparison to the behaviors in their individual determination. Molecules 

with larger masses are known to give smaller diffusion coefficients [21]. Aniline (93.13 g 

mol-1) is slightly smaller than indole (117.15 g mol-1), which may affect their diffusion into 

the probe film prior to their reaction with DMAB. 

We have tested adding more DMAB to the probe. However, the approach 

resulted in more opaque films that were not appropriate as probes. Thus, this approach 

was not used. The current content in the probe was determined based on simplex 

optimization (Part 2, Section 2.3.2). 
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3.4. Conclusion 

 We have demonstrated that our probe can develop a sensitive response to both 

amines individually. Response to aniline is kinetically favored and shows a higher 

sensitivity than the response of the probe to indole. Although the presence of low aniline 

concentrations does not significantly affect indole determination, we have observed that 

increasing the amount of aniline in the system did compromise the accuracy of the 

predictions made by PCR calibration.  
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 Product in indole detection by Ehrlich’s reagent  
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 A version of this part was originally published in the following paper. Minor 

changed were made. 

 A.C. Lamb, R.A. Federico-Perez, Z.-L. Xue, Product in indole detection by 

Ehrlich's reagent, Anal. Biochem. 484 (2015) 21-23.  

 R. A. Federico-Perez conducted the literature review, identified the discrepancy 

regarding the nature of the indole reaction with Ehrlich’s reagent in the literature, and 

proposed the current study. He conducted the earlier studies of the reaction, made the 

product in small scale, and characterized the product β-bis(indolyl)methane. Dr. A.C. 

Lamb conducted the subsequent synthesis of the product in large scale, characterized it 

by NMR, and solved the crystal structure of the product. Dr. Z.-L Xue supervised the 

work. R. A. Federico-Perez and Dr. A.C. Lamb wrote the manuscript together. 

 

Abstract 

 Ehrlich’s reagent [p-dimethylaminobenzaldhyde (DMAB) in 95% EtOH with HCl 

as catalyst] is employed in spot tests of indoles, providing a diagnosis of, e.g., liver 

diseases, hemolytic processes, occlusion of the common bile duct, and carcinoid 

syndrome. Although the reagent has been widely used for over a century, it is not clear 

how many indole molecules react with a DMAB molecule and whether the reaction 

takes place at the α- or β-position of the indole molecule. Studies here show that the 

reaction of DMAB with indole in a 1:2 ratio gives β-bis(indolyl)methane. The reaction 

occurs at the β-position of indole under the conditions of the Ehrlich test, as confirmed 

by the crystal structure of β-bis(indolyl)methane.  
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3.1. Introduction 

For over 100 years, Ehrlich’s reagent has been employed in spot tests of indoles 

produced from tryptophan by bacteria or intracellular enzymes [1-4]. In these tests, if 

indole is present, a color reaction of p-dimethylaminobenzaldhyde (DMAB) with 

metabolites in urine provides a diagnosis of, e.g., liver diseases, hemolytic processes, 

occlusion of the common bile duct, and carcinoid syndrome [5]. Certain bacteria oxidize 

tryptophan, an amino acid, into several indolic metabolites, including indole itself [1-4], 

Ehrlich’s indole test determines which bacteria are present through the formation of a 

distinctive red product. Ehrlich’s reagent has also been used in spot tests of other 

compounds such as α-ketoglutaramate [6], guanidine compounds [7], urea [7] and 

pyrroles [8]. Two fundamental questions that have not been resolved in the use of 

Ehrlich’s reagent to detect indole are: (1) How many indole molecules react with a 

DMAB molecule; (2) Does the reaction take place at the α- or β-position of the indole 

molecule? 

A recent paper reported the spectroscopic determination of serotonin derivatives 

in safflower seeds. The detection is based on the reaction of Ehrlich’s reagent with 

indole, and it was suggested that this is a 1:1 reaction at the α-position of indole 

(Scheme 4.1) [9]. The reaction was carried out under the conditions of the Ehrlich test, 

i.e., 95% ethanol as solvent and HCl as catalyst. A handbook on the indole test [1] and 

other papers [10-12] suggested that the same 1:1 reaction occurs at the -position of 

indole. Kohno and coworkers have used Ehrlich’s reaction of indole with DMAB as a 

color sensor for indole vapor [10]. 
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Scheme 4.1. One product indicated for the Ehrlich reagent [9]. 

 

A recent paper reported a solvent-free, 1:2 reaction of DMAB with indole at 100 

C, using a cobalt manganese oxide nano catalyst, and indicated that the α-H atom of 

indole was removed (Scheme 4.2) [13]. No characterization of the product was 

provided. 

There have been studies of the reactions of indole and several indole derivatives 

with different aldehydes [14-17] under conditions different from those of Ehrlich’s 

reagent [1-5, 9-12]. For example, Bandgar and Shaikh reacted DMAB with indole in 

acetonitrile with 20% of I2, giving β-bis(indolyl)methane [14]. An and coworkers used a 

solvent-free, 1:2 reaction of DMAB with indole, with sulfamic acid as catalyst, to yield β-

bis(indolyl)methane [15]. 1H NMR spectrum of β-bis(indolyl)methane and its melting 

point are reported in this work [15]. Yang and coworkers have also reported the 

formation of β-bis(indolyl)methane from DMAB and indole in acetonitrile using  

CrCl3•6H2O/hydrogenated bis-Schiff base as catalyst [16]. β-bis(indolyl)methane was 

characterized by its 1H NMR and IR spectra and elemental analysis [16]. 
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Scheme 4.2. Solvent-free, 1:2 reaction of DMAB with indole at the α-position with a 

cobalt manganese oxide nano catalyst [13]. 

 

Handy and Westbrook have used a deep eutectic solvent (a combination of urea 

and choline chloride) for the reaction of DMAB with indole, forming β-

bis(indolyl)methane [17]. 

Since there is confusion regarding the structure of the product in the reaction of 

Ehrlich’s reagent with indole [1-5, 9-12], and the crystal structure of β-

bis(indolyl)methane has not been reported, we have studied the reaction of DMAB with 

indole under the conditions of the Ehrlich’s test (95% EtOH as solvent and HCl as 

catalyst). The studies show that p-dimethylaminobenzaldhyde (DMAB) reacts with two 

indole molecules at the β-position, yielding β-bis(indolyl)methane (Scheme 4.3). These 

features have been confirmed by single-crystal structure determination of β-

bis(indolyl)methane.  

Part 2 of this dissertation reported the development of a thin-film probe for the 

detection of indole. The present studies elaborate on the nature of the sensing 

mechanism previously discussed. 
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Scheme 4.3. Reaction of DMAB with indole by the Ehrlich test, yielding β-

bis(indolyl)methane. 

  

3.2 Materials and methods 

All reagents were used as received. p-dimethylaminobenzaldehyde (Certified 

ACS) and hydrochloric acid (Certified ACS Plus, 12.1 N) were purchased from Fischer 

Scientific. Indole (99+%) was purchased from Acros. Ethanol (95% in water and 100%) 

was purchased from Decon Labs, Inc. CDCl3 (Cambridge Isotopes) was stored over 5 Å 

molecular sieves. All NMR spectra were recorded on a Varian VNMRS-500 MHz 

spectrometer. UV-vis spectra were recorded on a Thermo Scientific Evolution 600 

spectrometer. Mass spectrum was recorded on a JOEL AccuTOFTM DART (Direct 

Analysis in Real Time) Mass Spectrometer. 

 

3.2.1. Synthesis of β-bis(indolyl)methane under the conditions of the Ehrlich test 

DMAB (1.040 g, 6.97 mmol) was dissolved in 95% ethanol (10 mL) at room 

temperature. HCl (0.7 mL, 0.5 M) was added dropwise to the ethanol solution of DMAB 

and stirred for 15 min. Indole (1.63 g, 13.9 mmol) was dissolved in 95% ethanol (10 mL) 

at room temperature. The ethanol solution of indole was added dropwise to the ethanol 

solution of DMAB. The reaction mixture was stirred for 18 h to ensure the completion of 

the reaction. Ethanol and water were removed by a rotary evaporator. After the removal 
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of ethanol by a rotary evaporator, it was found that water was hard to remove. 1H and 

13C{1H} NMR spectra of the product show that it is β-bis(indolyl)methane, and it is 

identical to the product obtained from the reaction in 100% ethanol described below. 

These observations prompted us to use 100% ethanol instead of 95% ethanol for 

subsequent studies. 

 

3.2.2. Synthesis of -bis(indolyl)methane in 100% ethanol with HCl as catalyst 

HCl (6.7 mL, 0.5 M) was added dropwise to a solution of DMAB (10.03 g, 67.2 

mmol) in 100% ethanol (100 mL) at room temperature and stirred for 15 min. An ethanol 

solution of indole (15.79 g, 135 mmol) in 100% ethanol (100 mL) was added dropwise to 

the ethanol solution of DMAB at room temperature. The reaction mixture was stirred for 

18 h. Slow evaporation of ethanol at room temperature over three days gave X-ray 

quality crystals of β-bis(indolyl)methane. The reaction mixture was filtered and 

concentrated to afford more crystals. The pink crystals were washed with warm 

hexanes and dried to give β-bis(indolyl)methane (20.37 g, 55.7 mmol, 83% yield). 1H 

NMR (chloroform-d1, 499.73 MHz, 23 C) of β-bis(indolyl)methane: δ 2.90 (s, 6H), 5.79 

(s, 1H), 6.66 (m, 4H), 6.98 (t, 2H), 7.14 (t, 2H), 7.20 (d, 2H), 7.32 (d, 2H), 7.39 (d, 2H), 

7.85 (br s, 2H); 13C{1H} NMR (chloroform-d1, 125.67 MHz, 23 C) of 3: δ 39.16 (CH3), 

40.81 (NMe2), 110.90 (Ar-H), 112.67 (Ar-H), 119.09 (Ar-H), 120.09 (Ar-H), 120.48 (C), 

121.76 (Ar-H), 123.46 (Ar-H), 127.20 (C), 129.24 (Ar-H), 132.33 (C), 136.71 (C), 149.06 

(C). 1H and 13C NMR assignments were confirmed by an HSQC (Heteronuclear Single 

Quantum Coherence) experiment. DART-MS: Calculated m/z = 366.1970 [β-

bis(indolyl)methane+H+]; Found m/z = 366.1956 [β-bis(indolyl)methane+H+]. 
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3.2.3. Synthesis of -bis(indolyl)methane with a 2:1 ratio of DMAB and indole 

HCl (1.3 mL, 0.5 M) was added dropwise to a solution of DMAB (2.00 g, 13.4 

mmol) in 100% ethanol (25 mL) at room temperature and stirred for 15 min. An ethanol 

solution of indole (0.78 g, 6.65 mmol) in 100% ethanol (15 mL) was added dropwise to 

the ethanol solution of DMAB at room temperature. The reaction mixture was stirred for 

18 h. 1H and 13C{1H} NMR spectra confirmed that β-bis(indolyl)methane was formed 

along with unreacted starting materials. 

 

3.3. Results and discussion 

Reaction of DMAB with indole by the Ehrlich test has been found to give a pink 

solid product. 1H, 13C{1H}  and HSQC NMR spectra of the product are consistent with β-

bis(indolyl)methane. The 1H NMR spectrum is the same as those reported for β-

bis(indolyl)methane [15,16]. Reaction of excess DMAB with indole in a 2:1 ratio was 

also studied. 1H and 13C{1H} NMR spectra showed that β-bis(indolyl)methane was the 

only product. We were not able to identify any intermediate in the reaction of DMAB with 

indole in either 1:2 or 2:1 ratio. 

The product β-bis(indolyl)methane has also been characterized by UV-visible 

spectroscopy and the spectra in 95% ethanol are given in Figure 4.1. In the visible 

range, the maximum wavelength of the pink β-bis(indolyl)methane is 536 nm. In 0.10-

5.0 mM, β-bis(indolyl)methane obeys the Lambert-Beer’s law with a molar extinction 

coefficient/absorptivity constant  = 1.0 x 102 M-1 cm-1. We also found that using 100% 

ethanol instead of 95% ethanol as solvent improved the yield of β-bis(indolyl)methane. 
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Figure 4.1. (a) Calibration plot of β-bis(indolyl)methane. (b) UV-visible spectra of β-

bis(indolyl)methane in 95% ethanol. 
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The ORTEP of β-bis(indolyl)methane is shown in Figure 4.2. Crystal data and 

structure refinement are given in Table C1 (Appendix C). CCDC No. for the structure is 

1856927 (https://www.ccdc.cam.ac.uk/). To our knowledge, this is the first 

characterization of β-bis(indolyl)methane by single crystal diffraction. The crystal 

structure of -bis(indolyl)methane confirms that two indole molecules react one 

molecule of DMAB. In the reaction, β C-H activation on indole leads to dehydration, 

yielding β-bis(indolyl)methane. 

The molecular structure of β-bis(indolyl)methane reveals that, since C(17) is an 

sp3 hybridized atom, there is no conjugation among the three aromatic components in 

β-bis(indolyl)methane. This is evident in the angles around C(17). As expected, the 

NMe2 group is conjugated with the phenyl ring it is attached to, as the NMe2 group is 

nearly co-planar with the phenyl group. Other bond lengths and angles are within the 

expected values. 

Confirmation of the features described above complement the characterization of 

of the indole probe described in Part 2. By elucidating the stoichiometry of the reaction, 

it is possible to estimate the amount of indole required to saturate the probe. In addition, 

the reaction on the β-position offers an explanation for the minor effect of other β-

substituted analogs in the sensing of indole.  

Proposed mechanism in the reaction of DMAB with indole is given in Scheme 

4.4. The  C atom in indole may be more electron rich than the  C atom (Appendix C, 

Scheme C.1) to initiate the nucleophilic attack on the carbonyl C atom in DMAB to give 

A. Subsequent break of the  C-H bond leads to the formation of B. Similar nucleophilic 

attack by the second indole molecule with OH- elimination yields  

https://www.ccdc.cam.ac.uk/
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Figure 4.2. ORTEP view of β-bis(indolyl)methane. Selected bond lengths (Å) and 

angles (°): N1-C1 1.3700(13), N1-C8 1.3787(13), N2-C9 1.3766(13), N2-C15 

1.3875(13), N3-C21 1.4122(13), N3-C24 1.4545(14), N3-C25 1.4623(14), C7-C8 

1.3678(14), C7-C6 1.4360(13), C7-C17 1.5114(13), C17-C18 1.5248(13), C15-C16 

1.3677(14). C1-N1-C8 109.05(8), N1-C1-C2 130.38(9), C7-C8-N1 110.09(9), N1-C1-C6 

107.41(8), N2-C9-C10 130.64(9), N2-C9-C14 107.50(8), C16-C15-N2 110.17(9), C21-

N3-C24 117.84(9), C21-N3-C25 116.66(8), C24-N3-C25 112.68(9), C22-C21-N3 

120.76(9), C20-C21-N3 121.88(9), C6-C7-C8 106.45(9), C8-C7-C17 127.81(9), C6-C7-

C17 125.71(8), C16-C17-C7 112.09(8), C16-C17-C18 115.08(8), C7-C17-C18 

111.87(8), C14-C16-C17 122.57(9). 
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Scheme 4.4. Proposed mechanism in the reaction of DMAB with indole, yielding β-

bis(indolyl)methane. 

 

C. Break of the  C-H bond from the second indole moiety in C gives the product 

bis(indolyl)methane and H+. Given the C-H bond activation and the likely sequential 

reaction with two indole molecules here, it is not surprising that this reaction is slower 

than the reaction of aniline with DMAB which involves a more nucleophilic N atom. 

 

3.4. Conclusion 

The current work has resolved two long-standing important questions. Indole 

reacts with DMAB in a 2:1 ratio in the Ehrlich test. The reaction occurs at the β-position 

of indole, yielding β-bis(indolyl)methane.  
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Control release of persulfate for in-situ chemical 

oxidation 
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Abstract 

 A system for the controlled release of potassium persulfate has been developed 

from pellets of diatomaceous earth for the oxidation of an organic contaminant. 

Fabrication of pellets containing potassium persulfate and their release profile have 

been studied. Sol-gel coatings on the pellets have been investigated to explore their 

effect on release rate of potassium persulfate. In addition, using sol-gel within the 

diatomaceous earth pellets and larger pellets, persulfate release for up to 21 h from the 

pellets has been obtained. We have also developed Fe2+-containing pellets to release 

Fe2+ ions for in-situ activation of the oxidant persulfate. Controlled-released persulfate 

and Fe2+ ions from the pellets have been used for the batch treatment of 15 mg L-1 

trichloroethylene (TCE) aqueous solution, giving residual TCE concentration of <0.06 

mg L-1 after 6 h and degradation of 93% TCE after 2 h. The approach herein may be 

used in the remediation of contaminated groundwater.  
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5.1. Introduction 

 Groundwater contamination significantly affects the drinking water supply. Water 

pollution is largely originated from anthropogenic sources due to residential, 

commercial, industrial, and agricultural activities. The transport of pollutants in 

groundwater generally involves an area of higher concentration denominated plume, 

which flows along the same path [1]. 

Due to the presence of a wide variety of organic pollutants in groundwater, non-

selective advance oxidation processes (AOPs) based on highly reactive intermediates 

have been applied for the remediation of the groundwater [2]. In general, AOPs aim at 

the generation of OH· radicals, which attack a wide range of organic molecules [3]. 

Several methods are possible to form these radicals, including Fenton and Fenton-like 

processes, photocatalysis, and use of H2O2 and O3 [3]. 

In-situ chemical oxidation (ISCO) is a form of AOPs that offers the advantage of 

rapidly targeting environmental contaminants by introducing oxidative species directly 

into the plume or contaminated site. Persulfate has been widely used as an ISCO agent 

for several applications [4, 5]. The persulfate ion (S2O8
2-) is an oxidant that produces  

free radical SO4
•- with an oxidation potential (E° = 2.6 V) comparable to hydroxide 

radicals (E° = 2.7 V). The process where persulfate radical is generated is called 

activation, and it can be thermally initiated or as a result of UV radiation or reaction with 

metal ions as shown in Scheme 5.1 [4]. 
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Scheme 5.1. Activation of persulfate by (a) a transition metal M and (b) UV/heat. 

 

A limitation on the efficacy of ISCO oxidant species is their very short lifetime, 

usually of less than one second [6]. Therefore, an important factor on their applications 

is the assurance that they reach contaminants with a sustained delivery. For instance, 

systems based on paraffin wax have been reported for the controlled release of 

persulfate [7-9]. However, this organic matrix is not desirable, as it consumes persulfate 

itself prior to reaching target compounds. 

Organohalides are a class of toxic compounds, mainly from their halogen atoms 

[10]. Trichloroethylene (TCE) is notorious for its prevalence and toxicological effects. 

TCE has had a widespread use since the early 20th century as a solvent for degreasing 

and dry cleaning, and as a chemical for paints and inks [11]. The Agency for Toxic 

substances and Disease Registry (ATDSR) ranks TCE the 16th among 275 compounds 

in the 2017 Substance Priority List (SPL). The SPL prioritizes compounds based on 

their toxicity, frequency, and likelihood of exposure at national priority sites [12]. In 

addition to acute effects such as headaches, dizziness, and skin sensitization, TCE has 

been regarded as a potential carcinogen [13]. Liang and collaborators have studied the 

oxidation of TCE by direct addition of persulfate and its activator to batch systems using 

thermal [14] and Fe2+ [15] activation.  

This Part investigates the delivery of persulfate and its activator Fe2+ ions from 
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their respective diatomaceous earth pellets for the degradation of TCE in water. 

Diatomaceous earth is a highly porous and amorphous solid material. It is 

predominantly composed of silica and it originates from fossil remains of unicellular 

microorganisms [16]. Its availability and low cost make it an attractive material as the 

support in the pellets. In contrast to reported methods that employ organic paraffin wax, 

our approach relies on the use of an inorganic material that does not consume oxidant.  

 

5.2. Materials and methods 

Diatomaceous earth (gift of Prof. Angel Palomino, Department of Civil and 

Environmental Engineering, University of Tennessee, Knoxville), sodium silicate (41° 

Baume, J.T. Baker), concentrated HCl and H2SO4 (Certified ACS Plus, Fisher), K2S2O8 

(Certified ACS, Fisher), and FeSO4·7H2O (Baker’s Analyzed) were used for pellet 

fabrication. KI (Alfa Aesar, 99%) and NaHCO3 (Fisher, Certified ACS) were used as 

received on the determination of persulfate. (NH4)2Fe(SO4)2·6H2O (iron(II) ammonium 

sulfate hexahydrate, Merck), hydroxylamine hydrochloride (Alfa Aesar, 99%), sodium 

acetate (ACS, >99%), glacial acetic acid (Fisher, Certified ACS), and 1,10-phenantroline 

(Alfa Aesar, 99+%) were used for Fe2+ determination. TCE (Acros Organics, 99+% extra 

pure) and 2-bromofluorobenzene (BFB, Acros Organics 99%, as GC internal standard), 

NaCl (Certified ACS, Fisher), acetone (Certified ACS, Fisher) and pentane (Certified 

ACS, Fisher) were used for TCE determination. Chloride measurements were made 

with a Cole-Parmer chloride ion-selective electrode, using sodium nitrate (Certified 

ACS) for the preparation of an ionic strength adjuster solution. 
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5.2.1. General procedure for the preparation of diatomaceous earth pellets 

 A portion of diatomaceous earth was mixed with K2S2O8 that had been previously 

ground to reduce particle size. The mixture was added into a 13-mm pellet die and 

pressed under 5-7 tons of pressure for 1 min in a manual bench top pellet press. Pellets 

were retrieved from the die for subsequent processing. 

 

5.2.2. Organic sol-gel coating 

Si(OMe)4 (tetramethyl orthosilicate or TMOS, Acros Organics 99%) was used as 

a precursor for the synthesis of the sol-gel. The molar ratio of water/TMOS/MeOH was 

4:1:4. For acid-catalyzed sol-gel coating A, the HCl molar ratio was kept at 0.05. For the 

base-catalyzed sol-gel coating B, a 0.02 molar ratio of NH4OH was used. Coating A was 

allowed to react overnight, whereas coating B was applied within 10 min of the reaction. 

A 0.4 g pellet with 15% potassium persulfate pressed under 7 ton was used. 50 µL of 

coating was directly added and distributed with a pipet tip on each face and the edge of 

the pellet. 

 

5.2.3. Inorganic sol-gel coating 

A solution of 0.4 M HCl (4 mL) was added dropwise to 1.25 g of sodium silicate 

under stirring. Diatomaceous earth (0.4 g) was mixed with it and the suspension was 

allowed to cure for 1 h at room temperature, followed by drying for 2 h at 100 °C. The 

mixture was ground and dried again for an additional hour. After grinding a second time, 

the modified diatomaceous earth was ready for further processing.  

A portion of K2S2O8 (15% w/w) was mixed with diatomaceous earth prepared as 
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described above, for a total nominal mass of 0.2 g. FeSO4·7H2O (20% w/w) pellets were 

prepared in a similar manner with a total mass of 0.2 and 0.3 g. Each mixture was 

pressed (5-ton) on a cylindrical press die and stored prior to use.  

 In order to study the persulfate release profile under different conditions, a sol-

gel coating was applied to the 15% persulfate pellets. Sol-gel was prepared as 

described before and 50 µL was applied to one side of the pellet. Spin-coating was 

applied at 1,500 rpm to eliminate the excess coating. After drying, the same procedure 

was applied to the other side. This treatment is designated as Coating 1. Another 

treatment was performed by applying 100 µL sol-gel on each side without spin coating 

(Coating 2). 

 

5.2.4. Persulfate and Fe2+ release profiles  

We have characterized the release of persulfate and Fe2+ ions into water by 

measuring their respective concentrations in the water solutions over time. A pellet was 

immersed in 500 mL DI water (18.1 MΩ-cm) in an Erlenmeyer flask under magnetic 

stirring at 700 rpm. Aliquots (2 mL) were taken at different time intervals. Samples were 

frozen prior to analysis. 

 Persulfate was determined by using a modification of the spectroscopic I-/I2 

method described by Liang [17]. Aqueous indicator 1.0 M KI/0.15 NaHCO3 solution and 

a 25 mM K2S2O8 stock solution were prepared. Five persulfate calibrations standards in 

the concentration range of 5-120 µM were made by delivering the corresponding 

volume of stock solution in a 25-mL volumetric flask, followed by adding 2.5 mL of 

indicator solution. The solution was allowed to equilibrate for 20 min before diluting to 
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the mark. A yellow-brown color developed, indicating formation of I2. Similarly 1 mL of 

indicator solution was added to 1 mL of sample and absorbance measurements were 

taken after 20 min. Indicator solution was diluted in half and used as an analytical blank. 

The absorbance at 352 nm was measured on an Agilent 8453 UV-visible 

spectrophotometer. Sample volume was adjusted for out of range measurements. 

Fe2+ was determined by the iron-phenantroline method, monitoring the color 

development at 511 nm [18]. We made 250 mL of  20 mg L-1 Fe2+ stock solution, 

acidifying it with 1 mL of concentrated H2SO4 before diluting to the mark. Seven 

calibration standards between 0.08 and 12 mg L-1  Fe2+ were prepared by adding the 

appropriate volume of stock solution, 1.0 mL of hydroxilamine hydrochloride (10 g L-1, 

solution A),  5 mL of acetate buffer (pH 4, solution B), and 2.5 mL of 1,10-

phenanthroline (2 g L-1, solution C), diluted to a final volume of 50 mL. Samples were 

prepared by adding 0.1 mL of A, 0.5 mL of B, and 0.25 mL of C, to 1.0 mL of original 

sample, and diluting to a final volume of 5.0 mL. 

 

5.2.5. TCE determination 

 GC-MS determination was carried out by following a modification of the EPA 

method 551.1 [19]. A 10,000 mg L-1 stock solution of trichloroethylene (TCE) in acetone 

was prepared and labeled as Stock 1. Primary dilution standards of Stock 1 were 

prepared such that when 10 µL of each one was added to 10 mL of water, the new 

aqueous standards concentrations encompassed the working range of the calibration 

(0-5 mg L-1). Stock 1 and primary dilution standards were stored in 5-mL capped vials at 

-30 °C using a secondary container.  
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GC-MS measurements were performed on a Hewlett-Packard HP 6890 Series 

GC system with a HP 5973 mass spectrometer detector, equipped with a HP-5ms Ultra 

inert column (30.0 m × 0.25 mm i.d. × 0.25 µm film thickness). A 2-µL injection volume 

was used. Temperature programming was set at 4 min @ 27 °C, 5 °C/min to 61 °C, and 

3 min @ 27 °C. Column flow rate was 1.5 mL/min. Selected-ion monitoring mode was 

used to scan two characteristic ions for TCE (110 and 130 m/z) and BFB (174 and 176 

m/z).  

 

5.2.6. TCE extraction 

Procedural aqueous calibration standards were prepared on the same day of 

analysis. A 10-µL volume of primary dilution standard was delivered directly into 10 mL 

of DI water to avoid loss from evaporation. Bromofluorobenzene (BFB) was used as an 

internal standard. An initial 10,000 mg L-1 stock solution was prepared as described 

above and designated as BFB Stock 1. A secondary 500 mg L-1 BFB stock was made 

by diluting 0.5 mL up to 10 mL in acetone. 

A solution of pentane with BFB was prepared by dissolving 50 µL of BFB Stock 2 

up to 50 mL with pentane for a final BFB concentration of 0.5 mg L-1. Aqueous 

standards (10 mL), including a blank, are extracted with 3-mL of pentane and BFB 

solution in a 25 mL vial. Addition of pentane was performed using a 3-mL volumetric 

pipet, followed by addition of 5 g of NaCl. After securing the cap, the solution is inverted 

a few times and left 15 min in a waving shaker on the lowest setting. The solution was 

allowed to stand before the organic layer was extracted. The same procedure was 

applied for both standards and samples.  
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5.3. Results and discussion 

In order to characterize the performance of our pellets, the release kinetics was 

fitted using the Higuchi equation. This model based on the square-root of time:  

 

 Qt = K t0.5   Eq. 5.1 

 

where Qt  is the cumulative percent release at time t and K is the release rate constant. 

K is dependent of the diffusion coefficient of the substance, the tortuosity of the medium 

and the total amount of substance present [20]. This model has been used to describe 

the release of solid substances from porous matrices. Although the derivation of 

Higuchi’s model includes built-in assumptions such as a planar system geometry and 

the absence of swelling from the matrix [21], we utilize it herein for the comparison of 

release between our proposed systems due to its simplicity. Other applications of 

Higuchi’s release model for systems involving sol-gel can be found in the literature [22-

24].  

 

5.3.1. Preliminary studies with organic sol-gel coatings 

We initially explored the effect of sol-gel coatings on the release of persulfate. 

Given that structural differences are observed between acid- and base-catalyzed sol-

gels, an initial test was conducted to determine notable differences between release 

profiles of the pellets containing the acid- and base-catalyzed sol-gels. 

The weight of Coatings A and B were 34.6 mg and 19.5 mg, respectively. A 

Higuchi release constant of 55.7 was calculated for the persulfate release from the 
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pellet with Coating A, while Coating B showed a constant of 45.1. Although a slower 

release would be theoretically expected with a heavier coating, we have observed that 

Coating B shows a slower rate as evidenced by the value of K. Moreover, a maximum 

cumulative release around 8 h for B is obtained, whereas A plateaus around 4 h (Figure 

5.1). Structural differences in the sol-gel due to the catalysis method can explain these 

observations. Base catalysis generates gels with a globular conformation and larger 

particle size [25]. In addition, the condensation occurs faster resulting in a tighter 

network. On the other hand, acid catalysis generates linear chains with less crosslinking 

at a slower rate. Since cracking of the pellet surface was often observed by this 

approach, we have focused on a different approach to improve the structural integrity of 

the pellets by incorporating sol-gel inside the matrix rather than just for coating on the 

pellet surface. 

 

5.3.2. Inorganic sol-gel as binder  

Based on our preliminary studies, we modified the material by mixing inorganic 

sol-gel with diatomaceous earth prior to pelletization as described in Section 5.2.3. The 

use of sol-gel as a binder, in addition to a size reduction, resulted in a better pellet 

integrity as evidenced by the absence of cracking before and during immersion in water. 

Figure 5.2 shows the persulfate release profile for the three different diatomaceous 

earth pellet coatings. Inorganic sol-gel based on sodium metasilicate was utilized as 

opposed to organic precursors because the former does not generate methanol as a 

hydrolysis product. The mass gain for each coating treatment when compared to an 

uncoated pellet is presented in Table 5.1, along with the Higuchi fitting parameters. 
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Figure 5.1. Persulfate release profile for pellets with coatings A and B (organic). 

for the initial values prior to each plateau on each case.   

 

Figure 5.2. Persulfate release profile for pellets with coatings 1 and 2 (inorganic). Each 

point represents the mean value for three pellets.  
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A slower release is observed as a consequence of a thicker coating as 

evidenced by a smaller slope. However, the maximum amount of persulfate released 

also decreases with a heavier sol-gel coat. Figure 5.3 shows images of the pellets 

described here.  

 

5.3.3. Fe2+ release profile 

An analogous release profile was obtained to characterize the presence of Fe2+ 

in solution. FeSO4·7H2O was used as a source of Fe2+. The load of FeSO4·7H2O was 

kept at 20%, using two different masses (0.2 and 0.3 g) to explore differences on their 

iron(II) delivery. Figure 5.4 shows that in either case, complete release of the original 

FeSO4 is not achieved after several hours. This is due to the formation of an Fe2+ 

coating (Fe2+-O-Si) on the pellet surface, which restricts the availability of Fe2+ ions 

released into the solution. 

 

 

 

Table 5.1. Mass gain and fitting parameters for each coating treatment 

Treatment Coat mass (n = 3) 
Maximum 

release 

Higuchi 

slope 
R2 

Uncoated N/A 94% 97.77 0.995 

Coating 1 50.6 ± 5.2 mg 87% 74.32 0.992 

Coating 2 67.0 ± 5.6 mg 77% 51.57 0.996 



99 
 

 

 

 

 

Figure 5.3. Photos of diatomaceous earth pellets: (a) Uncoated; (b) Coating 1; (c) 

Coating 2. 

a 

b 

c 
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Figure 5.4. Release profile for 20% FeSO4 pellets. Nominal masses are (a) 0.2 g and 

(b) 0.3 g.  
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For a pellet with a nominal mass of 0.2 g, 51% of original FeSO4 is released, 

whereas 59% is obtained for a pellet of 0.3 g nominal mass. Further experiments were  

conducted using the latter to activate persulfate. 

Given the reaction leading to the formation of persulfate radical (Scheme 5.1), a  

competitive reaction for persulfate radical can occur when there is a stoichiometric 

excess of Fe2+ (Eq. 5.2), resulting in the formation of sulfate ion and restricting the  

oxidation capability of the system [15]: 

 

 SO4
•-  +  Fe2+   →  SO4

2-   + Fe3+    Eq. 5.2 

 

Maximum efficiency of persulfate activation will be achieved by ensuring that the  

S2O8
2-/Fe2+ ratio is approximates 1 at a given time when released into solution. We see 

that at approximately 1 h, the proportion between both compounds are close to 1, 

further decreasing as release progresses and Fe2+ becomes more prevalent (Figure 

5.5). 

Calculations for this ratio were based on the cumulative release for each species 

in their individual experiments. The reaction between persulfate and Fe2+ could affect 

their individual release profiles, causing actual ratios to vary from the ones calculated. 

 

5.3.4. TCE studies 

The limit of detection (3σ) for our TCE method was estimated to be 0.057 mg/L. 

A single sample of treated TCE was spiked with the 0.5 mg L-1 standard solution, 

showing a recovery of 109% and discarding analyte loss due to matrix effects during  
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Figure 5.5. Molar ratio of persulfate to Fe2+ vs. time. 
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analysis after treatment. We conducted two independent preliminary studies to show the 

effect of persulfate treatment after 3 and 6 h. For this, TCE solution (100 mL) was 

exposed to a 0.2 g, uncoated persulfate pellet and a 0.3 g, Fe2+ pellet in a 240-mL 

French square glass bottle sealed with a rubber stopper. After 3 h, a 0.70 ± 0.19 mg/L 

TCE concentration was observed (n = 3). After 6, the concentration was below the limit 

of detection. A parallel control experiment was performed by treating TCE with pellets 

that contained no persulfate or iron sulfate. A 50% drop in TCE concentration was 

observed after 3 h. In order to whether TCE adsorbed onto the pellet, a second control 

experiment was performed with no pellets. A similar value was obtained showing that 

loss was not attributed to retention of TCE by the pellet. 

We have compared the effect of controlled-released persulfate versus direct use 

of persulfate and Fe2+ that are not controlled-released. An equivalent amount of K2S2O8 

and FeSO4·7H2O were added (30 and 60 mg, respectively) the TCE solution and the 

mixture was allowed to react under the same conditions. TCE concentration of 3.32 

± 0.52 mg/L was found after 6 h. We attribute this to the stoichiometric excess of Fe2+ 

ions early in the treatment, which drives the activation of persulfate to form stable SO4
2- 

ions as a primary product instead of the more active sulfate radicals SO4
•- as discussed 

earlier (Section 5.3.3). In comparison, using controlled-release persulfate and Fe2+, the 

concentration was below the limit of detection after 6 h, demonstrating the advantage of 

our controlled-release approach. 

For subsequent experiments, a custom-made glass container consisting of a 

125-mL Erlenmeyer flask with a ground glass joint was utilized. Reduction of headspace 

and use of a glass stopper decreased TCE loss to 18% after a 6-h exposure.   
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 In order to characterize the degradation profile of TCE, we determined the 

concentrations of TCE at time intervals of 1 h after the start of the initiating treatment. 

The effect of modified diatomite pellets with a persulfate load (w/w) of 15 and 30%, both 

with an iron(II) pellet at 20% load as an activator, was compared. Figure 5.6 shows the 

progress of both treatments in 5 h. 

We observed that most of the oxidative effect of persulfate occurs in the first two 

hours. For a 15% persulfate pellet, 71% and 83% of TCE are consumed within 1 and 2 

h, respectively. A 30% persulfate pellet depletes TCE more effectively, showing 88% 

consumption after 1 h and 93% at 2 h. Using the release profile of persulfate from a 

15% load pellet as a reference, this timeframe approximately coincides with the time 

required to reach maximum release from the diatomaceous earth matrix. A parallel 

control test shows a 30% loss during the treatment, which can be explained by the 

exposure of the container to open air during sampling. Given the short half-life of the 

persulfate radical in solution, we regard the persulfate delivery into the solution as the 

limiting step on the treatment process as opposed to the oxidative TCE dechlorination. 

An additional study was conducted to determine the amount of chloride present in the 

TCE solution after a 6 h treatment with our approach. For this test, pellets were made 

using sulfuric acid as previously described in the general method in order to avoid the 

contribution of chloride ions from HCl. Ionic strength adjuster solution (0.1 M, 0.5 mL) 

was added to the TCE solution for a final volume of 50 mL. The Cl- concentration was 

14.25 mg L-1. Based on the initial 15 mg L-1 TCE concentration, a theoretical 

concentration of 12.14 mg L-1 would be indicative of cleavage of all C-Cl bonds from 

TCE. Although a larger value is observed due to the error, this test can be used as  
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Figure 5.6. TCE degradation profile. 
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supporting evidence for the effectiveness of our treatment. 

 

5.3.5. Sol-gel/diatomaceous earth matrix 

 As observed in prior experiments (Figures 5.1 and 5.2), the modification of the 

pellet size impacts the time required for maximum release. Our experiments showed a 

maximum cumulative release of no more than 8 h. In order to enhance the release time, 

we modified the procedure described in Section 5.2.3. Besides increasing the pellet 

size, we also tested the addition of persulfate at an earlier stage. 

Following the general diatomaceous earth modification procedure, 8 mL of 0.2 M 

H2SO4 were added dropwise with a buret under constant stirring to sodium silicate 

solution (2.5 g). The solution was stirred for two additional minutes until an increase in 

viscosity was observed. A dry mixture of 0.5 g of diatomaceous earth and 0.5 g pf 

persulfate was added. After the sol-gel solution was kept at room temperature for 1 h, 

the solution was placed in an oven at 40 °C for one week for drying. The dry mixture 

was ground and weighed, obtaining a mass of 2.1739 g. Portions of 0.5 and 1.0 g were 

taken and pressed into pellets and persulfate release profiles were characterized 

(Appendix D, Figure D.1). 

  The maximum cumulative release for the 1.0 g pellet occurred at 21 h. In 

contrast, 7 h were required for the 0.5 g pellet to reach this level. On this approach, 

persulfate is not added to diatomaceous earth immediately before pelletization as 

performed earlier. Since loss of persulfate was suspected to occur during drying, the 

release of persulfate is given in terms of concentration rather than cumulative release. 

However, both pellets have the same weight percent of persulfate, since they were 
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made with the same diatomaceous earth/sol-gel batch. 

  In addition to having a larger total persulfate content, the pellet with a 1.0 g 

nominal mass has a lower surface area to volume ratio (A/V) compared to the 0.5 g 

pellet. Larger A/V ratios were shown to correlate with faster release [26, 27]. Thus, 

longer release profiles were achieved by modifying the structure and loading of the 

pellets. Triplicates for the 1.0 g pellets were conducted on a separate experiment, 

showing a fair reproducibility between tests. Based on the original loading of persulfate 

and the dry mass of the final diatomaceous earth/sol-gel mixture, the maximum 

concentration of persulfate corresponds to approximately 100% release of the original 

loading (Figure 5.7), discarding loss of the oxidant during sol-gel formation and drying.  

  

5.4. Conclusion 

 Development and characterization of persulfate- and Fe2+-containing pellets for 

remediation of contaminated water are reported here. The low cost of diatomaceous 

earth makes the approach particularly attractive. We demonstrate that treatment of 

TCE-contaminated water with our approach is feasible by reducing the TCE 

concentration to <0.06 mg L-1 in 6 h. Moreover, the longest release time is achieved by 

modifying the pellet size and by loading persulfate into a diatomaceous earth/sol-gel 

matrix prior to gel formation. Additional studies to extend the release and sustain the 

activation of persulfate could be conducted for a potential application of this method in  

groundwater remediation. 
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Figure 5.7. Release profile for 1.0 g pellets with pre-mixed persulfate (n = 3). 
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Concluding remarks 
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This dissertation is focused mainly on the detection of aromatic amines for 

different applications. Part 2 provides an overview of indole as an indicator of spoilage 

in shrimp and describes the development of a polymeric film doped with DMAB as a 

probe for indole. We have coupled the probe with a simple solvent extraction method 

and demonstrated that both absorbance measurement with a UV-vis spectrometer and 

the CIELAB measurement with a handheld colorimeter provide adequate sensitivity to 

detect shrimp decomposition at the early stage as defined by the US FDA. We have 

obtained an LoD and LoQ of 0.05 and 0.16 µg mL-1, respectively. In addition, a visible 

naked-eye gradient is observed. The fabrication of the probe is simple, and the ability to 

pair it with a portable colorimeter is particularly attractive for its use on site. This 

approach could lead to a rapid test as a less expensive, simpler alternative to the 

HPLC-fluorescence method currently recommended by the FDA. 

 We have studied in Part 3 the ability of the probe to analyze aniline and indole 

simultaneously for potential applications in monitoring of storage and thermal stability of 

aviation fuels. The response of the probe to aniline is kinetically favored and shows a 

higher sensitivity than its response to indole. When aniline is present at low 

concentrations, it does not significantly affect indole determination. However, at higher 

concentrations, aniline compromises the accuracy of indole analysis by PCR. Further 

exploration of the saturation of the system may lead to a simultaneous detection of both 

species on a wider concentration range. 

In Part 4, a long-standing discrepancy on the correct structure of the red product 

between DMAB and indole has been resolved, as we are able to report its crystal 

structure and confirm the reaction of indole at its β-position with a 2:1 stoichiometry with 
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DMAB. This has clarified the nature of the Ehrlich reaction, which has been extensively 

used for a century in diverse applications. 

The final part of this dissertation, Part 5, presents a novel approach for ISCO 

treatment of organic compounds. We have developed persulfate- and Fe2+-containing 

pellets and demonstrated their ability to decompose TCE from 15 mg L-1 to <0.06 mg L-1 

in 6 h. Moreover, the longest release time is achieved by modifying the pellet size and 

by loading persulfate into a diatomaceous earth/sol-gel matrix prior to gel formation. The 

use of diatomaceous earth is an attractive feature for its application on the remediation 

of groundwater, since this material is inexpensive, widely available, and does not 

consume persulfate prior to its delivery. Additional studies are needed to extend the 

release and sustain the activation of persulfate. Different matrix materials such as silica 

flour and different loads of the chemical could be explored to extend the release. The 

alternative materials to diatomaceous earth may provide different porosity and 

tortuosity, directly affecting the release. Since the ratio of the matrix material to 

persulfate can alter the number of available channels where the release occurs, 

optimization may determine the best persulfate loading, using maximum release time as 

a parameter. In addition, preventing Fe2+ from reacting with dissolved O2 in solution 

would also increase the efficiency of the treatment.  
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Appendix A 

Appendix A provides supplemental materials for Part 2.  

 

A1. Additional materials and methods 

Fabrication of Film A 

It should be pointed out that the spin-coating procedure developed in the current 

work gives the thinnest film on the substrate as the probe. Neither the change of spin-

coating speed nor the volume of the polymer mixture led to a different film. When the 

spinning speed is reduced from 2,500 to 1,000 rpm, the film is heavier [with a mass gain 

of 0.13 mg (n = 7, p < 0.05) by a one-tailed t-test] than the probe. In addition, its surface 

is rougher. We thus did not test this film further. Another attempt in increasing the 

volume of the polymer mixture to 100 µL in one delivery (under the same spinning 

speed of 2,500 rpm) showed no difference in the film mass from the probe.  

We then studied adding more than one layer of film on the probe. The probe was 

prepared as described in the main text. It was then dried for 1 h in air. Then 60 µL of the 

polymer mixture was placed on the film before it was spun at 2,500 rpm, as conducted 

in the preparation of the probe itself. Afterwards, the film was dried in air overnight 

before weighing or use. The film shows a mass of 0.85 ± 0.23 mg (mass gain of 0.47 ± 

0.24 mg than probe A, n = 7), indicating it is ca. 1.3 times of thickness of the probe. This 

is labeled Film A. 
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Fabrication of Film B 

Film B was prepared by dropping 25 µL of the polymer mixture onto the glass 

substrate. The liquid coating was then spread evenly on the surface by a pipet tip. The 

film was dried in air overnight before weighing or use. This film showed a mass of 1.90 

± 0.29 mg (n = 7), 1.3 ± 0.16 mg larger than the probe itself. This film is labeled Film B.  

 

 

 

Figure A1. Probe response under different exposure times. A 30-min exposure exhibits 

a linear range up until 3 µg mL-1 (R2 = 0.989, slope = 0.148) before saturation is 

observed. A 15-min exposure shows a larger range until 12 µg mL-1 (R2 = 0.993, slope = 

0.085) but lower sensitivity. 
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Figure A2. GC-MS calibration plot with standard solutions of indole in petroleum ether.  

 

 

Figure A3. Plot showing b* axis values after exposure of the probe to indole in the 

probe to indole in petroleum ether solutions. 
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Figure A4. UV-Vis calibration plots for Films A (top) and B (bottom). 
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Figure A5. CIELAB calibration plots for Films A (top) and B (bottom).  
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Figure A6. Visible spectra of solutions after extraction of astaxanthin from shrimp. 

Adsorbent material (20 mg), ethyl cellulose, AlO2 or SiO2, was added to 10 mL of the 

solution and stirred for 30 s. The highest adsorption was observed with SiO2. 

 

 

Figure A7. UV-Vis spectra of a solution of indole in petroleum ether (10 µg mL-1) before 

(black line) and after addition of 10-80 mg of SiO2.
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Table A.1. Preliminary tests for probe polymer matrix 

 

Polymer Concentration 

(wt%) 

Matrix solvent Solubility tests 

EC 5% Ethanol/Toluene 1:1 Toluene (s), EtOAc (s), PE (i) 

EC 5% THF Toluene (s), EtOAc (s), PE (i) 

EC 10% Ethanol/Toluene 1:1 Toluene (s), EtOAc (s), PE (i) 

EC 10% THF Toluene (s), EtOAc (s), PE (i) 

PMMA 5% Ethanol/Toluene 1:1 PE (i) 

PEG 5% Ethanol/Toluene 1:1 Toluene (s), EtOAc (s), PE (i) 

PEG 18% Ethanol/Toluene 1:2 Toluene (s), EtOAc (ps), PE (i) 

PEG 10% THF EtOAc (i), PE(i) 

 

Abbreviations: EC, ethyl cellulose (90-100 mPas, TCI America); PMMA, poly(methyl-

methacrylate) (MW 120,000, Aldrich); PEG, polyethylene glycol (MW 2,000, TCI); 

EtOAC, ethyl acetate (certified ACS, Fisher); PE, petroleum ether (certified ACS, 

Fisher). The insoluble (i) matrices were exposed to 1% indole in the corresponding 

solvent. Ethyl cellulose films showed readily responded after exposure and used for 

further simplex optimization. 
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Appendix B 

Appendix B provides supplemental materials for Part 3.  

 

    

 

    

 

Figure B1. Predictions on validation dataset with CLS calibration for aniline (top) and 

indole (bottom) for a 15 min exposure time.  
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Figure B2. Predictions on validation dataset with CLS calibration for aniline (top) and 

indole (bottom) for a 30 min exposure time.  
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Figure B3. Predictions on validation dataset with PCR calibration for aniline (top) and 

indole (bottom) for a 30 min exposure. Wavelength range used was 301-701 nm. Six 

PCs were retained. The equations for the linear fit of aniline and indole are y = 0.696x + 

0.0932 (R2 = 0.607) and y = 0.428x + 0.3299 (R2 = 0.404), respectively. 
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Appendix C 

Appendix C provides supplemental materials for Part 4.  

 

 Predicted 13C NMR shifts of indole (135.5, 127.6, 124.1, 121.7, 120.5, 119.6, 

111.0, 102.1 ppm, Scheme C.1) by the ChemDraw Professional 2016 program are 

closed to those reported [13C NMR (101 MHz, CDCl3) 135.9, 128.0, 124.2, 122.12, 

120.9, 119.9, 111.1, 102.8 ppm; V. Kanchupalli, D. Joseph, S. Katukojvala. Pyridazine 

N-oxides as precursors of metallocarbenes: Rhodium-catalyzed transannulation with 

pyrroles. Org. Lett. 17 (2015), 5878]. The ChemDraw program indicates that the shifts 

of  and  C atoms in indole are 124.1 and 102.1 ppm, respectively. Although there is 

no direct correlation between the electron density on an atom and its chemical shift, the 

upfield shift of the  C atom is consistent with higher electron density on the  C atom 

than on the  C atom, making the former to be more nucleophilic. 

 

  

 

Scheme C.1. Chemical shifts predicted by the ChemDraw program. 
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Table C.2. Crystal data and structure refinement for β-bis(indolyl)methane 

Parameters Data 

Empirical formula C25 H23 N3 

Formula weight  365.46 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 11.4391(12) Å 

 b = 10.0716(10) Å 

 c = 16.9545(17) Å 

Volume 1945.5(3) Å3 

Z 4 

Density (calculated) 1.248 Mg/m3 

Absorption coefficient 0.074 mm-1 

F(000) 776.0 

Crystal size 0.06 x 0.05 x 0.04 mm3 

 range for data collection 2.065 to 28.707° 

Index ranges -15  h  15, -13  k  13, -22  l  22 

Reflections collected 22510 

Independent reflections 4779 [R(int) = 0.0239] 

Completeness to  = 28.707° 94.8%  

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4779 / 0 / 255 

Goodness-of-fit on F2 1.129 

Final R indices [I > 2(I)] R1 = 0.0436, wR2 = 0.1467 

R indices (all data) R1 = 0.0476, wR2 = 0.1400 

Largest diff. peak and hole 0.39 and -0.237 e.Å-3 
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Appendix D 

Appendix D provides supplemental materials for Part 5.  
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Figure D.1. Release profile for pellets with pre-mixed persulfate. 
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