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TABLES 

Table 1.1. LOD comparison of food dyes by HPLC-DAD, UPLC-DAD, and 

UPLC-MS/MS 

 HPLC-

DAD 

UPLC-

DAD 

UPLC-

MS/MS 

Food dye LOD46 (pg)† LOD45 

(pg)‡ 

LOD45 (pg) ‡ 

Tartrazine 37.4 150 2250 

Amaranth 204 450 2010 

Indigo Carmine 161.8 30 2340 

Ponceau 4R 442 120 1200 

Sunset Yellow FCF 88.2 30 3300 

Allura Red AC 149.2 120 180 

Brilliant Blue FCF 54.4 150 60 

Azorubine 87 510 240 

Patent Blue V 210 390 120 

Erythrosine 133.6 1170 90 
 

†20 µL injection volume 

‡ 3 µL injection volume 
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FIGURES 

 

Figure 1.1. Polymeric structure of acrylic fiber. 

 

 

Figure 1.2. Polymeric structure of nylon 6 fiber. 

 

 

 

Figure 1.3. Polymeric structure of polyester 
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CHAPTER TWO 

DEVELOPMENT OF A LIQUID CHROMATOGRAPHY METHOD AND  

CALIBRATION OF DYES AT FORENSICALLY RELEVANT LENGTHS 

 

 

 

 

 

ABSTRACT 

Development of a method for the separation and detection of disperse, 

basic, and acid dyes is reported here. A chromatographic method is described for 

each dye class, allowing separation of analytes in three minutes or less. Limits of 

detection are determined for semi-quantitative analysis of dyes extracted from 

polyester, acrylic, and nylon fibers. Although this method is destructive to the 

fiber, only a small length (<1 mm) is necessary for successful detection by ultra-

performance liquid chromatography coupled to diode array detection. With the 

exception of one acid dye, LODs were found to be less than 4 parts per billion, 

allowing analysis of dyes on single fibers of forensically relevant lengths.  
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INTRODUCTION 

 Fibers found in criminal investigation are a useful form of trace evidence 

that can lead investigators to a suspect or piece together the events that took 

place in an assault. Visually similar fibers can establish an association between 

two otherwise unrelated subjects. Forensic fiber examinations are centralized 

around an attempt to find and compare distinct characteristics of a questioned 

and a known fiber. The objective is to eliminate the possibility that the fibers 

came from a common source by evaluating individualizing characteristics in the 

order of maximum discriminating ability.1 Microscopy techniques and infrared 

spectroscopy are the first line of inspection, but if these techniques fail to 

differentiate polymer type, refractive indices, or UV-visible spectra, it is possible 

that analysis of the dyes may yield information that has higher evidential weight 

in excluding or confirming a match. 

 Textiles are often dyed with multiple dyes to achieve a particular color. 

UV-visible microspectrophotometry is used to measure the color of a fiber, which 

produces a single absorption spectrum of all of the dyes on the sample. 

Examining the dyes individually allows a higher degree of discrimination, as 

more variables can be used to compare the two fibers. The dyes are isolated from 

the fiber using microextraction, and must be separated prior to spectral analysis.2 

Thin layer chromatography is the separation method used by the Federal Bureau 



23 

of Investigation3, and capillary electrophoresis and high performance liquid 

chromatography have been studied for the analysis of dye extracts.4-11 While CE 

is able to separate ionized dyes, it performs poorly with non-ionized dyes; HPLC 

is able to separate both ionized and non-ionized dyes, due to the many stationary 

phase options and mobile phase that can accommodate the many different dye 

structures. HPLC coupled to diode-array has shown potential for use in dye 

comparison, although detection of dyes on fibers of forensically relevant lengths 

was not achieved. Additionally, HPLC-DAD could not differentiate some 

structurally similar dyes, although other major dye components could be used to 

successfully discriminate fibers.12 Ultra-performance liquid chromatography is 

an advanced separation system that uses columns with smaller particle sizes, 

higher pressure pumps, and shorter columns than those used in conventional 

high performance liquid chromatography. These improvements reduce band 

broadening, which leads to lower limits of detection, shorter run times and less 

injection volume required for detection.  

 The three most abundant synthetically produced fibers are polyester, 

acrylic, and nylon.13,14 Polyester fibers are colored using disperse dyes, which are 

dispersed through the fiber and retained with hydrophobic interactions. Acrylic 

fibers are dyed with basic dyes; the negatively charged fiber forms salt linkages 

with the basic (cationic) dyes. Similarly, the positively charged nylon polymer is 
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dyed with the negatively charged acid dyes by salt linkages. The dyes are 

removed from the fibers using extraction solvents based on the chemistry of the 

dye, which involves reducing the substantivity of the dye for the fiber.2,4,5,15-27 This 

method is destructive to the fiber, so it should only be implemented once all non-

destructive methods have been exhausted without a match exclusion. Fibers 

found at crime scenes are typically 2-10 mm in length,28 and in the interest of 

preserving as much evidence as possible, the method needs to be capable of 

analyzing fibers ˂ 1 millimeter in length, requiring high sensitivity to produce 

low limits of detection. 

EXPERIMENTAL 

Formic acid, HPLC grade water, ammonium hydroxide, HPLC grade 

ammonium acetate, and HPLC grade acetonitrile were purchased from Fisher 

Scientific (Pittsburg, PA).  

Ultra-performance liquid chromatography  

Dyes were separated using a Waters (Milford, MA) Acquity UPLC system. 

The system was equipped with a room temperature sample manager and a 

Waters (Milford, MA) Acquity column (1.7 µm particle size, 2.1 mm ID × 50 mm 

length) heated to 40 °C. A BEH C18 column was used to separate disperse dyes. 

The stationary phase of the column used to separate disperse dyes was BEH C18, 
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and the stationary phase of the column used to separate acid and basic dyes was 

CSH Phenyl-hexyl. The mobile phase solvent gradient conditions employed for 

all runs is listed in Table 2.1. The sample injection volumes were 10 L. 

UV/Visible diode array detection 

Dyes samples were detected using a UV/visible diode array detector 

(Waters, Milford, MA) scanning absorbance from 350-675 nm. The peak area on 

the chromatogram was acquired for each dye using the corresponding maximum 

wavelength (Tables 2.2, 2.3, 2.4), and was used for comparison to standard dye 

mixtures to determine the amount of dye on each fiber. 

Calibration and limits of detection 

Limits of detection and quantitation were determined from calibration 

models based on the UPLC-DAD analysis of dye standards at varying 

concentrations. Basic Dyes were prepared in 25% acetonitrile, acid dyes were 

prepared in 10% acetonitrile, and disperse dyes were prepared in 70% 

acetonitrile. Calibration solutions of basic dyes were prepared at concentrations 

of 10 ppb, 25 ppb, 50 ppb, 75 ppb, 100 ppb. Calibration solutions of acid dyes 

were prepared at concentrations of 10 ppb, 15 ppb, 20 ppb, 25 ppb, 50 ppb. 

Another solution of Acid Green 27 was prepared at concentrations 50 ppb, 75 

ppb, 100 ppb, 150 ppb, and 200 ppb to encompass the range of the limit of 

detection estimation. Calibration solutions of disperse dyes were prepared at 
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concentrations of 2.5 ppb, 5 ppb, 10 ppb, 15 ppb, 20 ppb. Each concentration level 

was analyzed by UPLC with UV/Visible detection with five replicate 10 L 

injections. 

RESULTS AND DISCUSSION 

Chromatographic Analysis of Dyes 

 Chromatographic methods were developed to separate dyes in each dye 

class. In comparison to one comprehensive method for separation of all dye 

classes, methods tailored to specific dye classes allow simpler gradients and 

shorter run times. Disperse dyes were prepared in 70% acetonitrile, and injected 

into a Waters Acquity BEH C18 column and separated using an isocratic gradient 

of 85% acetonitrile in 15% water. Disperse Red 60, Disperse Yellow 114, and 

Violet 77 eluted in less than one minute, shown in Figure 2.1. 

Basic dyes were prepared in 25% acetonitrile and injected onto the phenyl-

hexyl column with an isocratic gradient of 90% ACN and 10% 25mM ammonium 

acetate in water. It seems that the ionic characteristics of acid and basic dyes 

require π- π* interactions with the stationary phase for retention and the mobile 

phase additive for sharper peaks. Figure 2.2 shows the separation of Basic Blue 

159, Violet 16, and Yellow 28 in less than one minute.  
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Acid dyes were prepared in 10% acetonitrile, but Acid Blue 45 was not 

retained on the C18 column, and eluted at the dead time. This is due to the polar 

substituents on the ring structure, as opposed to the hydrophobic acid dye, Acid 

Green 27 (figures shown in Table 2.4). A Waters Acquity CSH Phenyl-hexyl 

column was employed to take advantage of the π- π* interactions of the dye ring 

structures with the stationary phase, allowing retention. Although Acid Blue 45 

was retained, a dynamic gradient was necessary to elute C. I. Acid Green 27. The 

initial mobile phase composition of 5% acetonitrile was increased to 50%. The 

aqueous portion of the mobile phase required a mobile phase additive of 25 mM 

ammonium acetate to reduce peak tailing. Figure 2.3 shows the separation of 

Acid Blue 45, Acid Yellow 49, and Acid Green 27. The baseline fluctuation is 

because of the gradient change, which therefore changes the background 

absorption. Acid Green 27 consists of two peaks, which is suspected to be due to 

impurity of the standard. Acid Green 25 is similar in structure (Figure 2.4), with a 

shorter carbon chain. Both dyes have two absorption maxima, absorbing 

wavelengths in the orange and blue regions of the visible spectrum, which 

produce blue and yellow, respectively. This is suspected to be due to two 

chromophoric groups within the dye molecule. The same anomaly has been 

observed by Huang, et al.39, and can be used to differentiate another green dye 
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with one absorption maximum in the higher visible wavelength range 

corresponding to an absorption of red light.  

Calibration Models of Dye Standards 

Table 2.4 shows UPLC-DAD results for each dye. Figures 2.5-2.13 display 

calibration plots for the nine dyes investigated. All first order linear calibration 

models (with intercept and slope parameters) produced coefficients of 

determination (R2) of 0.9930 or higher. The calibration of Acid Green 27 is fitted 

with a second order polynomial model, producing a coefficient of determination 

(R2) of 0.9959. Limits of detection are reported in Tables 2.5-2.7 based on three 

different estimation approaches. Each method calculates the LOD or LOQ using 

LOD = (3.3 × σb)/S 

LOQ = (10 × σb)/S,  

where σb is the standard deviation of the blank and S is the slope of the 

calibration line. The three methods used differ with how σb is estimated.1,30-33 

LOD1 estimates σb using the standard deviation of the integrated blank signals 

across the width of the actual peak. LOD2 approximates σb using the standard 

deviation of the lowest non-zero concentration calibrator (10 ppb for Acid Blue 

45, Acid Yellow 49, and basic dyes; 50 for Acid Green 27; 2.5 ppb for disperse 

dyes). LOD3 estimates σb based on the standard error of the y-intercept of the 

calibration model, and are much higher than those of LOD1 and LOD2. The 
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standard deviations of the residuals are used in calculating the standard error in 

the y-intercept, which may be amplified as the standard error of the y-intercept is 

calculated from the standard deviation of residuals. The calibrations that exhibit 

heteroscedasticity (non-constant variability at different concentration levels) 

indicate a lack of fit of the model, which may have, in turn, inflated LOD3. There 

are multiple estimations of σb that can be used in calculating limits of detection, 

but little discussion in the literature about assumptions made when calculating 

limits of the detection. The three estimations discussed here demonstrate some of 

the effects that deviations in calibration models can have on LODs. Most LODs 

calculated using the standard deviation of the replicate blank samples and lowest 

concentration calibrator are less than 4.0 ppb, with the exception of Acid Green 

27, which has a polynomial calibration model. LOD3 estimated the most drastic 

increase from LOD1 and LOD2 for the basic dyes, indicating these models have 

the highest lack of fit. The LOD3 calculated for the disperse dyes had the smallest 

increase; it is possible that a lower calibration range for the basic dyes would 

exhibit lower limits of detection by LOD3. This result illustrates an important 

point: confirming actual detection for a sample concentration at the estimated 

LOD is required if one plans to operate near the LOD. Conducting the low 

concentration calibration design achieved this requirement for the present study.  
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 In fiber analysis, it is less important to quantify the dyes on the fiber, and 

dye amounts can differ along the length of a single fiber. Therefore, the goal of 

performing calibrations is to determine a level at which it can be confirmed with 

a degree of certainty that the dye in question is, in fact, on the fiber. When 

replicate measurements are made, the LOD can be estimated using 

 LOD = µb + 3.3σb 

which gives the fractional risk of a false positive α = 0.0005. This means that there 

is a 0.05% chance that the dye will be confirmed to be on the fiber when, in fact, 

the dye is not present. Figure 2.14 demonstrates this probability, where 99.95% of 

the measurements confirm that the dye is absent. However, this same estimation 

gives the fractional risk of a false negative β = 0.500, meaning that 50.00% of 

replicate measurements will not detect analyte even when it is present. To reduce 

the false error rate to an acceptably low level of β = 0.0005, the decision limit can 

be raised to 3.3σb above the LOD, which can be described as the minimum 

consistently detectable amount 

 MCDA = µb + 6.6σb 

twice that of the LOD. If a sample containing the MCD amount of analyte is 

measured repeatedly, 99.95% of the time it will be correctly concluded that the 

analyte is present (Figure 2.15).  
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CONCLUSIONS 

Three chromatographic methods have been developed for the analysis of 

acrylic, polyester and nylon using ultra high performance liquid 

chromatography, to produce sharp peaks in fewer than 3 minutes each. The 

chromatography methods for basic dyes and disperse dyes are isocratic; three 

dyes in each class can be separated in less than a minute. The gradient method 

for acid dyes allowed for retention and elution of both hydrophilic and 

hydrophobic compounds. A phenyl hexyl column was employed for both acid 

and basic dyes, to take advantage of pi-pi* interactions between the dyes and the 

stationary phase. Developing a method for disperse dyes on the phenyl hexyl 

column would allow for faster analysis of multiple dye types, as the column 

would not have to be changed. Calibrations have been performed to determine 

detection limits for 8 out of 9 of dyes less than 4.0 ppb. Investigating a lower 

calibration range for basic dyes could yield lower limits of detection when 

calculated using the standard deviation of the y-intercept, although LODs 

calculated using the standard deviation of the blank and lowest non-zero 

calibrator give sufficiently low, consistent results.
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TABLES 

Table 2.1. Liquid chromatography gradients used for: 

 

(A) the separation of disperse dyes on a Waters BEH C18 column (1.7 µm 

particle size, 2.1 mm ID, 50 mm length), where A is water and B is 

Acetonitrile 

 

Time (min) % A % B 

0.00 20 80 

1.00 20 80 

   

(B) the separation of basic dyes on a Waters CSH Phenyl hexyl column (1.7 

µm particle size, 2.1 mm ID, 50 mm length), where A is 25 mM 

ammonium acetate in water and B is Acetonitrile 

Time (min) % A % B 

0.00 90 10 

1.00 90 10 

   

(C) the separation of acid dyes on a Waters CSH Phenyl hexyl column (1.7 µm 

particle size, 2.1 mm ID, 50 mm length), where A is 25 mM ammonium 

acetate in water and B is Acetonitrile 

Time (min) % A % B 

0.00 95 5 

0.20 95 5 

0.50 50 50 

1.00 50 50 

1.40 95 5 

3.00 95 5 
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Table 2.2. Disperse Dyes 

 

C. I. Name 

Formula 

Mol. Wt. (g/mol) 

 

 

 

Structure 

Absorption 

Spectrum 

Maximum 

Wavelength (nm) 

 

Disperse Red 60 

C20H13NO4  

331.32 

 

         

 
514 

 

Disperse Yellow 

114 

C20H16N5O4 

424.43 

 

 

 

 
424 

 

Disperse Violet 77 

C21H24N6O5 

440.45 

 

 

       

 
547 

 

   
A

b
so

rb
an

ce
 (

A
U

) 

0.02 
 

0.015 
 

0.01 
 

0.005 

0.04 
 

0.03 
 

0.02 
 

0.01 

   
A

b
so

rb
an

ce
 (

A
U

) 

0.06 
 

0.05 
 

0.04 
 

0.03 
 

0.02 
 

0.01 

 

   
A

b
so

rb
an

ce
 (

A
U

) 
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Table 2.3. Basic Dyes 

 

C. I. Name 

Formula 

Mol. Wt. (g/mol) 

 

 

 

Structure 

Absorption  

Spectrum 

Maximum  

Wavelength (nm) 

 

 

 

Basic Blue 159 

C17H27N6S+ 

347.50 

  

 

     
600 

 

 

Basic Violet 16 

C23H29N2+ 

333.49 

 
 

 

     
545 

 

 

Basic Yellow 28 

C20H24N3O+ 

322.42 

 

 

       
444 

 

 

0.02 
 

0.015 
 

0.01 
 

0.005 

   
A

b
so

rb
an

ce
 (

A
U

) 

0.025 
 

0.02 
 

0.015 
 

0.01 
 

0.005 

   
A

b
so

rb
an

ce
 (

A
U

) 

0.02 
 

0.015 
 

0.01 
 

0.005 

   
A

b
so

rb
an

ce
 (

A
U

) 
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Table 2.4. Acid Dyes 

 

C. I. Name 

Formula 

Mol. Wt. (g/mol) 

 

 

 

Structure 

Absorption  

Spectrum 

Maximum  

Wavelength (nm) 

 

 

Acid Blue 45 

C14109N2O10S2 

430.37 

 

         

       
614 

 

 

 

Acid Yellow 49 

C16H13Cl2N5O3S 

426.28 

 

 

      
420 

 

 

 

Acid Green 27 

C34H34N2O8S2 

662.18 

 

 
      

422/616 

 

 

  

0.02 
 

0.015 
 

0.01 
 

0.005 

   
A

b
so

rb
an

ce
 (

A
U

) 

0.02 
 

0.015 
 

0.01 
 

0.005 

   
A

b
so

rb
an

ce
 (

A
U

) 
0.008 

 

0.006 
 

0.004 
 

0.002 

   
A

b
so

rb
an

ce
 (

A
U

) 
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Figure 5.10. Acid Yellow 49 1 cm nylon thread comparison;  

(A) Tide® with bleach, (B) Gain® with bleach, (C) Wisk® with bleach 
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Figure 5.15. Acid Green 27 1 cm nylon thread comparison;  

(A) Tide® with Clorox 2®, (B) Gain® with Clorox 2®, (C) Wisk® with Clorox 2® 

 
*Negative y-axis values are due to changes in refractive index of mobile phase gradient 
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