
ABSTRACT 

 

SULTANA, NADIA . Fundamental and Biodegradation Studies of Dyes on Fibers via 

Integrated Analytical Tools. (Under the direction of Dr. Nelson Vinueza Benitez). 

 

The contamination of soils and waters by dye-containing effluent is a critical concern 

for the environmental and dye chemists. Biodegradation of the dye effluent is a promising and 

effective decolorization method due to its eco-friendly nature and low cost. Extensive research 

has been carried in this area, especially for the wastewater treatment. Unfortunately, no 

systematic research is currently available for the biodegradation of dyes on fabrics. Among the 

textile fabrics, cellulose is an important one, which is widely dyed by reactive dyes. Dyed 

cellulosic fabrics are biodegraded via landfill disposal after uses yet the fates of the dyes 

attached to the fiber or leached out to the environment are unknown. Therefore, the scope of 

the potential research in this area is vast and this thesis work highlights some of the approaches 

by carrying out the systematic analytical methods. 

At the beginning of the thesis, both qualitative and quantitative analyses were carried 

out for the characterization of polysulfonated reactive dyes and their reaction intermediates 

from complex matrices.  High-resolution quadrupole time-of-flight mass spectrometer (Q-TOF 

MS) was employed for the characterization of five hetero bi-functional reactive dyes (CI 

Reactive Yellow 176, CI Reactive Red 239, CI Reactive Blue 221, CI Reactive Red 194 and 

CI Reactive Blue 222) and their in-situ dimeric analogs without prior purification. Utilizing 

the isotopic distribution feature for exact mass analysis in MS, this method identified up to six 

negative charged dimeric ions with molecular weight up to ~2000 Da.  

For quantitative analysis, hydrophilic interaction liquid chromatography (HILIC) was 

employed for the retention and separation of twelve polysulfonated reactive dyes and their 

reaction intermediates. Utilizing HILIC with a photodiode array detector (DAD) and high-

resolution MS, this method quantitatively analyzed different forms of polysulfonated dyes 

containing varieties of reactive groups: monochlorotriazine (MCT), vinyl sulfone (VS), 

sulfatoethylsulfone (SES), di-vinyl sulfone (VS/VS), SES/SES, MCT/VS. Moreover, HILIC-

DAD-MS successfully monitored the hydrolysis kinetics of CI Reactive Red 198 and a real-

time dimeric synthesis reaction of the CI Reactive Yellow 176 with linker 

hexamethylenediamine. 



A systematic analytical approach was carried via tandem mass spectrometry (MS/MS) 

and high-performance liquid chromatography (HPLC) for fundamental structure analysis of 

similar cored hydrophobic azo and hydrophilic anthraquinone dyes. Tandem MS categorized 

the azo dyes based on their fragment ions. Diversely, HPLC analysis indicated that the addition 

of methyl groups to the anthraquinone dye structure increases their retention times. This 

phenomenon also increases the percentage of survival yields of the dye ions with a series of 

collision energies during tandem MS analysis. 

In the last two parts of the thesis, both qualitative and quantitative dye degradation 

analysis methods were developed for the laboratory simulated 45 and 90 day biodegraded 

cellulosic fabrics in soil containing dyes CI Reactive Blue 19, CI Reactive Red 198 and CI 

Reactive Black 5. The physical analysis indicated the dye degradation on the biodegraded 

fabric surfaces by calculating the color strength (K/S values). In chemical and biological 

methods, the hydrolyzed and enzymatic digestion standards were successfully synthesized and 

compared with the isolated compounds from the biodegraded fabric samples. The chemical 

structures of the biodegraded dyes were proposed via high-resolution MS. In quantitative 

studies, a liquid chromatography-photodiode array detection method was developed via 

synthesizing the hydrolyzed dye standard of CI Reactive Blue 19 and making calibration 

curves. After validation, this method was applied to quantify the biodegradation of dyes. The 

dye degradation products were subsequently characterized by high-resolution MS and tandem 

MS. It appears that, research carried out in this thesis is the pioneering work of dye degradation 

analysis on biodegraded fabrics. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2018 Nadia Sultana 

All Rights Reserved 

 



Fundamental and Biodegradation Studies of Dyes on Fibers via Integrated Analytical Tools 

 

 

by 

Nadia Sultana 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

 

Fiber and Polymer Science 

 

 

Raleigh, North Carolina 

2018 

 

 

APPROVED BY: 

 

 

_______________________________  _______________________________ 

Dr. Nelson Vinueza Benitez                        Dr. Stephen Michielsen 

Committee Chair 

 

 

 

_______________________________  _______________________________ 

Dr. Harold S. Freeman               Dr. David C. Muddiman



ii  
 

DEDICATION  

 

This dissertation is dedicated to my parents, my nieces and my beloved husband. 



iii  
 

BIOGRAPHY  

 

Nadia Sultana was born in Gazipur, 16 miles north from the capital, Dhaka, 

Bangladesh, a South Asian country. She is the youngest child of her parents. From her 

childhood, she had a keen interest in science which brought her to the University of Dhaka, a 

distinguished science university of Bangladesh. There, she completed her undergraduate 

degree majoring in Applied Chemistry and Chemical Engineering. In the Fall semester of 2014, 

she joined to Fiber and Polymer Science PhD program at College of Textiles, NCSU where 

she pursued her doctoral study with a Chemistry minor. Throughout her graduate study, she 

was an enthusiastic researcher and enjoyed exploring different things. Her passion for science 

and dedication to research made her possible to publish her work in renowned journals; 

Chemical Science, Coloration Technology and Forensic Science International. She would like 

to continue her research career and contribute to science further! Personally, she is married to 

Anisur Rahman, a former graduate student of NCSU and now working as a postdoc at the same 

university. Nadia loves her family, especially her nieces a lot. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 



iv 
 

ACKNOWLEDGMENTS  

 

I would like to express my sincere gratitude to Dr. Vinueza for giving me the 

opportunity to work with him.  When I got admitted to the College of Textiles, he was the first 

person who saw the research potential in me, yet I was a novice researcher. I will always be 

grateful to him for believing in me and my capabilities and supporting my projects through the 

NC State Startup Fund, the Chancellorôs Faculty Excellence Program, Cotton Research and 

Development, and Cotton Incorporated. 

I gratefully acknowledge the help of Dr. Freeman during our collaboration work. 

Working with him and joining his research group meeting for one year provided me the bigger 

perspective of research and thinking outside of the box! Thanks to my other committee 

members Dr. Michielsen and Dr. Muddiman for being so nice and supportive and for the good 

suggestions about my research. 

Thank you, my current and former lab mates, Dr. Kelsey Williams, Emily 

Lichtenberger, Dr. Yufei Chen, Xinyi Sui and Cody Zane for their help and support! Special 

thanks to Kelsey for helping in editing my manuscripts. 

Thank you to my friend Preeti Rawat for her support! Apart from research, we talked 

about life and perspective, which gave me courage during tough times! Thank you, Birgit 

Andersen and Judy Elson for being so nice and helpful. 

Also, I would like to thank the undergraduate students Tamerick Barbour, Andrew Hall 

and Evie Brooks whom I had been mentoring for Spring, Summer, Fall 2017 and Spring 2018 

semesters. During working with them, they were very enthusiastic and happy about the 

research problems I provided to them which gave me confidence as a graduate student and my 

research. 

Finally, I would like to thank my parents, my brother, and sisters! Their constant 

support and love were always there for me. Last but not least, I would like to thank my husband 

Anisur Rahman whose unconditional love, support and encouragement help me to grow as a 

person who never gives up. He had been providing me mental support even though we were 

living in separate states for more than one and half years. Now we are together and waiting for 

the new phase of our life! 

 



v 
 

TABLE OF CONTENTS  

 

LIST OF TABLES  .................................................................................................................. x 

LIST OF FIGURES  .............................................................................................................. xii  

LIST OF ABBREVIATIONS  ............................................................................................ xxii  

CHAPTER 1 Introduction  ..................................................................................................... 1 

1.1 Background ..................................................................................................................... 1 

1.2 Literature Review ............................................................................................................ 3 

1.2.1 Introduction to Synthetic Organic Dyes ................................................................... 3 

1.2.1.1 Azo Dyes ............................................................................................................ 3 

1.2.1.2 Anthraquinone Dyes .......................................................................................... 6 

1.2.1.3 NC State Max Weaver Dye Library Dyes ......................................................... 7 

1.2.1.4 Interaction of Dyes to Textile Substrates ........................................................... 7 

1.2.1.4.1 Ionic Interaction .......................................................................................... 8 

1.2.1.4.2 Hydrophobic Interaction ............................................................................. 9 

1.2.1.4.3 Covalent Interaction .................................................................................... 9 

1.2.2 Biodegradation of Textile Substrates and Organic Dyes ....................................... 13 

1.2.2.1 What is Biodegradation? .................................................................................. 13 

1.2.2.2 Biodegradation of Textile Substrates ............................................................... 15 

1.2.2.3 Biodegradation of Organic Dyes ..................................................................... 15 

1.2.3 Analytical Techniques and Instrumentations ......................................................... 20 

1.2.3.1 Mass Spectrometry........................................................................................... 20 

1.2.3.2 Tandem Mass Spectrometry ............................................................................ 29 

1.2.3.3 Liquid Chromatography ................................................................................... 35 

1.2.3.4 Liquid Chromatography-Mass Spectrometry .................................................. 39 

1.3 Thesis Overview ............................................................................................................ 40 

1.4 References ..................................................................................................................... 42 

CHAPTER 2  Qualitative Characterization of Polysulfonated Reactive Dyes and 

Their in -situ Dimerized Products Using Quadrupole Time-of-Flight Mass 

Spectrometry ......................................................................................................................... 47 

2.1 Introduction ................................................................................................................... 47 

2.2 Experimental ................................................................................................................. 49 

2.2.1 Materials and Reagents........................................................................................... 49 



vi 
 

2.2.2 Reactive Dye Dimer Formation.............................................................................. 50 

2.2.3 Mass Spectrometry ................................................................................................. 50 

2.3 Results and Discussion .................................................................................................. 52 

2.3.1 Characterization of Parent Dyes ............................................................................. 52 

2.3.1.1 The M+2 Peaks Analysis ................................................................................. 52 

2.3.2 Characterization of Dimeric Structures .................................................................. 54 

2.3.2.1 CI Reactive Yellow 176 Dimerization ............................................................. 54 

2.3.2.2 CI Reactive Red 239 and CI Reactive Red 194 Dimerization ......................... 60 

2.3.2.3 CI Reactive Blue 221 and CI Reactive Blue 222 Dimerization....................... 60 

2.4 Conclusion ..................................................................................................................... 60 

2.5 Acknowledgments ......................................................................................................... 61 

2.6 References ..................................................................................................................... 62 

CHAPTER 3  Quantitative Analyses of Polysulfonated Reactive Dyes and their 

Intermediate Reaction Products by Hydrophilic Interaction Liquid 

Chromatography-Photodiode Array Detector (HILIC -DAD) coupled to QTOF Mass 

Spectrometer ......................................................................................................................... 64 

3.1 Introduction ................................................................................................................... 64 

3.2 Experimental ................................................................................................................. 66 

3.2.1 Materials and Reagents........................................................................................... 66 

3.2.2 Sample Preparation for Polysulfonated Dyes ......................................................... 66 

3.2.3 Sample Preparation for Hydrolysis Kinetics of CI Reactive Red 198 ................... 66 

3.2.4 Sample Preparation for Dimeric Reaction Products of CI Reactive Yellow 176... 67 

3.2.5 Liquid Chromatography-Photodiode Array Detector-Mass Spectrometry ............ 71 

3.3 Results and Discussion .................................................................................................. 72 

3.3.1 HILIC-DAD-MS Separated and Characterized Dye Forms of Polysulfonated 

Dyes ................................................................................................................................. 72 

3.3.2 HILIC-DAD quantifies Dye Forms of Polysulfonated Dyes ................................. 80 

3.3.3 Hydrolysis Kinetic Study of CI Reactive Red 198 by HILIC-DAD ...................... 82 

3.3.4 HILIC-DAD-MS monitors Dimeric Reaction Products in Synthesis Bath ............ 83 

3.4 Conclusion ..................................................................................................................... 86 

3.5 Acknowledgments ......................................................................................................... 86 

3.6 References ..................................................................................................................... 87 

CHAPTER 4  Tandem Mass Spectrometry Elucidates and Differentiates 

Hydrophobic Dyes Containing Different Substituents at the Azobenzene Core ............ 89 



vii  
 

4.1 Introduction ................................................................................................................... 89 

4.2 Experimental ................................................................................................................. 90 

4.2.1 Materials and Reagents........................................................................................... 90 

4.2.2 Liquid Chromatography-Photodiode Array Detector-Mass Spectrometry ............ 91 

4.2.3 Tandem Mass Spectrometry (ESI-MS/MS) ........................................................... 93 

4.3 Results and Discussion .................................................................................................. 93 

4.3.1 Individual Dye Analysis by LC-DAD-MS ............................................................. 93 

4.3.2 Structure Analysis of Dyes by ESI-MS/MS ........................................................... 97 

4.3.2.1 The CAD Analysis of Dyes containing di Halogen atoms in Ph1 ................... 97 

4.3.2.2 The CAD Analysis of Dyes containing Nitro Group in Ph1 ........................... 97 

4.3.2.3 Effects of Substituents of Ph2 on CAD Analysis ............................................ 98 

4.3.2.4 Differentiation of Isomeric Dyes by ESI-MS/MS ......................................... 101 

4.3.2.5 CAD Survival Yield Curves Differentiate Isomeric Dyes ............................. 101 

4.4 Conclusion ................................................................................................................... 102 

4.5 References ................................................................................................................... 104 

CHAPTER 5  Assessment of Substituent Effects of Hydrophilic Anthraquinone 

Dyes on Retention Behavior in Liquid Chromatography and Identification in 

Tandem Mass Spectrometry .............................................................................................. 106 

5.1 Introduction ................................................................................................................. 106 

5.2 Experimental ............................................................................................................... 108 

5.2.1 Materials and Reagents......................................................................................... 108 

5.2.2 Liquid Chromatography-Photodiode Array Detector-Mass Spectrometry .......... 108 

5.2.3 Tandem Mass Spectrometry (ESI-MS/MS) ......................................................... 109 

5.3 Results and Discussion ................................................................................................ 110 

5.3.1 LC-DAD-MS for Individual Dye Analysis .......................................................... 110 

5.3.2 Artificial Dye Mixture Analysis ........................................................................... 110 

5.3.2.1 LC-DAD-MS Isocratic Retention and Separation of Ten Dyes .................... 110 

5.3.2.2 Substituent Effects of Dyes on LC elution .................................................... 112 

5.3.2.3 Correlation of Theoretical Hydrophobicity and Retention Times ................. 113 

5.3.3 Tandem Mass Spectrometry (ESI-MS/MS) for Structure Analysis ..................... 114 

5.3.4 Assessment of Substituent Effects via Survival Yield Analysis .......................... 115 

5.4 Conclusion ................................................................................................................... 117 

5.5 References ................................................................................................................... 118 



viii  
 

CHAPTER 6   Physical, Chemical and Biological Method Development to Study 

Biodegraded Cellulosic Fabrics Containing Homo, Hetero and Mono Functional 

Reactive Dyes ....................................................................................................................... 120 

6.1 Introduction ................................................................................................................. 120 

6.2 Experimental ............................................................................................................... 122 

6.2.1 Materials and Reagents......................................................................................... 122 

6.2.2 Biodegradation of Dyed Fabric Samples .............................................................. 123 

6.2.3 Physical Method by Spectrophotometry .............................................................. 124 

6.2.4 Chemical Method of Dye Isolation ...................................................................... 125 

6.2.5 Biological Method of Dye Isolation ..................................................................... 125 

6.2.6 Chemical or Hydrolyzed Standards Synthesis ..................................................... 126 

6.2.7 Biological or Enzymatic Digestion Standards Synthesis ..................................... 127 

6.2.8 Liquid Chromatography-Photodiode Array Detector-Mass Spectrometry .......... 128 

6.3 Results and Discussion ................................................................................................ 129 

6.3.1 Biodegradation Study via The Physical Method .................................................. 129 

6.3.2 Biodegradation Study via The Chemical Method ................................................ 129 

6.3.2.1 Characterization of Synthesized Chemical Standards ................................... 130 

6.3.2.2 Comparison of Chemical Standards with Isolated Products .......................... 131 

6.3.3 Biodegradation Study via The Biological Method ............................................... 132 

6.3.3.1 Characterization of Synthesized Biological Standards .................................. 133 

6.3.3.2 Comparison of Biological Standards with Digested Products ....................... 135 

6.4 Conclusion ................................................................................................................... 138 

6.5 Acknowledgments ....................................................................................................... 139 

6.6 References ................................................................................................................... 140 

CHAPTER 7  Quantitative Degradation Analysis of CI Reactive Blue 19 Dye on 

Biodegraded Cellulosic Fabrics via Liquid Chromatography-Photodiode Array 

Detection Coupled to High-Resolution Mass Spectrometry ........................................... 142 

7.1 Introduction ................................................................................................................. 142 

7.2 Experimental ............................................................................................................... 144 

7.2.1 Materials and Reagents......................................................................................... 144 

7.2.2 Biodegradation of Dyed Fabric Samples .............................................................. 145 

7.2.3 Dye Isolation Method ........................................................................................... 145 

7.2.4 Synthesis of Hydrolyzed Dye Standard ................................................................ 146 



ix 
 

7.2.5 Quantitative Monitoring of Degradation .............................................................. 147 

7.3 Results and Discussion ................................................................................................ 148 

7.3.1 Characterization of Synthesized Hydrolyzed Dye Standard ................................ 148 

7.3.2 Analysis of Undegraded Control Sample ............................................................. 150 

7.3.3 Validation of Quantitation Method ...................................................................... 151 

7.3.4 Quantitation of Dyes on Biodegraded Samples .................................................... 153 

7.4 Conclusion ................................................................................................................... 155 

7.5 Acknowledgments ....................................................................................................... 156 

7.6 References ................................................................................................................... 157 

CHAPTER 8  Conclusions and Future Recommendations ............................................ 160 

8.1 Conclusions ................................................................................................................. 160 

8.2 Future Recommendations ............................................................................................ 161 

8.3 References ................................................................................................................... 163 

APPENDICES ..................................................................................................................... 164 

APPENDIX A: Supplementary Materials for Chapter 2 ............................................ 165 

APPENDIX B: Supplementary Materials for Chapter 3 ............................................ 169 

APPENDIX C: Supplementary Materials for Chapter 4 ............................................ 172 

APPENDIX D: Chemicals .............................................................................................. 174 

 

 

 



x 
 

LIST OF TABLES  

 

Table 1.1:    Different components of the azo dyes. ................................................................ 4 

Table 1.2:    Overview of important dye classes and their application properties.22-24,27,30 ... 10 

Table 2.1:    Summary of the accurate mass analysis of the parent reactive dyes. ................ 54 

Table 2.2:    Molecular nature of the parent reactive dyes and their reaction products. ........ 55 

Table 2.3:    Accurate MS analysis of after-reaction products of reactive dyes. ................... 57 

Table 3.1:    The chemical information of the polysulfonated dyes analyzed in this study. .. 67 

Table 3.2:    The HILIC-DAD-MS successfully retained, separated and characterized 

different forms of polysulfonated dye CI Reactive Red 239 containing five 

sodium sulfonate groups. ................................................................................... 74 

Table 3.3:    HILIC-DAD-MS identified, separated and characterized different dye forms 

of polysulfonated dyes containing four sodium sulfonate groups. .................... 77 

Table 3.4:    Different dye forms of dyes containing three sodium sulfonate groups were 

separated and characterized via HILIC-DAD-MS. ............................................ 79 

Table 3.5:    HILIC-DAD quantifies different dye forms of polysulfonated reactive dyes. .. 82 

Table 3.6:    HILIC-DAD-MS study of hydrolysis kinetics of CI Reactive Red 198. ........... 83 

Table 3.7:    HILIC-DAD-MS separated and characterized dimeric after reaction 

products of CI Reactive Yellow 176 at different reaction times. ...................... 85 

Table 4.1:    The chemical information of the dyes analyzed in this study. ........................... 92 

Table 4.2:    The three gradient methods for individual dye run. ........................................... 93 

Table 4.3:    The LC-DAD-MS characterizes all dyes through purity, retention, 

absorbance and high mass accuracies. ............................................................... 97 

Table 4.4:    The ions formation in (+) ESI-MS and their product ions in ESI-MS/MS. .... 100 

Table 5.1:    The similar cored anthraquinone dyes analyzed in this study. ........................ 109 

Table 5.2:    The LC-DAD-MS characterizes all ten anthraquinone dyes through purity, 

absorbance, and high mass accuracies. ............................................................ 112 

Table 5.3:    Peak identification of dye mixtures seperated by LC-DAD method ............... 113 

Table 5.4:    The ion formation in negative ESI-MS and ESI-MS/MS. ............................... 115 



xi 
 

Table 6.1:    Chemical treatment isolated the reactive dyes and their degradation products 

from biodegraded samples and these ions were successfully detected and 

identified by high-resolution MS. Additionally, synthesized standards were 

used for comparison purposes...........................................................................133 

Table 6.2:    Biological treatment isolated the reactive dyes attached to sugar moieties 

and their degradation products from biodegraded samples and these ions 

were successfully detected and identified by high-resolution MS. 

Synthesized standards were used for comparison purposes. ........................... 137 

Table 7.1:    The overall validation parameters.................................................................... 152 

Table 7.2:    The results of intra and inter-day accuracy and precision of each 

concentration point of RB19-OH in standard solutions................................... 152 

Table C.1:   The calculation of survival yield from the sigmoidal equation for  MWDL5  

dye. ................................................................................................................... 172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii  
 

LIST OF FIGURES 

 

Figure 1.1:     The essential components of synthetic dyes are depicted for Disperse 

Orange 3 dye. The combination of essential components (left) renders the 

orange color by absorbing at a visible range (400-700nm) (right). .................. 3 

Figure 1.2:     Diazotization reaction for azo dye synthesis. .................................................... 4 

Figure 1.3:     Due to different activated sites, the same coupler can form different dyes. 

The example shows two azo dyes: (a) monoazo CI Reactive Red 198 and 

(b) disazo CI Acid Black 1................................................................................ 5 

Figure 1.4:     The equilibrium of azo/hydrazone tautomers in phenyl azo naphthol dye. ...... 5 

Figure 1.5:     Reaction scheme for the synthesis of anthraquinone. ....................................... 6 

Figure 1.6:     Anthraquinone dyes belong to different classes of organic dyes: (a) CI 

Disperse Violet 1, (b) CI Acid Green 25, (c) CI Vat Red 42, (d) CI Basic 

Blue 22, (e) CI Reactive Blue 19. ..................................................................... 6 

Figure 1.7:     Two representatives (a) azo and (b) cyano dyes from NCSU Max Weaver 

Dye Library. ...................................................................................................... 7 

Figure 1.8:    The schematic shows the interactions of acid (top, left), disperse (top, right), 

reactive (bottom, left) and direct (bottom, right) dyes with fibers.................... 8 

Figure 1.9:     The protein fiber acquires a net positive charge when the solution pH 

decreases below the isoelectric point. ............................................................... 8 

Figure 1.10:   In presence of dye bath alkali, ionized cellulose covalently interacts with 

the reactive dye, where R = reactive group..................................................... 11 

Figure 1.11:    Overview of the different components of reactive dyes: CI Reactive Red 

198................................................................................................................... 11 

Figure 1.12:    Fixation reaction mechanism of MCT reactive dye with cellulose. ............... 12 

Figure 1.13:    Fixation reaction mechanism of vinyl sulfone (VS) dye with cellulose. ....... 13 

Figure 1.14:   Side reaction hydrolysis leads to wastage of dye in the dye bath during 

fixation of reactive dye with cellulose. ........................................................... 13 

Figure 1.15:   Examples of polyfunctional reactive dyes: (a) Homo bi-functional di-

sulfatoethylsulfone (di-SES) CI Reactive Black 5; (b) Hetero bi-functional 

monochlorotriazine-sulfatoethylsulfone (MCT/SES) CI Reactive Yellow 

176; (c) Homo bi-functional di-sulfatoethylsulfone (di-SES) CI Reactive 

Yellow 176 dimer. .......................................................................................... 14 



xiii  
 

Figure 1.16:   The schematic diagram shows the biodegradation process.17 ......................... 14 

Figure 1.17:   The chemical structure of cellulose showing linear chains ‍ρO τ 

linkages (top) and the schematic showing amorphous and crystalline 

regions (bottom) (adapted from Béguin et al.33). ............................................ 16 

Figure 1.18:   Biodegradation of azo dyes via various methods (RM = Redox mediator; 

ED = Electron donor; b = bacteria) (adapted from Singh et al.9). .................. 17 

Figure 1.19:   Degradation pathway of Reactive Blue 5 treated with enzyme peroxidase 

DyP (adapted from Sugano et al.14). ............................................................... 19 

Figure 1.20:   Degradation pathway of CI Reactive Blue 19 treated with fungal strains 

(adapted from Perlatti et al.10). ........................................................................ 20 

Figure 1.21:   The conceptual illustration of the mass spectrometer shows the major 

components of the system (adapted from Watson et al.34). ............................ 21 

Figure 1.22:   The choice of ionization sources based on sample polarities and molecular 

weight (adapter from Kind et al.38). ................................................................ 22 

Figure 1.23:   The schematic of the electrospray ionization source in negative mode. ......... 23 

Figure 1.24:   Two proposed mechanisms for gas phase ion generation in electrospray 

ionization mass spectrometry: Charged Residue Model (left) and Ion 

Evaporation Model (right). ............................................................................. 23 

Figure 1.25:   Schematic of a quadrupole mass analyzer: (a) a hyperbolic cross-section; 

(b) the operational principle of a quadrupole mass filter by the isolation of 

parent ion (at a specific m/z). .......................................................................... 24 

Figure 1.26:   Ion transmission in quadrupole analyzer: (a) The Mathieu stability diagram 

shows the ionôs stability based on the applied DC (related to a) and AC 

(related to q) current in a-q space; (b) The slope of the scan line can be 

adjusted for higher transmission of ions (adapted from Sudakov et al.48). ..... 26 

Figure 1.27:   The linear TOF analyzer: (a) Principle of linear TOF. (b) Disadvantages of 

linear TOF. ...................................................................................................... 27 

Figure 1.28:   Two major improvements in linear TOF mass analyzer: Delayed 

Extraction (left) and Reflectron TOF using an ion mirror (right). .................. 28 

Figure 1.29:   Orthogonal acceleration of TOF analyzer for coupling with the continuous 

ion source. ....................................................................................................... 28 

Figure 1.30:   The schematic of a multichannel plate detector (adapted from Wiza et 

al.50). ................................................................................................................ 29 



xiv 
 

Figure 1.31:   The conceptual representation of tandem mass spectrometry in Q-TOF 

instrument. The precursor ion is selected in MS1 (Q) and with the help of 

collision gas, dissociation happens, and the decomposed product ions are 

analyzed in MS2 (TOF) (adapted from Watson et al.34). ................................ 30 

Figure 1.32:   The part of the kinetic energy is converted to internal energy of the ions 

which induces dissociation. ............................................................................ 30 

Figure 1.33:   The survival yield curves differentiate different structures by analyzing the 

stability of the precursor ions during collisionally-activated dissociation 

(CAD) in tandem mass spectrometry (adapted from Kertesz et al.52). ........... 32 

Figure 1.34:   Different scanning modes in Tandem Mass Spectrometry. ............................ 33 

Figure 1.35:   The calculation of monoisotopic mass which leads to the M peak in the 

isotopic distributions in mass spectrometry. ................................................... 34 

Figure 1.36:   Mass spectrum showing the different percentage of the valley for 

calculating mass resolution and resolving power. .......................................... 34 

Figure 1.37:   Common atoms and their isotopic distributions and relative abundances in 

MS. .................................................................................................................. 35 

Figure 1.38:   A fundamental overview of liquid chromatography: The compounds from 

the mixture are eluted at the end of column (right) which are detected by 

the detector and created a chromatogram (left). ............................................. 36 

Figure 1.39:   The overview of reversed-phase liquid chromatography (RPC): interaction 

of C18 column with samples. ........................................................................... 37 

Figure 1.40:   During separation of compounds in HILIC, an aqueous layer is formed on 

the stationary phase which helps to retain and to separate the polar 

compounds (adapted from Buszewski et al.58). .............................................. 38 

Figure 1.41:   Schematic of an Agilent 6520 Accurate-Mass Q-TOF LC/MS instrument: 

ESI source (top) and Q-TOF analyzer (bottom). (adapted from Dow et 

al.65). ................................................................................................................ 40 

Figure 2.1:     Reaction scheme for dimerization of commercial MCT/VS reactive dyes 

with hexamethylenediamine (HMDA) as a linking group.17,18 ....................... 49 

Figure 2.2:     Structures of the commercial MCT/VS (parent) dyes used in this study.17 .... 51 

Figure 2.3:     Mass spectra of CI Reactive Yellow 176 showing (a) SES and VS forms 

from full scan analysis. The zoomed in spectra show the isotopic 

distribution of the (b) SES form and (c) VS form, along with accurate 

mass values. .................................................................................................... 53 



xv 
 

Figure 2.4:     HRMS spectra showing the relative abundance of M+2 peaks for the (a) 

SES form and (b) VS form in CI Reactive Blue 221. ..................................... 53 

Figure 2.5:     Reaction scheme showing products identified from the dimerization of CI 

Reactive Yellow. ............................................................................................. 56 

Figure 2.6:     Mass spectrum of CI Reactive Yellow 176 after reaction product showing 

peaks for the di-VS dimer and a dimer having one VS and one hydrolyzed 

VS group. ........................................................................................................ 59 

Figure 2.7:     Mass spectra showing (a) the hexa-charged ions of two types of 

hydrolyzed dimers of CI Reactive Red 239 and (b) the triply charged ions 

of CI Reactive Red 194 di-VS dimer. ............................................................. 59 

Figure 2.8:     Mass spectra showing (a) the double-charged monoreacted (dye + HMDA, 

HVS) ion of CI Reactive Blue 221 after attempted dimerization and (b) the 

triple-charged ions from mono reacted products of CI Reactive Blue 222 

(dye + HMDA, HVS). ..................................................................................... 59 

Figure 3.1:     Structures of the native polysulfonated reactive dyes analyzed in this 

study. ............................................................................................................... 68 

Figure 3.2:     HILIC-DAD-MS successfully retained and separated four colored 

components of polysulfonated dye CI Reactive Red 239 containing five 

sodium sulfonate groups. (a) The DAD chromatogram at 520 nm shows 

the good retention and separation of these components at different 

retention times with (b) their absorbance spectra. .......................................... 72 

Figure 3.3:     HILIC-DAD-MS characterization of CI Reactive Red 239. (a) The DAD 

chromatogram shows separated dye forms at different retention times 

where extracted ion chromatogram (EIC in MS) in (b), (c), (d) and (e) 

characterized them at their specific mass-to-charge (m/z) ratio. ..................... 74 

Figure 3.4:     HILIC-DAD-MS successfully separated and characterized all three dye 

forms of CI Reactive Red 198. (a) The DAD chromatogram shows 

separated compounds at different retention times where EIC in (b), (c) and 

(d) characterized them at their specific m/z. The inset shows the 

absorbance spectra at 520 nm. ........................................................................ 75 

Figure 3.5:     Different forms of CI Reactive Black 5 were successfully separated and 

characterized via HILIC-DAD-MS. (a) The DAD and EIC chromatogram 

characterized two dye forms: (b) dye-SES/VS (minor form, RT 4.42 min) 

and dye-SES/SES (major form, RT 5.11 min). The inset shows the 

absorbance spectra of these two forms at 600 nm. ......................................... 76 

Figure 3.6:     HILIC-DAD-MS demonstrated that CI Reactive Blue 49 had only one dye 

form. Yet, this form had an isomer. (a) These two compounds appeared at 



xvi 
 

RT 4.13 and 4.23 min respectively. (b) Additionally, EIC at m/z 406.5192 

verified their same masses. Inset spectra show absorbance at 600 nm. .......... 77 

Figure 3.7:     (a) The DAD chromatogram separated multiple compounds of CI Reactive 

Orange 35 dye at 430 nm. The EIC shows (b) the mass of the major dye 

form (dye-MCT) and its isomer at m/z 372.5117 and (c) the mass of the 

minor form (dye-MOH) and its isomers at m/z 363.5292. The inset spectra 

show the absorbance of these compounds at 430 nm. .................................... 78 

Figure 3.8:     HILIC-DAD-MS showed poor retention and separation of CI Reactive 

Blue 19 dye containing two sodium sulfonate groups. This dye had less 

hydrophilic interaction (due to less no. of sodium sulfonate groups) with 

the HILIC column, so both SES and VS forms of dye eluted at the void 

retention times with poor separations. ............................................................ 79 

Figure 3.9:     The C18 column retained and separated well two forms of CI Reactive Blue 

19 dye containing two sodium sulfonate groups. Due to less no. of sodium 

sulfonate groups, more hydrophobic interaction occurs between dyes and 

the column which facilitates retention and separation of the dye forms. ........ 80 

Figure 3.10:   HILIC-DAD quantifies different dye forms of heterobifunctional 

(MCT/SES) dye (a) CI Reactive Red 239 (RR239), (b) CI Reactive Red 

198 (RR198) and (c) CI Reactive Blue 221 (RB221) containing five, four 

and three sodium sulfonate groups (-SO3Na) respectively. ............................ 81 

Figure 3.11:   HILIC-DAD monitored the hydrolysis kinetics of heterobifunctional 

(MCT/SES) dye CI Reactive Red 198 (RR198) and its different dye forms. 

In this regard HILIC-DAD demonstrated that the hydrolysis kinetics of VS 

group was faster than the MCT group. ........................................................... 83 

Figure 3.12:   HILIC-DAD monitors dimeric synthesis reaction from dye CI Reactive 

Yellow 176 dye with linker hexamethylenediamine (HMDA). The 

numerical shows the number of products formed at different reaction 

times. ............................................................................................................... 84 

Figure 4.1:     The molecular structure of studied Max Weaver Dye Library (MWDL) 

dyes containing similar azobenzene core with different substituents. ............ 91 

Figure 4.2:     The DAD chromatograms (with retention times) and their corresponding 

absorbance spectra at the same retention times show separation and 

purification of all ten dyes in their individual gradient runs. The numerical 

in each chromatogram shows the dye serial number in Table 4.1. ................. 95 

Figure 4.3:     The LC-DAD-MS representative characterization of dye MWDL10. (a) 

The single peak in DAD chromatogram at 460 nm indicates that the dye is 

pure and (b) the absorbance spectra shows the colored (orange) 

information. (c) The EIC and its corresponding (d) high-resolution mass 

spectrum shows the elemental analysis of the protonated dye molecule. ....... 96 



xvii  
 

Figure 4.4:     LC-DAD-MS characterizes dye MWDL6 and its colored component. (a) 

The DAD chromatogram at 460 nm indicates that the dye and the colored 

component appeared at RT 4.41 and 3.72 min respectively. (b, c) The EIC 

and high-resolution mass spectra (d, e) adequately characterized these two 

compounds with high mass accuracies. .......................................................... 96 

Figure 4.5:     The CAD analyses elucidate the structures of both representative and 

isomeric dyes. Representative dyes: (a) dye MWDL4, containing di 

halogens at Ph1; (b) dye MWDL2, containing nitro group in Ph1 of 

azobenzene core; Isomeric dyes: (c) dye MWDL5 and (d) dye MWDL8 

respectively. .................................................................................................... 98 

Figure 4.6:     The CAD dissociation pathways of the seven dyes containing di halogens 

in Ph1 of the azobenzene core. ....................................................................... 99 

Figure 4.7:     The CAD dissociation pathways of the three dyes containing nitro group in 

Ph1 of the azobenzene core........................................................................... 100 

Figure 4.8:     The survival yield curves and CE50 values differentiated two positional 

isomeric dyes: dye MWDL5 and MWDL8. ................................................. 102 

Figure 5.1:     The molecular structures of anthraquinone dye standards. ........................... 111 

Figure 5.2:     The LC-DAD chromatogram at 620 nm shows the elution and separation 

of all dyes in a single isocratic method. Numerical peak number follows 

the dye number as (1) dye no. 5; (2) dye no. 9; (3) dye on. 4; (4) dye no. 2 

and 8; (5) dye no. 6; (6) dye no. 7; (7) dye no. 1; (8) dye no. 3 and (9) dye 

no. 10............................................................................................................. 112 

Figure 5.3:     The theoretical hydrophobicity (XlogP) of the dyes were correlated well 

with the experimental retention times (RT) on LC-DAD method. ............... 114 

Figure 5.4:     The formation of phenoxide anion after losing of -SO2 group was 

prominent for all hydrophilic anthraquinone dyes upon CAD in ESI-

MS/MS. ......................................................................................................... 115 

Figure 5.5:     The hydrophilic anthraquinone dye no. 6, 1, 3 and 10 had the close 

structural similarities where dye no. 6 had no methyl group and dye no. 1, 

3 and 10 had one, two and three methyl groups respectively in the aniline 

derivative attached to anthraquinone which increases their CE50 values in 

tandem mass spectrometry. ........................................................................... 116 

Figure 5.6:     The survival yield curves depicted that addition of methyl group to the dye 

structures increases their internal stability (Dye 10 > Dye 3 > Dye 1 > Dye 

6). .................................................................................................................. 117 

Figure 6.1:     The chemical structures of dyes analyzed in this work. ................................ 123 



xviii  
 

Figure 6.2:     Biodegraded along with undegraded fabric samples. Here, (a), (b) and (c) 

are the undegraded samples (0 day) of RR198, RBlk5 and RB19 and their 

45 day biodegraded samples are shown in (d), (e) and (f) respectively. 

Here, (g) shows the 90 day biodegraded sample of RB19. ........................... 124 

Figure 6.3:     Experiment setup for biological treatment via enzymatic digestion. (a) The 

samples were incubated in alkali and placed in ice for swelling the fabrics. 

(b) The samples were incubated in an enzyme solution and digested for 

overnight in shaking bath. ............................................................................. 126 

Figure 6.4:     The synthesis reaction of hydrolyzed dye standards from homo (up) and 

hetero (bottom) bi-functional reactive dyes. ................................................. 127 

Figure 6.5:     The synthesis reaction of enzymatic digestion standards. The cellobiose 

molecules reacted to dyes containing mono (up), homo (middle) and 

hetero (bottom) bi-functional groups. ........................................................... 128 

Figure 6.6:     The K/S values of undegraded (0D) and biodegraded (45D and/or 90D) 

samples of (a) CI Reactive Red 198 (RR198), (b) CI Reactive Black 5 

(RBlk5) and (c) CI Reactive Blue 19 (RB19) respectively. The gradual 

decreases of K/S values on biodegraded compared to undegraded samples 

indicate the degradation of dyes on the fabric samples after 

biodegradation............................................................................................... 130 

Figure 6.7:     The characterization of synthesized chemical standard as the di-

hydrolyzed form of the dye RR198. (a) and (b) The TLC analysis shows a 

single final product formation and (c) high-resolution mass spectra 

identified the final product as the di-hydrolyzed RR198. ............................. 131 

Figure 6.8:     The characterization of synthesized chemical standard as the di-

hydrolyzed form of dye RBlk5. (a) and (b) The TLC analysis shows a 

single final product and (c) high-resolution mass spectrum shows the 

detection and identification of the final product as the di-hydrolyzed 

RBlk5 ion. ..................................................................................................... 132 

Figure 6.9:     The characterization of synthesized biological standards of CI Reactive 

Blue 5. (a) DAD chromatogram indicates multiple products were formed 

during synthesis where the main peak at RT 4.1 min was the dye attached 

with two cellobiose moieties. (b) EIC of this compound shows a sharp 

peak in MS and (c) high-resolution mass spectra characterized it with high 

mass accuracy. .............................................................................................. 134 

Figure 6.10:   The characterization of synthesized enzymatic digestion standards of 

RB19. (a) DAD chromatogram indicates three main compounds formed 

where (a), (b), (c) m/z of each compound was extracted from MS and (e), 

(f), (g) characterized these compounds via high-resolution mass spectra. 

The inset shows the absorbance spectra........................................................ 135 



xix 
 

Figure 6.11:   Enzymatic digestion treatment isolated dyes attached to the higher mass 

sugar molecules from undegraded (0 day) dyed samples. Some examples 

of these compounds are (a), (b) CI Reactive Red 198 (RR198); (c), (d) CI 

Reactive Black 5 (RBlk5) and (e), (f) CI Reactive Blue 19 (RB19) 

attached to sugar molecules. All ions were successfully detected and 

characterized by mass spectrometry with high mass accuracies. ................. 136 

Figure 6.12:   Enzymatic digestion treatment isolated possible degradation products of 

the dyes RR198 and RBlk5 from 45 day biodegraded celluloses. The 

chemical structures of the degradation products were proposed based on 

the exact masses on MS. ............................................................................... 138 

Figure 7.1:     (a) The chemical structure of native CI Reactive Blue 19 dye at 

sulfatoethylsulfone (SES) form and (b) its biodegraded fabric samples 

after 0, 45 and, 90 day. .................................................................................. 145 

Figure 7.2:     The synthesis reaction of hydrolyzed dye standard (RB19-OH) from native 

CI Reactive Blue 19 dye (RB19). ................................................................. 147 

Figure 7.3:     The synthesis reaction monitoring of the hydrolyzed dye standard of CI 

Reactive Blue 19. (a) The elution of samples on TLC plate and (b) the 

identification of the spots on TLC. ............................................................... 148 

Figure 7.4:     The characterization of synthesized hydrolyzed dye standard (RB19-OH).  

(a) The DAD chromatogram at 620 nm shows a single peak of RB19-OH 

and its corresponding absorbance spectrum is shown in (b).  (c)The 

extracted ion chromatogram (MS) of the deprotonated RB19-OH molecule 

at m/z 501.0432 and its high-resolution mass spectrum is shown in (d)....... 149 

Figure 7.5:     Comparison of chromatograms and absorbance spectra of isolated RB19-

OH from undegraded control sample and synthesized one. (a) The DAD 

(gray) and mass (black) chromatograms of isolated RB19-OH and (b) the 

synthesized RB19-OH appeared at the same retention time 4.6 min. The 

absorbance spectra of the corresponding compounds in (c) and (d) show a 

similar shape. ................................................................................................ 150 

Figure 7.6:     The linearity assessment for quantitative analysis of RB19-OH dye 

standard via the LC-DAD method. Each point in the calibration curve 

shows the average across all runs (n = 9). .................................................... 151 

Figure 7.7:     The characterization of degradation product along with RB19-OH in 90 

day biodegraded sample. (a) The DAD chromatogram at 620 nm and its 

corresponding EIC at (b) m/z 501.0431 and (c) m/z 421.0864 were 

deprotonated molecules of RB19-OH and degradation product 

respectively.  The high-resolution mass spectra in (d) and (e) show the 

isotopic distributions of these two molecules. .............................................. 154 



xx 
 

Figure 7.8:     The structure analysis of degradation product along with RB19-OH via 

ESI-MS/MS. The collisionally-activated dissociation (CAD) confirmed 

the structures via the fragmentation pathways of (a) RB19-OH and (b) its 

degradation product on 90 day biodegraded sample..................................... 155 

Figure A.1:    The after-reaction product was identified by mass spectrometry from the 

dimerization of CI Reactive Blue 221. ......................................................... 165 

Figure A.2:    The after-reaction products were identified by mass spectrometry from the 

dimerization of CI Reactive Red 239............................................................ 166 

Figure A.3:    The after-reaction products were identified by mass spectrometry from the 

dimerization of CI Reactive Red 194............................................................ 167 

Figure A.4:    The after-reaction product was identified by mass spectrometry from the 

dimerization of CI Reactive Red 222............................................................ 168 

Figure B.1:    HILIC-DAD-MS successfully separated and characterized three different 

dye forms of MCT/SES dye CI Reactive Yellow 176. (a) The DAD 

chromatogram shows the separated dye forms at different retention times 

where EIC in (b), (c) and (d) characterized them at their specific m/z. The 

inset shows the absorbance spectra of these components at 420 nm. ........... 169 

Figure B.2:    HILIC-DAD-MS separated and characterized the dye forms of CI Reactive 

Yellow 174 dye. (a) The DAD and (b) EIC characterized the major dye 

form as the dye-MFT/SES. The inset shows the absorbance spectrum at 

430 nm. ......................................................................................................... 169 

Figure B.3:    The DAD chromatogram shows the separation of different components of 

CI Reactive Blue 21 dye. Only one dye form (dye-HVS, 

hydroxyvinylsulfone) appeared at RT 4.26 min, and other four 

components appeared as the impurities. The inset shows the absorbance 

spectra of these components at 600 nm. ....................................................... 170 

Figure B.4:    In HIIC-DAD-MS analysis, (a) the DAD chromatogram shows the two dye 

forms of CI Reactive Blue 220 dye at 600 nm, where the major form was 

the dye-SES and a minor form as the dye-VS. (b) and (c) The EIC of these 

forms corresponding to their DAD, identified them in MS at their specific 

m/z. The inset spectra show their absorption at 600 nm. .............................. 170 

Figure B.5:    During HILIC-DAD-MS analysis of CI Reactive Blue 221, (a) the DAD 

chromatogram at 600 nm shows the major dye form: dye-SES at RT 4.63 

min and an impurity at RT 5.27. (b) The EIC shows the m/z of the major 

dye form. Inset spectra show the absorbance of major component at 600 

nm. ................................................................................................................ 171 

Figure B. 6:   HILIC-DAD-MS separated different components of CI Reactive Red 23 

dye. Even though the chemical structure of this dye was unknown, this 



xxi 
 

analysis confirmed that this dye had four colored components which were 

successfully retained and separated via HILIC column. ............................... 171 

Figure C.1:    The calculated sigmoidal survival yield curve was fitted with the 

experimental survival curve after solving the sigmoidal equation with 

minimum error. ............................................................................................. 173 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxii  
 

LIST OF ABBR EVIATIONS  

 

QTOF Quadrupole time-of-flight 

MS Mass spectrometry 

HRMS High-resolution mass spectrometry 

MS/MS Tandem mass spectrometry 

ESI Electrospray ionization 

CAD Collisionally-activated dissociation 

SY Survival yield 

MW Molecular weight 

m/z mass-to-charge ratio 

ppm parts per million 

MMA  Mass measurement accuracy 

Da Dalton 

EIC Extracted ion chromatogram 

LC Liquid chromatography 

HPLC High-performance liquid chromatography 

HILIC Hydrophilic Interaction Liquid Chromatography 

DAD Photodiode array detector 

ɚmax Absorption maximum wavelength 

LOD Limit of detection 

LLOQ Lower limit of quantitation 

K/S Absorption vs scattering coefficient 

CI Color Index 

MCT Monochlorotriazine 

MFT Monofluorotriazine 

VS Vinyl sulfone 

HVS Hydroxyvinylsulfone 

SES Sulfatoethylsulfone 

EPA U.S. Environmental Protection Agency 

FDA U.S. Food and Drug Administration 



1 
 

CHAPTER 1 

 

Introduction  

 

1.1 Background 

From textiles to foods, printing inks to cosmetics and/or pharmaceuticals, applications 

of synthetic dyes are widespread.1-6 Since, 1856, approximately 105 different types of dyes 

have been produced worldwide with a global consumption of 7 × 105 metric tons/year.7,8 

Surprisingly, about two-thirds of the produced dye is consumed by the textile industries.8 

During the textile dyeing process, a huge amount (~10-15%; for reactive dyeing, up to 50%) 

of unbound dyes are released into the environmental soil and water.7 Exposure of this vast 

amount of dyes to the environment is problematic due to their carcinogenic and mutagenic 

effects on human health, plants, and animals.1,2,9 Moreover, these colored effluents destroy the 

aesthetic view of the oceans and rivers.10  Therefore, different physical and chemical treatments 

such as coagulation, adsorption, oxidation, and ozonation have been developed to degrade and 

decolorize dye effluents. Even though these techniques sometimes effectively decolorize 

colored effluent, they produce concentrated sludge, which creates a secondary disposal 

problem.10 Hence, biodegradation appears to be the ultimate remediation due to its low-cost 

and eco-friendly nature. In biodegradation process, different microorganisms such as bacteria, 

fungi, yeast, and algae degrade the dye structures before releasing to the environment.7 

Researchers have broadly studied the effectiveness of biodegradation process to the 

colored effluents containing different classes of dyes: azo, anthraquinone, triphenylmethane.11-

15 Yet, no systematic study has assessed the biodegradation of dyes on fabrics. Fabrics are 

biodegraded by landfill disposal, yet it is a challenging waste management issue.16-20 Different 

studies have investigated the factors that affect the biodegradation rate of fabrics. However, no 

study has discussed the fate of the dyes during biodegradation. The questions remain: are dyes 

degraded along with the fabrics or do they remain unaffected by the biodegradation process? 

What happens to the dyes attached to the fabrics after biodegradation? How to characterize 

dyes and their degradation products on the biodegraded fabrics? For biodegradation studies of 

dyes on fabrics, it is necessary to develop analytical methods as well as the dye isolation 

methods from complex biodegraded matrices. In this thesis, I have developed both of these 

methods for different classes of dyes (reactive, acid, disperse). Next, I applied these analytical 
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methodologies to characterize dyes and their biodegradation products from the biodegraded 

fabric samples. 

 In the first part of the thesis, I have developed analytical methodologies (both 

qualitative and quantitative) for the analyses of polysulfonated reactive dyes, their in-situ 

dimeric analogs, and the hydrolysis kinetic products. These methodologies could be extended 

for the dye analysis in other complex mixtures such as wastewater, food chemistry etc.21 The 

fundamental structure analysis that I have carried out for similar cored hydrophobic azo and 

hydrophilic anthraquinone dyes could be useful for structure analysis of unknown dyes in 

complex matrices. Additionally, the physical, chemical and biological methods I have 

developed for the isolation of reactive dyes and their degradation products from biodegraded 

cellulosic fabrics could be leveraged for the fiber evidence recovery analysis from forensic 

burial test. Finally, I have developed a method for quantitative assessment of biodegradation, 

which could be used for the lifetime assessment of dyes on fibers during landfill disposal. 
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1.2 L iterature Review 

1.2.1 Introduction to Synthetic Organic Dyes 

Synthetic dyes are organic compounds which contain conjugated aromatic system with 

chromophores (e.g., color bearing groups as azo, anthraquinone), auxochromes (e.g., electron 

donating groups as amino (NH2), hydroxy (OH)) and antiauxochromes (e.g., electron 

withdrawing groups as carboxyl (COOH), nitro (NO2)). Combination of these components 

allow the synthetic dyes to absorb light at visible region (400-700nm).22 

 

 

Figure 1.1: The essential components of synthetic dyes are depicted for Disperse Orange 3 

dye. The combination of essential components (left) renders the orange color by absorbing at 

a visible range (400-700nm) (right). 

 

Among all components, the chromophore is the major component for the color 

appearance. Almost all dyes have these substructures. Synthetic dyes can be classified based 

on the chromophores such as azo, anthraquinone, nitro, phthalocyanine, metal complex, 

formazan, triarylmethane, xanthene, stilbene, thiazole, indigoid etc.22,23  

 

1.2.1.1 Azo Dyes 

The presence of one or two azo (-N=N-) groups along with auxochromic groups (-OH 

or -NH-) are the main features of azo dyes. Azo dyes are the largest groups of synthetic 

colorants with a wide range of colors and higher color strength (higher extinction coefficient, 

max).
22 They play an important role in different classes of dyes including acid, direct, azoic, 

reactive and disperse.  

Azo dyes are obtained from the diazonium reaction of aromatic amines and couplers. 

Aromatic amines are denoted as A, D and M depending on the number of times they participate 
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in the diazonium reaction. Similarly, the couplers are named as E and Z based on the number 

of times, they react in the diazonium reaction.24 Table 1.1 shows different types of aromatic 

amines and couplers for azo dye synthesis. 

 

Table 1.1: Different components of the azo dyes. 

Aromatic 

amines 

A Diazotizable amine 

D Tetraazotizable diamine 

M 1o Amine that couples twice 

Couplers E The coupler that couples once 

Z The coupler that couples twice 

 

The synthesis of azo dyes is carried out in two steps reaction. First, the aromatic amine 

is converted to diazonium salt via diazotization reaction. Second, the coupling of diazonium 

salt to coupling components (phenol, naphthol, aromatic amine) occurs via a diazo coupling 

reaction.24 Figure 1.2 shows the reaction scheme of azo dye synthesis. 

 

 

Figure 1.2: Diazotization reaction for azo dye synthesis. 

 

Azo dyes are named based on their synthesis components: aromatic amines and 

couplers (Figure 1.3). For example, the dye CI Reactive Red 198 is synthesized by the reaction 

of diazotizable amine (A) and the coupler (E) which couples only once (Figure 1.3a). The 

coupler in this reaction will only be activated near the hydroxyl group at alkali condition.24 In 

another dye, CI Acid Black 1, the same coupler (Z) couples twice; it couples at the ortho 

position to an amino group in weakly acidic condition followed by to the ortho to a hydroxyl 

group in alkaline condition (Figure 1.3b). 
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Figure 1.3: Due to different activated sites, the same coupler can form different dyes. The 

example shows two azo dyes: (a) monoazo CI Reactive Red 198 and (b) disazo CI Acid Black 

1. 

 

The structures of azo dyes can vary from azo to hydrazone tautomer. When azo dyes 

are applied to the substrates or they are in the solution, these two tautomers give in different 

colors. Depending on the solvent, temperature and substrate type (hydrophilic/hydrophobic), 

either azo or hydrazone form is predominated. For example, when certain azo dyes are applied 

to wool, the hydrazone tautomer is mainly observed.22 Figure 1.4 shows an example of 

azo/hydrazone tautomeric equilibrium. 

 

 

Figure 1.4: The equilibrium of azo/hydrazone tautomers in phenyl azo naphthol dye. 
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1.2.1.2 Anthraquinone Dyes 

Anthraquinone dyes are anthraquinone derivative (Figure 1.5) with one or more 

electrons withdrawing or donating substituents.23 Simple anthraquinone derivative is yellow in 

color, but the addition of electron rich substituent leads to deeper shade (bathochromic shift).22 

Anthraquinone dyes are generally predominated in the red, violet, blue and green regions. They 

provide bright shades with better light and wet fastness.23 Even though they have the lower 

color depth (lower extinction coefficients) than azo dyes, they belong to most of the important 

dye classes such as disperse, acid, basic, vat and reactive dyes. The synthesis of anthraquinone 

is carried out by Friedel-Crafts acylation of phthalic anhydride and resulting in a 

cyclodehydration (Figure 1.5).23,24 Some examples of anthraquinone dyes are shown in Figure 

1.6.  

 

Figure 1.5: Reaction scheme for the synthesis of anthraquinone. 
 

 
Figure 1.6: Anthraquinone dyes belong to different classes of organic dyes: (a) CI Disperse 

Violet 1, (b) CI Acid Green 25, (c) CI Vat Red 42, (d) CI Basic Blue 22, (e) CI Reactive Blue 

19. 
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1.2.1.3 NC State Max Weaver Dye Library Dyes 

Recently, a wide collection of ~98000 synthetic dyes has been reported at NC State 

Max Weaver Dye Library.25 This library has a wide variety of chromophoric dyes. The major 

chromophores are azo, anthraquinone, cyano, methine, and nitro. The colors of the dyes cover 

the entire visible spectrum including green, blue, purple, orange, red, yellow, brown and black. 

In a recent publication,25 approximately 2700 dye structures were reported, and their 

cheminformatics properties were evaluated. This library is a treasure trove of organic dyes with 

applications which are yet to be revealed. 

 

 

Figure 1.7: Two representatives (a) azo and (b) cyano dyes from NCSU Max Weaver Dye 

Library. 

 

1.2.1.4 Interaction of Dyes to Textile Substrates 

When dyes are applied to substrates, they are taken up by the substrates via four 

important steps: exhaustion, diffusion, migration, and fixation. In exhaustion, the dye 

molecules move from the dye bath to the fiber surface. Next, in diffusion, they move from the 

fiber surface to the amorphous region of the fiber. In the third step, migration, they move from 

high to low concentration regions and in the final step, fixation, dye molecule interact with 

polymer chain via primary or secondary valency forces.24 

The interaction of dyes with fiber polymers can be ionic (e.g., acid dyes on nylon/wool 

or basic dyes on acrylic fabric), hydrophobic such as solid-solid solution (e.g., disperse dyes 

on polyester), covalent (e.g., reactive dyes on cellulosic fabric) or secondary valency force/H 

bond (direct dyes on cellulose fabric) (Figure 1.8).22,24,26 As dyes interact differently with 

fibers, their solution properties and application conditions vary from one another. Table 1.2 

shows the overview of important classes of dyes and their application properties. 
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Figure 1.8: The schematic shows the interactions of acid (top, left), disperse (top, right), 

reactive (bottom, left) and direct (bottom, right) dyes with fibers. 

 

1.2.1.4.1 Ionic Interaction 

Ionic dyes such as acid dyes form ionic interaction with substrates (Figure 1.9). For 

example, acid dyes have one or more ionic sites e.g., sodium sulfonate acid group, -SO3Na 

which aid them to be more soluble in water. In solution, dye forms an anion as -SO3
-. Acid 

dyes are usually applied to nylon/polyamide fibers at low pH conditions (pH = 2-6).  

Protein fibers have both carboxylic acid and amino groups. In solution, the fiber reaches 

at its isoelectric point where it contains an equal amount of protonated basic (-NH3
+) and 

ionized acidic sites (-COO-). When the pH of the solution decreases below the isoelectric point, 

the fiber acquires a net positive charge (-NH3
+) (Figure 1.9) and interacts with negatively 

charged dye anion (-SO3
-) via an ionic bond. Generally, lowering the pH in the dye bath 

increases the rate of adsorption of dye on fiber and subsequently, the exhaustion of the dye 

molecule to the fiber occurs. Usually, acid dyes are applied to substrates at a pH of 2-6.22,27  

 

 

Figure 1.9: The protein fiber acquires a net positive charge when the solution pH decreases 

below the isoelectric point. 
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1.2.1.4.2 Hydrophobic Interaction  

Sparingly water-soluble disperse dyes form hydrophobic interaction via a solid-solid 

solution on fibers like cellulose acetate and polyester (Figure 1.8). Due to their low solubility, 

these dyes need to be milled to a very small particle size (1-3 µm) and need to be dispersed in 

water using a dispersing agent for application.24 

Disperse dyes possess a wide range of colors with good wash fastness and medium to 

good lightfastness. The common chromophores for disperse dyes are azo, anthraquinone, nitro, 

methine, benzodifuranone, and quinoline-based structures (Table 1.2). 

 

1.2.1.4.3 Covalent Interaction 

Reactive dyes form covalent bonds primarily to cellulosic fibers. These dyes are also 

applied to wool or nylon fibers. Reactive dyes contain one or two reactive groups which form 

a covalent bond with the celluloses.28,29 Cellulose (C6H10O5) n is a polysaccharide containing a 

linear chain of ‍ρO τ linkages.28 During application of reactive dyes, alkali in dye bath 

deprotonates the celluloses and makes them ionized. The ionized celluloses then react and form 

a covalent bond with the dyes (Figure 1.10). The chemical structure of reactive dye has five 

building blocks: chromogen system (C), bridging group (B), solubilizing group (SG), leaving 

group (LG), and the reactive group (RG) (Figure 1.11). 

The chromogen system consists of chromophores (e.g., color bearing groups) and the 

conjugated aromatic systems which allow them to absorb light in the visible region (400-700 

nm). Widely used chromogens for reactive dyes are azo (mono, dis, and metal-complex), 

anthraquinone, phthalocyanine, copper formazan, and triphenodioxazine. 

The bridging group connects reactive groups with chromophores and other conjugated 

systems. It also influences the reactivity of the dyes. Common bridging groups are ïNH2, -

SO2, -NH-SO2, -NHCO, -O-, -S- and ïN-alkyl. Another important component of reactive dyes 

is the leaving group. For halotriazine dyes, the halogen atom is the leaving group. Stability of 

leaving groups is I > Br > Cl > F. For sulfatoethylsulfone (SES) dyes, hydrogen sulfate (-

OSO3H) is the leaving group. Additionally, reactive dyes have one or more solubilizing groups 

(-SO3H) which make dyes to be soluble in water through H-bond.27  
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Table 1.2: Overview of important dye classes and their application properties.22-24,27,30  

Dye 

class 

Solution 

properties 

Typical 

substrates 

Methods of 

application 

Bond type 

with the 

substrate 

Typical 

chromogen 

systems 

Acid Water soluble, 

anionic 

Polyamide and 

Protein fibers as 

nylon, silk, wool 

Acidic condition (pH 

2-6) 

Ionic AZ, AQ, 

MC-AZ, 

TAM, AZN, 

NR 

Basic Water soluble, 

Cationic in acidic 

solution 

Acrylic fibers Weakly acidic 

condition (pH 4.5-

5.5) 

Ionic AZ, MN, 

TAM, ACR, 

AZN, OX, 

XN 

Direct Water soluble, 

anionic 

Cellulosic fibers Needs electrolytes as 

NaCl, Na2SO4 during 

the dying 

H-bonding, 

dipolar force 

AZ (82%), 

DOZ, SN, 

THZ, Ph-CN 

Reactive Water soluble, 

anionic 

Mostly Cellulosic, 

others as wool, 

nylon. 

Alkali or heat needed, 

salt needed for 

affinity 

Covalent 

bond 

AZ, AQ, Ph-

CN, FR, MC 

Disperse Water insoluble, 

non-ionic. 

Hydrophobic 

fibers as acetate, 

polyester 

Needs dispersing 

agent during dyeing 

Solid-Solid 

solution 

AZ (60%), 

AQ (25%), 

NR, MN, 

BNF, QN 

Azoic Water insoluble, 

non-ionic. 

Cotton Reaction inside the 

fiber (Coupler and 

salt) 

Van Der 

Waals, 

Hydrophobic 

interaction 

AZ 

Vat Water insoluble, 

non-ionic. 

Cotton Reduction, 

absorption, re-

oxidation needed 

Entrapped in 

fiber with 

H2O soluble 

forms 

AQ (82%), 

ID/TID (9%) 

Sulfur Water insoluble, 

non-ionic, 

macromolecular. 

Cotton Reduction and 

solubilization needed 

at high temp 

Aggregation 

with H-

bonds 

BTZ 

AZ, Azo; AQ, Anthraquinone; MC, Metal Complex; FR, Formazan; NR, Nitro; Ph-CN, Phthalocyanine; TAM, Triarylmethane; MN, 

Methine; QP, Quinophthalone; XN, Xanthene; AZN, Azine; ACR, Acridine;  OX, Oxazine; SN, Stilbene;  DOZ, Dioxazine; THZ, 

Thiazole; BNF, Benzodifuranone; QN, Quinoline; ID, Indigoid; TID, Thioindigoid; BTZ, Benzothiazole. 
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Figure 1.10: In presence of dye bath alkali, ionized cellulose covalently interacts with the 

reactive dye, where R = reactive group. 

 

The most important part of reactive dye is the reactive group which makes the dye to 

be covalently bonded to the substrates. Depending on the reaction mechanism with fibers, 

reactive groups can be classified as nucleophilic substitution (halo-triazine) or nucleophilic 

addition (vinyl sulfone).24 Besides these two, other reactive groups are halogenated 

pyrimidines, phthalazines and quinoxalines.31 

 

 

Figure 1.11: Overview of the different components of reactive dyes: CI Reactive Red 198. 

 

Halo-triazine reactive group 

Halo-triazine reactive groups consist of a triazine group with one or two halogen atoms 

(chlorine or fluorine). During fixation to fibers, the chlorine/fluorine atom of dye is substituted 

by the nucleophile, cellulosate anion (Cell-O-). Common halotriazine reactive groups are 
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monochlorotriazine (MCT) and dichlorotriazine (DCT). The reactive groups halo-triazine dyes 

form covalent bonds with cellulosic fibers through nucleophilic substitution reaction (Figure 

1.12).28  

 

Vinyl sulfone reactive group 

Another important type of reactive group is activated vinyl sulfone. In presence of 

alkali and heat, the activated vinyl sulfone is fixed with cellulosate anion (Cell-O-) via 

nucleophilic addition reaction (Figure 1.13).  

The requirement of alkali during application of reactive dyes leads to undesirable side 

reaction named hydrolysis of the dyes instead of fixation to the fiber (Figure 1.14). The 

hydrolysis reaction in dyebath leads to wastage of dyes which is a major concern for dye 

chemists.24 

 

Bi- and polyfunctional reactive groups 

Fixation efficiency to the fiber increases from 60% to 80% when there is more than one 

reactive group per molecule. For this reason, bi- and polyfunctional reactive dyes and dimeric 

dyes are being synthesized nowadays.21,28 Figure 1.15 shows some examples of bi- and 

polyfunctional reactive dyes 

 

 

Figure 1.12: Fixation reaction mechanism of MCT reactive dye with cellulose. 
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Figure 1.13: Fixation reaction mechanism of vinyl sulfone (VS) dye with cellulose. 
 

 

Figure 1.14: Side reaction hydrolysis leads to wastage of dye in the dye bath during fixation 

of reactive dye with cellulose. 

 
1.2.2 Biodegradation of Textile Substrates and Organic Dyes 

1.2.2.1 What is Biodegradation? 

Biodegradation is the process, which converts complex species into simpler ones via 

microorganisms such as bacteria, fungi, and viruses. U.S. Geological Survey (2007) defined 

biodegradation as the transformation process, which transforms a substance into a new 

compound through biochemical reactions with microorganisms (e.g., bacteria). On the other 

hand, the U.S. Environmental Protection Agency (EPA, 2009) denoted biodegradation as a 

process, which uses microorganism to transform or alter the structure of chemicals introduced 

into the environment.17 Figure 1.16 shows the schematic of the biodegradation process. 
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Figure 1.15: Examples of polyfunctional reactive dyes: (a) Homo bi-functional di-

sulfatoethylsulfone (di-SES) CI Reactive Black 5; (b) Hetero bi-functional 

monochlorotriazine-sulfatoethylsulfone (MCT/SES) CI Reactive Yellow 176; (c) Homo bi-

functional di-sulfatoethylsulfone (di-SES) CI Reactive Yellow 176 dimer. 

 

 

Figure 1.16: The schematic diagram shows the biodegradation process.17 
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1.2.2.2 Biodegradation of Textile Substrates 

As the textile industry grows, approximately 85,814 thousand tons of textile fibers are 

produced worldwide in 2012 and the fiber production increased approximately fifty times over 

the last 50 years.17 Each year, millions of tons of textile materials are produced from these 

textile fibers. Disposal of textiles materials (discarded clothes and shoes) after uses is a big 

concern and challenging waste management issue. According to the Environmental Protection 

Agency (EPA), the generation of textile waste materials (discarded clothes and shoes) in the 

USA increased approximately ten times over the last 50 years. Currently, three methods are 

being employed to manage these textile waste materials: recycling, combustion and landfilling. 

Among these methods, the most commonly used method is landfilling.  According to EPA, 

approximately two-thirds of all generated textile waste materials are landfilled in 2015.  

During landfilling of textile substrates, biodegradation occurs which breaks down the 

substrates into simpler substances via biological microorganisms (bacteria, fungi, and 

viruses).17,18  When the substrates are landfilled to the environment, particularly in soil, 

enzymatic degradation occurs to the textile substrates especially to cellulosic fibers.18  

Cellulosic fiber such as cotton is an important type of textile substrate. Cotton fiber has 

a high degree of polymerization (approximately 6000 to 10000 repeating units) with highly 

reactive hydroxyl (-OH) groups. Due to the presence of  ‍ρO τ linkages of linear chain 

polysaccharides in cotton, the crystalline region is around 70% and the remaining 30% is 

amorphous region. Cotton fibers are hydrophilic in nature (due to ïOH groups) and they are 

highly susceptible to hydrolytic and oxidative degradations by the microorganism. During 

biodegradation, the amorphous region is mainly attacked by the microorganism (Figure 

1.17).16,19,20,32,33  

 

1.2.2.3 Biodegradation of Organic Dyes 

In each year, approximately 10-15% of the dyes in dye bath do not bind with fabrics 

and go to the environment through wastewater.9 For the reactive dying process, up to 50% of 

dye is lost in dying effluent.10 These unbound dyes make unaesthetic as well as harmful effects 

to the environmental soil, water, and air. After breaking down, these dyes become colorless 

toxic and mutagenic to a living organism. Different physicochemical methods such as 

filtration, carbon activated, coagulation and chemical filtration have been used to treat the 
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colored textile effluents. However, these methods produce concentrated sludge, which 

produces secondary disposal problem. On the other hand, biodegradation is cheaper than these 

methods, yet it produces no sludge. For these reasons, biodegradation seems ultimate 

remediation for the degradation and decoloration of dyes on textile effluents. In biodegradation 

process, different microorganisms such as bacteria, fungi, yeast, and algae are used for 

bioremediation of dyes on textile effluents.7,9-11 

 

 

Figure 1.17: The chemical structure of cellulose showing linear chains ♫ ᴼ  linkages 

(top) and the schematic showing amorphous and crystalline regions (bottom) (adapted from 

Béguin et al.33).  

 

Biodegradation of azo dyes 

Azo dyes are the largest class of synthetic dyes. Azo dyes contain one or more azo 

chromophoric groups (-N=N-) which render colors to the dyes. In biodegradation process, the 

azo dyes are degraded/decolorized by either aerobic (in presence of oxygen) or anaerobic 

conditions (in absence of oxygen). Both conditions attack the azo chromophore and break 

down the dye.9 During biodegradation of azo dyes, enzymatic microbial such as azoreductases 

and laccases prove to have great potential to degrade the azo dyes. 

Azoreductases degrade the azo dyes to aromatic amines (colorless products) via 

reductive cleavage. During reductive cleavage, catalysts: NADH (Nicotinamide adenine 
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dinucleotide), NADPH (Nicotinamide adenine dinucleotide phosphate) and FADH2 (Flavin 

adenine dinucleotide) provide an electron to breakdown azo bond at intra or extracellular sites 

of the microorganism.9 Intracellular degradation of dyes occurs to the low molecular weight 

hydrophobic azo dyes. However, high MW and sulfonated azo dyes cannot penetrate to the 

cell membrane, so their degradation is not effective through intracellular sites. Therefore, small 

MW redox mediator is used to mediate the reduction of these dyes on the extracellular 

environment. This redox mediator works as electron shuttles between azo dyes and the 

catalysts and facilitates degradation of dyes (Figure 1.18). 

Laccases are oxidoreductases, which contain multicopper oxidase.  They degrade dyes 

via non-specific oxidation. They work with or without a redox mediator. Apart from azo dye 

degradation, laccases are also used for the degradation of anthraquinone dyes. Laccases use 

molecular oxygen as an electron acceptor to catalyze the free radical oxidation reaction of 

phenolic and non-phenolic compounds. Therefore, they prevent the formation of toxic aromatic 

amines during dye degradation process.9,12 

 

 

Figure 1.18: Biodegradation of azo dyes via various methods (RM = Redox mediator; ED = 

Electron donor; b = bacteria) (adapted from Singh et al.9). 
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Biodegradation of anthraquinone dyes 

Anthraquinone dyes are the second largest group of dyes, which contain anthraquinone 

derivatives. Anthraquinone dyes are more resistant to degradation than azo dyes due to their 

fused aromatic structure.10 Yet, several studies reported biodegradation of anthraquinone dyes 

via microorganisms.13-15 Itoh et al. studied biodegradation of hydrophobic anthraquinone dye 

CI Disperse Red 15.15 Using fungi named P. anomala IAM 12210, the authors observed the 

total disappearance of the dye within 24 h. Degradation products were characterized as the 

amino substituent is replaced by a hydroxyl group, removal of a hydroxyl group, the addition 

of methylene groups to the anthraquinone derivative. Overall, fungi efficiently degraded 

hydrophobic anthraquinone dyes.15 

Biodegradation pathway of hydrophilic anthraquinone dyes is different than 

hydrophobic anthraquinone dyes.13 Due to the presence of sulfonated groups, reactive dyes are 

hydrophilic in nature.13,14 Ren et al.13 studied biodegradation of anthraquinone dye Reactive 

Blue 5 along with other azo and triphenylmethane dyes. Decolorization of these dyes was up 

to 85% within 36 h reaction time. During Biodegradation, the anthraquinone reactive dyes 

showed an interesting phenomenon. The microorganism used for the biodegradation adsorbed 

these dyes and they were precipitated as a blue flocculate. The dye decolorization was 

completed when the blue flocculate turned into white.13 Sugano et al. studied the same Reactive 

Blue 5 dye with detailed biodegradation pathways.14 The author used enzyme, peroxidase, DyP 

for decolorization of the dye. The degradation products were characterized by the high-

resolution time-of-flight mass spectrometer and 1H NMR. One important degradation product 

was characterized as the phthalic acid (Figure 1.19). Phthalic acid was formed after oxidative 

ring-opening of the anthraquinone derivative. Other products were formed after further 

degradation of primary products (Figure 1.19). One interesting product, di-sulfonated 

azobenzene (product 4) was observed after the dimerization of these two sulfonated anilines 

(intermediated products).  

Parlatti et al.10 carried out biodegradation of anthraquinone dye CI Reactive Blue 19 by 

fungal strains over a 30-day period. Phthalic acid was an important degradation product for 

Reactive Blue 19 dye (Figure 1.20). Overall, degradation product as phthalic acid resulted from 

oxidative ring-opening of anthraquinone derivative is an important biodegradation pathway of 
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anthraquinone reactive dyes. Yet, the degradation pathway of dyes in solution could be 

different than the dyes on the biodegraded fabrics. 

 

 

Figure 1.19: Degradation pathway of Reactive Blue 5 treated with enzyme peroxidase DyP 

(adapted from Sugano et al.14). 
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Figure 1.20: Degradation pathway of CI Reactive Blue 19 treated with fungal strains (adapted 

from Perlatti et al.10). 

 

1.2.3 Analytical Techniques and Instrumentations 

1.2.3.1 Mass Spectrometry 

History of Mass Spectrometry 

The concept of mass spectrometry comes along with the discovery of the electron by 

Sir John Joseph Thomson who was awarded Nobel prize in 1906 for this discovery34. Later in 

1912, he discovered another phenomenon: when applying electric and magnetic fields on ions 

which were produced by the residual gases in cathode ray tubes, the ions follow parabolic 

trajectories which were proportional to mass-to-charge ratios. These trajectories could be 

detected and produced a mass spectrum. Later, in 1919, scientist Francis William Aston 

developed the first mass spectrogram which could be used to measure the number of ions. He 

improved the previous apparatus (made by Thomson) with the help of electric and magnetic 

field to focus the rays of uniform charge-to-mass on a photographic plate which improved the 

mass resolution. While Astonôs instrument provided accurate mass measurement, another 

scientist, Arthur Jeffery Dempster, invented a magnetic sector instrument which provided 

accurate ion abundance. He also first introduced the electron ionization source in 1918 which 

provides gas phase ion production. Later many scientists participated in the development of 

the mass spectrometer and contributed to the improvement of mass spectrometry. Yet, three 

scientists named above are considered the founders of mass spectrometry.34 
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The Conceptual I llustration of Mass Spectrometry 

A mass spectrometer can be presented by four major components: a sample 

introduction inlet, an ionization source, a mass analyzer, and the detection system. With the 

help of magnetic and/or electric fields in the vacuum system, ionized molecules from the ion 

source are separated and isolated in the mass analyzer based on their mass-to-charge ratio and 

detected by the detector.34,35 Figure 1.21 shows a simplified schematic of a mass spectrometer.  

 

 

Figure 1.21: The conceptual illustration of the mass spectrometer shows the major components 

of the system (adapted from Watson et al.34). 

 

Ionization Sources 

Ionization source plays an important role in mass spectrometry. It produces gas phase 

ions.35 As mass spectrometer only analyzes ionized molecules, any neutral compounds 

introduced to the mass spectrometer need to be ionized via ionization sources. The choice of 

ionization sources depends on the applications as well as the samples being analyzed. For 

example, ionization source known as electron impact (EI) is used for ionizing non-polar, 

volatile compounds and considered a hard ionization technique due to its extensive 

fragmentation production. On the other hand, atmospheric pressure ionization sources such as 

electrospray ionization (ESI) is considered a soft ionization technique which is mostly used for 

nonvolatile, thermally labile compounds.36 Another soft ionization technique, Matrix-assisted 

laser desorption ionization (MALDI ) can produce intact ions from large fragile molecules, like 

proteins.37 Similarly, another atmospheric pressure ionization technique named atmospheric 

pressure chemical ionization (APCI) is softer than electron impact (EI) and it is used for 

comparatively non-polar compounds. Figure 1.22 shows a comparison of three common 

ionization sources: EI, APCI, and ESI based on their selectivity towards analyteôs polarity and 

molecular weight (MW).36  
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Figure 1.22: The choice of ionization sources based on sample polarities and molecular weight 

(adapter from Kind et al.38). 

 

Electrospray Ionization Source (ESI) 

The arrival of atmospheric ionization mass spectrometry introduced electrospray 

ionization (ESI) source which launched a novel era of ionization in mass spectrometry.37,39-42 

Before ESI, ionization source was mainly available for volatile and thermally stable gas-phase 

analytes.34 ESI introduced easy ionization of nonvolatile, thermally labile compounds.40 In 

ESI, the solution of the analyte is sprayed through a small capillary into an electric field. The 

imposed electric field between the nebulizer and counter electrode aids effective spraying of 

the solution (Figure 1.23). When the droplets possess excess positive or negative charges 

(based on capillary bias polarity), and it reaches to Rayleigh limit (repulsive forces among like 

charges overcome the surface tension of the solution), the droplets go through coulombic 

fission. After evaporation of all solvent, the charges remain on the surface of the analytes and 

the ionized analytes enter mass spectrometer.  

Two mechanisms have been proposed for the ion generation in ESI.34,43,44 The first 

mechanism is the Charged Residue Model (CRM) which was proposed by Dole in 1968.43 This 

model states that charged density increases due to the solvent evaporation and the large 

droplets are divided into smaller ones to form a single ion. The second mechanism is named 

as Ion Evaporation Model (IEM), which was proposed by Iribarne &Thomson in 1976.44 This 

model states that increased charged density (resulted from solvent evaporation) causes 

coulombic repulsion and releases cascade of ions (no single ions).45 Figure 1.24 shows the 

schematic of these two models. 
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Figure 1.23: The schematic of the electrospray ionization source in negative mode. 

 

 

Figure 1.24: Two proposed mechanisms for gas phase ion generation in electrospray 

ionization mass spectrometry: Charged Residue Model (left) and Ion Evaporation Model 

(right). 

 

The selectivity of ESI response is dependent on the properties of analytes and solvents. 

The surface activity, proton affinity, solvation energy, and the solvent pH are the main factors 

which could affect ESI response. The surface-active analytes usually stay on the surface of the 

ESI droplets, so their ionization efficiency is higher.  If solvation energy of the analyte is high, 

their ESI response will be low. Since non-polar analytes have less solvation energy, their ESI 
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response is usually high. During ionization, they stay at the droplet air interface so, they could 

enter the gas phase easily than the ions inside the droplet (high solvation energy).45 

Additionally, ESI response could be increased or decreased by using appropriates additives 

and modifies. 

 

Quadrupole Mass Analyzer 

The second important part of the mass spectrometer is the mass analyzer. Among all 

mass analyzers, quadrupole analyzer is widely used due to its low cost and simple operating 

principles.46,47 The quadrupole mass analyzer works by filtering trajectories of ions with 

different masses by employing a combination of direct current (DC) and radio frequency (RF) 

electric fields. The mass analyzer consists of four hyperbolic parallel rods where opposite rods 

are connected in pairs with the same magnitude of potentials but opposite signs (Figure 1.25).48  

 

 

 

Figure 1.25: Schematic of a quadrupole mass analyzer: (a) a hyperbolic cross-section; (b) the 

operational principle of a quadrupole mass filter by the isolation of parent ion (at a specific 

m/z). 

 

When ions are accelerated (5-15V) from the source, at a given value of DC and RF 

potentials, only the ions within a certain m/z range will have a stable trajectory and will reach 

to the detector. The ramping of the ratio of DC and RF potentials allows only the expected ions 

to reach to the detector and others to collide on the rods (Figure 1.25). The stability and motion 

of the ions in quadrupole can be described by the Mathieuôs stability diagram.48 The diagram 

is obtained from the Mathieuôs equations as given below  



25 
 

ὥ  ὥ
τὩὟ

άὶ ‫
 

ή  ή  
ςὩὠ

άὶ ‫
 

Where a and q are terms related to DC and RF voltages respectively and x, y and ro are 

the distances along the coordinate axes (x, y) and center axis (z) (Figure 1.25). U is the 

magnitude of the time-independent DC potential and V is the magnitude of time-dependent RF 

angular or oscillation potential with an angular frequency of ɤ (ɤ = 2ʧf, constant).  

When ions are accelerated in the z-axis, they also experience acceleration in x and y-

axis. If the values of acceleration toward x and y-axis are less than ro, the ions will be able to 

reach the detector without touching the rods in quadrupole. This is called the bounded solution 

of the Mathieu equation. The ions at the tip of the diagram in Figure 1.26a will have stable 

trajectories and reach to the detector. When adjusting the operating line (DC/RF ratio), the 

resolution of the instrument will increase but sensitivity will decrease. Since different ions 

have different masses, adjustment of the operating line also filters ions. As the mass of the ion 

is inversely proportional to the ratio of DC to RF potentials (from low to a high value), ions of 

increasing mass will first take on the stable diagram and transmitted to the detector (Figure 

1.26b).  

If quadrupole operates at the RF-only mode where no DC component is active (a=0), 

the operating line becomes horizontal and lies on the x-axis, which indicates all ions will have 

stable trajectories and will pass to the detector.48 In a quadrupole time-of-flight (Q-TOF) 

instrument at full scan analysis, the quadrupole is set to an RF-only mode where all ions pass 

the quadrupole without filtering and these ions are directly analyzed by their m/z with high-

resolution TOF analyzer.  

 

Linear Time-of-Fli ght (TOF) Mass Analyzer 

Another important analyzer in mass spectrometry is a time-of-flight (TOF) mass 

analyzer. Although TOF analyzer has been commercially available since the mid-1950s, it was 

rediscovered during the last decade or more.49 The TOF analyzer separates ions based on the 

time required for the ions to travel from ion source to detector.34,35 Initially, all ions are 

accelerated with the same kinetic energy. As different ions have different mass-to-charge (m/z) 

ratio, their corresponding velocities and thus their flight times are different (Figure 1.27a).  
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Figure 1.26: Ion transmission in quadrupole analyzer: (a) The Mathieu stability diagram shows 

the ionôs stability based on the applied DC (related to a) and AC (related to q) current in a-q 

space; (b) The slope of the scan line can be adjusted for higher transmission of ions (adapted 

from Sudakov et al.48). 

 

During ion acceleration, the kinetic energy (kinetic energy = άὺ, here, m and v are 

mass and velocity of the ion respectively) gained by the ion is equal to the potential energy 

(potential energy = zeV, where, V= acceleration potential, e = electron mass and z = charge of 

the ion) 

ᾀὩὠ άὺ   

ὺ  Ѝ
ςᾀὩὠ

ά
 

Then, the flight time, ὸ  =  , L = length of the flight tube and v = velocity of the 

ion 

ὸ
ὒ
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ὸ ὒЍ   ́ ã   ́  ãmass-to-charge ratio 

Although the resolving power of the TOF analyzer is very improved now, there were 

some problems associated with linear TOF analyzer.  The resolving power of linear TOF was 

affected by four different phenomena (Figure 1.27b). The spread in flight times of ions in linear 

TOF was due to the differences in starting times, differences in initial kinetic energies, 

differences in starting locations or differences in initial directions of the ions. All these factors 
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critically affected the resolving power of the linear TOF. Therefore, further improvements 

were made in linear TOF.  

 

 

Figure 1.27: The linear TOF analyzer: (a) Principle of linear TOF. (b) Disadvantages of linear 

TOF. 
 

Delayed Extraction (DE) in TOF: Delayed extraction or time-lag focusing is an 

important improvement in linear TOF instrument and it is mainly used in MALDI-TOF.35 The 

ion source is divided into two acceleration stages instead of one. During desorption in the ion 

source, the extraction region is kept field-free and after few nanoseconds, the electric field is 

switched, so that previously slower ions will accelerate higher than the faster ones (Figure 1.28 

(left)). After adjusting the delayed time and source voltages, initial velocity spread and spatial 

dispersion for ions with the same m/z are reduced and achieved better resolution. 

Reflectron TOF: Another important improvement in the TOF analyzer is the addition 

of the reflectron using an ion mirror.34 The ion mirror in Reflectron TOF compensates the 

initial velocity spread of the ions with same m/z ratios. The faster ions penetrate deeper into 

the reflectron and have longer flight paths than slower ions and eventually all ions with the 

same m/z reach to the detector at the same time (Figure 1.28 (right)). The main optimization 

parameters are the acceleration ratio and reflectron voltages. 

TOF Analyzer with Continuous Ion Sources (Orthogonal Acceleration): TOF 

analyzers work in pulsed mode, so the best match with the pulsed ion sources like MALDI. 

For coupling the TOF mass analyzer with a continuous ionization source (e.g., ESI), an 

orthogonal acceleration (oa TOF) is needed (Figure 1.29).34 In oa TOF, there is a little to no 

radial dispersion of kinetic energies of the extracted ion packet results in significantly 

improved resolving power. 
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Figure 1.28: Two major improvements in linear TOF mass analyzer: Delayed Extraction (left) 

and Reflectron TOF using an ion mirror (right). 

 

Figure 1.29: Orthogonal acceleration of TOF analyzer for coupling with the continuous ion 

source. 

 

Detectors in Mass Spectrometry 

The detectors in MS convert the energy of the incoming signal to current by electronic 

devices and send the signal to the acquisition system of the mass spectrometer. During 

detection in MS, secondary particles (electrons or photon) are produced by the collision of the 

incoming particles to the detector. The efficiency of the detector depends on several factors 

like the rate of conversion of the incoming ions to electrons or photons, the linear response, 

the low noise, the short recovery time and the minimal variations in the transit time.  

In Q-TOF mass spectrometry, the multichannel plate (MCP) detector is used. In the 

MCP detector, an array of 104-107 miniature electron multipliers are oriented in a lead glass, 

where all multipliers are parallel to each other and each multiplier amplifies the incoming 

signal. When ions hit the front surface of the MCP plate, an electron escapes and introduce the 

process of electrical signal amplification. Next, the multiplier amplifies the signal by emitting 

secondary electrons. Figure 1.30 shows an MCP detector with multi-channels plate.50  
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Figure 1.30: The schematic of a multichannel plate detector (adapted from Wiza et al.50). 

 

1.2.3.2 Tandem Mass Spectrometry 

Tandem mass spectrometry (MS/MS) is a technique which uses the combination of two 

or more mass analyzers along with collision cell. Initially, the tandem mass spectrometry was 

only used for distinguishing isomeric compounds. Mixture analysis was also another important 

area for early tandem MS. Nowadays, the application of tandem mass spectrometry is 

widespread including structure analysis, the targeted analysis in complex matrix etc.34  

In tandem mass spectrometry with Q-TOF instrument, where the quadrupole (Q) 

analyzer is used to select the ions of interest and collision gas (pure nitrogen gas) is introduced 

in the collision cell. Next, the selected ions undergo dissociation and the fragmented product 

ions are analyzed by high-resolution time-of-flight (TOF) analyzer (Figure 1.31). 

Different types of dissociations can happen in the collision cell, but in Q-TOF tandem 

mass spectrometry, the ions of interest undergo collisionally-activated dissociation (CAD). In 

CAD experiment, the part of the kinetic energy (Ὁ ) of the precursor ion is converted to the 

internal energy (Ὁ ) of the ions which induced the dissociation (Figure 1.32).51  
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Figure 1.31: The conceptual representation of tandem mass spectrometry in Q-TOF 

instrument. The precursor ion is selected in MS1 (Q) and with the help of collision gas, 

dissociation happens, and the decomposed product ions are analyzed in MS2 (TOF) (adapted 

from Watson et al.34). 

 

 

Figure 1.32: The part of the kinetic energy is converted to internal energy of the ions which 

induces dissociation. 

 

The effective dissociation of the ions depends on better conversion of the kinetic energy 

to internal energy. The availability of the internal energy for the dissociation can be calculated 

from the equation below 

ἏἱἶἼἏἳἱἶ
ἵἼἩἺἯἭἼ

ἵἱἷἶ ἵἼἩἺἯἭἼ
   

Where, ἵ░▫▪ is the mass of the ion of interest, ἵἼἩἺἯἭἼ is the mass of the neutral gas or 

atoms used as collision gas (target gas), Ἇἳἱἶ is the kinetic energy of the ion and  ἏἱἶἼ is the 

internal energy available for the ion. According to the above equation, when the mass of the 

ion is increased, the available internal energy for dissociation is decreased. On the other hand, 

increasing mass of the target gas (ἵἼἩἺἯἭἼ) or increasing kinetic energy of the ion of interest 
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(Ἇἳἱἶ) would increase the available energy for collision. For example, if argon (40 Da) is used 

instead of nitrogen (28 Da) as target gas, the available collision energy would increase two 

times.51 Therefore, this equation is helpful to theoretically calculate the available internal 

energy based on the ions of interest and the target gases. 

Survival Yield (SY): In tandem mass spectrometry, survival yield is used to quantify 

the distribution of the internal energy of the precursor ions and to explain the fragmentation 

patterns. From the equation described above, if the mass of the ions and target gas are constant, 

the available internal energy for collision is directly proportional to the kinetic energy of the 

ions. The kinetic energy, Ἇἳἱἶ (defined as collision energy, CE) can be correlated with the rate 

constant of the decomposition reaction and it can be expressed by the survival yield of the ions. 

Survival yield is calculated as the ratio of the intensity of the precursor ion (ἓἜ) to the sum of 

the intensity of the precursor ion (ἓἜ) and fragments ions (ἓἮ). 

ἡἧ 
ἓἜ

ἓἜ  ἓἮ
 

Survival yields curves are used to differentiate the chemical structures of different 

compounds (Figure 1.33). Even if two compounds are isomers, their survival yield curves are 

distinct. Along with survival yield curve, the CE50 value is used to differentiate structures. The 

CE50 value is defined as the collision energy at which the survival yield of the precursor ion is 

50%. CE50 values are distinct and used as the identifiers for different compounds. Experimental 

CE50 values are usually correlated to the structures of the compounds and these values are 

mostly used for differentiating isomers.52 

 

Different Modes of Scanning Operation in Tandem MS 

In tandem MS, especially tandem-in-space instruments have four different modes of 

the scanning operation. Figure 1.34 shows the schematic of these modes of scanning 

operations. 

I. Product Ion Scan: In product ion scan mode, all product ions are scanned from the 

precursor ion. Since no product ion is selected, this mode has low sensitivity. One 

example of product ion scan is in Q-TOF instrument where, the high-resolution time-

of-flight (TOF, MS1) analyzer scans all the products coming from quadrupole (Q, 

MS2) analyzer. 
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II. Precursor Ion Scan: In this mode, a common type of product ion is selected in 

MS2 which comes from all the precursor ions in MS1 (MS1 is scanned). 

III. Neutral Loss Ion Scan: MS1 and MS2 are scanned at specific mass-to-charge 

(m/z) ratio offset. This scan mode can separate all ions which loss the same neutral 

fragment ions. 

IV. Selected Reaction Monitoring: Here a particular product is targeted from specific 

precursor ion, which means both MS1 and MS2 are at fixed mode. 

 

 

Figure 1.33: The survival yield curves differentiate different structures by analyzing the 

stability of the precursor ions during collisionally-activated dissociation (CAD) in tandem 

mass spectrometry (adapted from Kertesz et al.52). 
 

Important Terms and Definitions in Mass Spectrometry 

Monoisotopic Mass (M):  Monoisotopic mass is the linear combination of lightest 

stable isotopes of each element in the molecules. The monoisotopic mass (M) along with other 

isotopic masses in the isotopic distribution denotes the mass-to-charge (m/z) of the ion. Figure 

1.35 provides an example of calculating the monoisotopic mass of dye CI Acid Red 266.  

Mass Measurement Accuracy (MMA):  MMA calculates the closeness of 

experimental mass-to-charge (m/z) ratio to theoretical one on a scale of parts per million 

(ppm).21,53 The MMA (ppm) of the monoisotopic peak can be calculated from the formula 

below: 

 --! ÐÐÍ  
%ØÐÅÒÉÍÅÎÔÁÌ ά ᾀϳ 4ÈÅÏÒÅÔÉÃÁÌ ά ᾀϳ

4ÈÅÏÒÅÔÉÃÁÌ ά ᾀϳ
 ρπ 
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Figure 1.34: Different scanning modes in Tandem Mass Spectrometry. 

 

Mass Resolution and Mass Resolving Power: Mass resolution is the smallest m/z 

difference (ҟm) for which two adjacent peaks m and m + ҟm are resolved in a mass spectrum. 

The abundance and size of the adjacent peak should be equal for resolution calculation. The 

mass resolution can be calculated in a valley at 10% or 50% (Figure 1.36). 

On the other hand, mass resolving power is an instrumentôs property. High resolving 

power instrument can resolve adjacent peaks with high mass accuracy. At the different valley, 

resolving power of the same instrument can be different from each other. From Figure 1.36, 

the resolving power can be calculated at 10% or 50% valley as below: 

2ÅÓÏÌÖÉÎÇ 0Ï×ÅÒ 
Í

ЎÍ
 

20  Ϸ  
ρυπρ

πȢυ
σππς 

20 Ϸ  
ρυπρ

ρȢπ
 ρυπρ 
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Figure 1.35: The calculation of monoisotopic mass which leads to the M peak in the isotopic 

distributions in mass spectrometry. 

 

 

Figure 1.36: Mass spectrum showing the different percentage of the valley for calculating 

mass resolution and resolving power. 
 

Isotopic Distribution : Most of the elements in nature are a mixture of isotopes. 

Isotopes are the atomic species with the same chemical element but different masses (the same 

number of protons and electrons but have a different number of neutrons). The natural 

abundance of the lightest isotope is most abundant. The common heaviest isotopes of atoms 

are as: 13C = 1.1%, 34S = 4.4%, 37Cl = 32.4%, 81Br = 97.5%. Mass spectrum provides the 

lightest stable abundant isotope as monoisotopic peak (M) and heavier masses as other peaks 

(M+1, M+2, M+3 etc) (Figure 1.37). For example, sulfur has two isotopes 32S (100%) and 34S 

(4.4%) where 32S will participate in M peak and 34S will participate in an M+2 peak in mass 

spectrum (Figure 1.37).54 Since, molecules usually contain multiple numbers of atoms 
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(isotopic mixture), both most and less abundant masses make isotopic distributions in the mass 

spectrum. 

 

 

Figure 1.37: Common atoms and their isotopic distributions and relative abundances in MS. 

 

1.2.3.3 Liquid Chromatography 

Liquid Chromatography is an analytical technique where the separation of the samples 

is obtained by distributing the samples in two phases: stationary and mobile phases.55,56 When 

samples from the mixture partitioned into two phases, depending on their interaction between 

mobile and stationary phases, different analytes elute at different times which is called the 

retention time of the samples. The retention time of non-interacting compound is the void time 

or dead time. Figure 1.38 shows the technical details of the liquid chromatography where the 

sample mixture is injected into the column and individual samples were eluted from the column 

at the end (Figure 1.38, right). When these compounds are detected by a detector, the peaks in 

the chromatogram are formed (Figure 1.38, right). 
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Figure 1.38: A fundamental overview of liquid chromatography: The compounds from the 

mixture are eluted at the end of column (right) which are detected by the detector and created 

a chromatogram (left). 

 

Void time in liquid chromatography is used to calculate the retention factor of the 

compounds. Retention time usually varies if experimental conditions and instruments are 

changed, but the retention factor is constant for a specific sample. Calculation of retention 

factor, ὑ is displayed below 

Void time = ὸ, Retentthe ion time of compound, X = ὸ 

Then, retention factor, ὑ  = 
 

 =     

Here, ὸ is the adjusted retention time of compound, X. 

Column Efficiency can be expressed as the number of theoretical plates (N). The 

number of theoretical plates (N) is proportional to the length (L) and inversely proportional to 

the plate height (H) of the column. Plate height of a column can be derived from the Van 

Deemter Equation as below 

ἢἰἭἷἺἭἼἱἩἴ ἸἴἩἼἭȟ╗ ═ ║◊  
╒

◊
      and ╗  

╛

╝
       

Here, A, B, C and u are the eddy-diffusion or multiple-paths, the longitudinal diffusion, the 

mass transfer, and the linear flow rate respectively. 

 

Reversed-Phase Liquid Chromatography 

The reversed-phase liquid chromatography (RPC) is mainly used for separating non-

ionized neutral compounds.56,57 The stationary phase of RPC is a hydrophobic octadecyl 
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carbon chain (C18) bonded to silica. A normal phase column has silica particles with many -

OH groups on the surface but for RPC column, the -OH groups are end-capped with octadecyl 

siloxane. This is necessary for the retention of non-polar and neutral compounds. Figure 1.39 

shows the octadecyl siloxane system (ODS) where the -OH group was end-capped with long 

chain octadecyl molecule. The main interaction between RPC column and the neutral analytes 

is the hydrophobic interaction.  If the compound is ionized, its retention will be very low in 

RPC.  

 

 

Figure 1.39: The overview of reversed-phase liquid chromatography (RPC): interaction of C18 

column with samples. 

 

Hydrophilic Interaction Liquid Chromatography (HILIC) 

Hydrophilic interaction liquid chromatography (HILIC) is a separation mode of liquid 

chromatography (LC) where the highly polar and hydrophilic compounds are separated in a 

polar stationary phase and a nonpolar mobile phase.58,59 A specific or non-specific interaction 

occurs during the separation of compounds on HILIC. These interactions could be a partition, 

adsorption, ion exchange or size exclusion.58 Like, normal phase LC, HILIC utilizes polar 

stationary phases such as silica, amino or cyano. However, HILIC uses hydrophobic mobile 

phases similar to reversed-phase LC. HILIC separation is carried out in an isocratic mode with 

a high concentration of organic phase or with a gradient mode starting with a high percentage 

of organic solvent and ending with a high percentage of aqueous solvent. During separation in 

HILIC, it is assumed that the mobile phase forms a water-rich aqueous layer on the surface of 
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the stationary phase. This aqueous layer vs. the water-deficient mobile phase act as the liquid-

liquid extraction system and analytes distributed in these two layers which help them achieved 

separation (Figure 1.40). 

 

 

Figure 1.40: During separation of compounds in HILIC, an aqueous layer is formed on the 

stationary phase which helps to retain and to separate the polar compounds (adapted from 

Buszewski et al.58). 

 

Since HILIC uses highly organic mobile phase, it is best suited to electrospray 

ionization (ESI) in mass spectrometry. High organic phase enhances the ionization of ESI. 

Moreover, HILIC-MS eliminates using ion-pairing reagents for the retention of charged 

analytes. Extensive ion pairing reagents suppress the ionization of ESI in MS.21 

Nowadays, the popularity of HILIC is increasing day by day. Even though at the initial 

stage, HILIC was only used for the separation of carbohydrates, amino acids, and peptides, 

currently it is widely used for different fields of application.  For examples, HILIC is being 

utilized for trace residue analysis of dicyandiamide, cyromazine, melamine in animal tissue; 

dicyandiamide in infant formula or in waste water.60-62 The application of HILIC to dye 

analysis is a novel concept. Yet, it has lots of potentials. Since organic dyes have different 

classes. Some of them (e.g., acid and reactive dyes) are highly polar, hydrophil ic and ionic in 
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solution, HILIC would provide interesting and promising results for the separation of these 

dyes from different matrixes (chapter 4). 

 

1.2.3.4 Liquid Chromatography -Mass Spectrometry 

Coupling of liquid chromatography to mass spectrometry was possible due to the 

arrival of atmospheric pressure ionization source such as ESI.63,64 From then, liquid 

chromatography-mass spectrometry (LC-MS) has been a very promising instrumentation for 

analytical method development. In this research, a commercial LC-MS instrument (Agilent 

6520 Accurate-Mass Q-TOF LC/MS) was mostly used for analytical method development. 

Figure 1.42 shows the schematic of this instrument. 

The front-end of the of the Q-TOF mass spectrometer starts with a capillary. The 

desolvation gas flows through the ions via the capillary. The functions of capillary include 

focusing, desolvation and declustering of ions with the help of drying gas. After capillary, the 

instrument consists of a skimmer which prevents the loss of ions. The octupole stays after the 

skimmer which guides the ions to quadrupole. The octupole contains eight rods (adjacent rods 

with opposite polarity) with RF and DC offset voltages. During MS/MS, the mass filtering 

operation is carried out in a quadrupole mass analyzer with the aid of nitrogen gas from 

collision cell. After collision cell, the ions are cooled and compressed by the ion beam 

compressor and then they go through the slicer and the pulser assembly. From the ion pulser 

to the detector, the ions need to be accelerated with high voltage pulse orthogonal to the flight 

tube in TOF analyzer. Next, the ions are analyzed with high-resolution TOF and they finally 

go to the detector.  
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Figure 1.41: Schematic of an Agilent 6520 Accurate-Mass Q-TOF LC/MS instrument: ESI 

source (top) and Q-TOF analyzer (bottom). (adapted from Dow et al.65). 

 

1.3 Thesis Overview 

 

A brief overview of the thesis is given below, which can be divided into two main aims. 

 

Aim 1. Develop both Qualitative and Quantitative Analytical Methods to Study Dyes 

from Complex Mixtures 

 

(1) Developed a qualitative and direct high-resolution quadrupole time-of-flight (QTOF) 

mass spectrometry method to characterize polysulfonated reactive dyes and their in-

situ dimeric reaction products (Chapter 2). 

(2) Developed a novel quantitative method via hydrophilic interaction liquid 

chromatography (HILIC) coupled to photodiode array detector (DAD) and high-

resolution MS to retain and separate polysulfonated reactive dyes, their dimeric and 

hydrolyzed reaction products (Chapter 3). 

(3) Assessed systematically the effects of substituents on the tandem mass spectrometry 

characterization of similar cored hydrophobic azo dyes (Chapter 4). 

(4) Assessed systematically the effects of substituents of hydrophilic anthraquinone dyes 

on retention behavior in liquid chromatography and identification in tandem mass 

spectrometry (Chapter 5). 
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Aim 2. Develop Methods to Study the Degradation of Dyes on Biodegraded Cellulosic 

Fabrics 

 

(5) Developed physical, chemical and biological methods to study different functional 

reactive dyes (mono, homo, and hetero) and their degradation products from 

laboratory-controlled biodegraded cellulosic fabrics (Chapter 6). 

(6)  Developed a quantitative degradation assessment method for sulfatoethylsulfone 

reactive dye on biodegraded cellulosic fabrics (Chapter 7). 

 

Chapter 8 encloses the thesis with conclusions and future recommendations 
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CHAPTER 2 

 

Qualitative Characterization of Polysulfonated Reactive Dyes and Their in-situ 

Dimerized Products Using Quadrupole Time-of-Flight Mass Spectrometry 

 

(Adapted from Sultana, Nadia, et al. "Dimerised heterobifunctional reactive dyes. Part 1: 

characterisation using quadrupole time of flight mass spectrometry." Coloration 

Technology, 2018. https://doi.org/10.1111/cote.12368) 

 

Abstract 

This work utilized high-resolution quadrupole time-of-flight (Q-TOF) mass 

spectrometry to characterize a group of polysulfonated heterobifunctional MCT/VS reactive 

dyes (CI Reactive Yellow 176, CI Reactive Red 239, CI Reactive Blue 221, CI Reactive Red 

194, and CI Reactive Blue 222) and their dimeric analogs. The dimerization was carried out 

due to an approach to enhancing the efficiency of reactive dye adsorption on cellulosic fibers 

at low electrolyte levels. Hence commercially available dyes were dimerized using 

hexamethylenediamine (HMDA) as a linking group.  During characterization of in-situ 

products, dimeric dye ions of different charged states were observed using HRMS negative 

electrospray ionization in Q-TOF mass spectrometry.  For example, HRMS showed that the 

HMDA-linked reaction products were mixtures of the target (un-hydrolyzed) dimers, 

hydrolyzed dimers, monoreacted products, and hydrolyzed unreacted dyes, with CI Reactive 

Yellow 176 and CI Reactive Red 194 producing the desired un-hydrolyzed dimers. 

 

2.1 Introduction  

Reactive dyes are invaluable colorants, due to their resistance to removal from 

cellulosic fibers during laundering cycles, making them ideal for frequently washed textiles.  

This family of anionic (sulfonated) dyes undergoes covalent bond formation with the hydroxyl 

groups of cellulose, enabling the application of a wide variety of chromogens to cotton.  

Unfortunately, reactive dyes also often require the use of large quantities of electrolytes (e.g. 

70g/L salt dyebath) during the dyeing process, to promote dye transfer from the dyebath to the 

substrate.1,2 Because the resultant highly saline dyebath can be harmful to aquatic life if 

released as an effluent, approaches to reactive dyes requiring low to no salt in the dyeing 

process has long been of interest.  In particular, the ability to use monoazo reactive dyes having 
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good brightness as well as high permanence is of continued interest. Hence, out lab undertook 

a study pertaining to the dimerization of certain monoazo reactive dyes for enhanced affinity 

dyes to cotton at low to no salt levels.  Following dye synthesis and prior to dye application 

studies confirmation of dimer formation was essential.  To achieve this goal, an analytical 

method having high sensitivity and accuracy3,4 was needed. 

Liquid Chromatography-Mass Spectrometry (LC-MS) is a very sensitive technique for 

the analysis of anionic dyes and negative electrospray ionization (ESI) is considered the best 

method of ionization.5-7 In liquid chromatography, a reversed-phase medium with an ion 

pairing reagent is mainly used for the retention and separation of sulfonated dyes. Due to the 

nonvolatile nature of ion-pairing reagents such as tetraalkylammonium salts, they are 

incompatible with MS analysis. Comparatively, volatile reagents such as dialkylammonium 

acetates, trialkylammonium acetates give a reasonable compromise between retention and ESI 

ionization performance, but they are unable to retain dyes containing more than three sodium 

sulfonate groups.7,8 

High-resolution electrospray ionization quadrupole time-of-flight (ESI-Q-TOF) mass 

spectrometry is routinely used for the elemental analysis of organic compounds through 

accurate mass and isotopic distribution analysis. Both TOF and Q-TOF instruments can 

provide sub-ppm or ppm mass accuracy for exact mass analysis.9 Coupling of negative ESI 

ionization with high-resolution MS easily provides molecular weight information for 

sulfonated compounds via the deprotonated peak at [M-H]- (compound contains one sulfonic 

group), [M-xH]x-(contains poly-sulfonic groups) and sodiated peak at [M-(x + y)H + yNa]x- 

(adduct formation with sodium).10,11 Apart from MW information, it also provides elemental 

analysis, with the aid of high mass measurement accuracies (MMA), charged states and 

isotopic distribution.12-15 In MS, the MMA calculates the closeness of the experimental mass-

to-charge ratio (m/z) to theoretical one on parts per million scale.16 Additionally, high resolving 

power instruments like Q-TOF provide accurate isotopic distribution (e.g., M, M+1, M+2é) 

by resolving the adjacent peaks along with accurate height due to the isotopically enriched 

atoms such as carbon, sulfur, and chlorine. For example, the relative height or abundance of 

M+1 and M+2 peaks can be used to predict the number of carbon and sulfur/chlorine atoms 

respectively in the analyte.16  
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In this study, Q-TOF mass spectrometry was used to analyze the products produced by 

combining commercial bireactive monochlorotriazine-vinyl sulfone (MCT/VS) type dyes (CI 

Reactive Yellow 176 (RY176), CI Reactive Red 239 (RR239), CI Reactive Blue 221 (RB221), 

CI Reactive Red 194 (RR194) and CI Reactive Blue 222 (RB222)) with 

hexamethylenediamine to confirm achievement of the dimerization reaction illustrated in 

Figure 2.1.17 The structures of the parent dyes in their sulfatoethylsulfone (SES) forms are 

shown in Figure 2.2. 

 

 

Figure 2.1: Reaction scheme for dimerization of commercial MCT/VS reactive dyes with 

hexamethylenediamine (HMDA) as a linking group.17,18 

 

2.2 Experimental 

2.2.1 Materials and Reagents 

All of  the parent dyes (CI Reactive Yellow 176 (RY176), CI Reactive Red 194 

(RR194), CI Reactive Red 239 (RR239), CI Reactive Blue 221 (RB221), and CI Reactive Blue 

222 (RB222)) were obtained from Everlight Chemical (USA). Hexamethylenediamine 

(HMDA) was obtained from TCI, Ltd. USA and LC-MS grade methanol was purchased from 

J.T. Baker (USA) with a purity Ó 99.9%. 
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2.2.2 Reactive Dye Dimer Formation 

HMDA (2.5 mmol) in deionized water (10 mL) was heated to 80 C̄ and added to a 

stirred solution of commercial dye (5.0 mmol) in deionized water (50 mL) at 80 C̄. The 

resultant solution was maintained at pH 10 using Na2CO3 (20% w/v) and at 80 ̄ C for 1 h.  The 

pH was then reduced to 6 using dilute HCl, at room temperature. The solution was kept 

overnight, and dye was salted out using 10% (w/v) NaCl, collected by filtration and air dried, 

for MS analysis. 

 

2.2.3 Mass Spectrometry 

For MS analysis, stock dye solutions were prepared at 1000 µg/mL in methanol/water 

(50:50) and diluted to 10 µg/mL (commercial dyes) or 200-300 µg/mL (dimeric products). 

Before analysis, all the solutions were filtered using a PVDF syringe filter (0.2µm, Sigma-

Aldrich, USA). 

Dye solutions were directly injected into the ESI source using a Harvard PHD 2000 

Infusion Syringe Pump. All samples were analyzed using an Agilent Technologies 6520 

Accurate-Mass Q-TOF LC/MS instrument (Agilent, Santa Barbara, CA) consisting of an 

electrospray source, operated in negative ion mode. The Q-TOF instrument was carried out in 

high-resolution mode (4GHz) with a resolving power from 9700 for 100 m/z to 18000 for 1600 

m/z and high mass at full scan analysis. All data were analyzed by Agilent B.06 MassHunter 

Qualitative software. 

Syringe Pump was set at a flow rate of 6 µL/min with 1-min injection time.19 The MS 

operating conditions were optimized for highest ion intensity as drying gas temperature 350 

oC and flow rate 12 L/min, nebulizer pressure 35 psi, fragmentor voltage 110V, Skimmer 

voltage 65V, octupole voltage 750V, Vcap voltage 3500V and capillary current 0.029 µA.  
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Figure 2.2: Structures of the commercial MCT/VS (parent) dyes used in this study.17 
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2.3 Results and Discussion 

2.3.1 Characterization of Parent Dyes 

2.3.1.1 The M+2 Peaks Analysis 

As monochlorotriazine-vinyl sulfone (MCT/VS) dyes, each contains one chlorine atom 

and at least four sulfur atoms (CI Reactive Blue 221 has four, CI Reactive Yellow 176 and CI 

Reactive Red 194 have five, CI Reactive Red 239 has six and CI Reactive Blue 222 has seven) 

(Figure 2.2). In addition, CI Reactive Blue 221 has a Cu atom in its structure. When analyzing 

the parent dyes by Q-TOF in full scan mode, the expected isotopic patterns were generated 

along with high mass accuracy for elemental composition, and the relative abundance of the 

M+2 peak was monitored in each mass spectrum.  In addition, we searched for 

sulfatoethylsulfone (SES) and vinyl sulfone (VS) forms in each parent dye.  

Figure 2.3a shows results from the full scan analysis of dye CI Reactive Yellow 176, 

with both SES and VS forms in triple- and tetra-charged ions observed. Moreover, the tetra-

charged ion at m/z 228.9768 was characterized as the SES form with water loss (-H2O). 

Additionally, zoomed in spectra 2.3b and 2.3c show the isotopic distribution of tetra-charged 

ion [M-4H]-4 (SES form) and triply charged ion [M-3H]-3 (VS) of the dye. Here, the M+2 peaks 

for both SES and VS forms were ~65% and ~60% of the M peaks, respectively, due to the 

presence of a chlorine atom in each form and multiple sulfur atoms (SES has 5 and VS has 4). 

For polysulfonated compounds, a singly charged deprotonated ion such as [M-H]¯usually is 

absent even in soft ESI ionization mode; instead, multiply charged ions in sodium adduct form 

are mainly observed.20 Our analysis also shows the same tendency. Table 2.1 provides a 

summary of results from the analysis of the parent dyes, with one ion from each form shown. 

Regarding Cu(II) complex in CI Reactive Blue 221 (Figure 2.2), the relative abundance 

of the M+2 peak was distinctly higher than the M peak. Along with Cu, SES, and VS, forms 

have one Cl atom and four and three sulfur atoms, respectively. Due to the presence of these 

atoms, the relative abundances of M+2 peaks for SES and VS forms were approximate 107% 

and 101% of the M peaks (Figure 2.4). Even for divalent metal such as Cu2+, which is present 

in the dye CI Reactive Blue 221, we observed the same phenomenon, as the charged state was 

one more than the number of sulfonate groups (Figure 2.4). 
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Figure 2.3: Mass spectra of CI Reactive Yellow 176 showing (a) SES and VS forms from full 

scan analysis. The zoomed in spectra show the isotopic distribution of the (b) SES form and 

(c) VS form, along with accurate mass values. 

 

 
Figure 2.4: HRMS spectra showing the relative abundance of M+2 peaks for the (a) SES form 

and (b) VS form in CI Reactive Blue 221. 

 

During charge states deconvolution, molecular weight was also determined from the 

formula [M - xH]x (contains x number of sulfonic groups) and [M - (x + y)H + yNa]x- (as 

sodium adducts) where M is the exact mass of the monoisotopic peak in mass spectrum. 

Molecular weight is the linear combination of average masses of all the isotopes in the 

molecule, whereas exact mass is defined as the linear combination of the lightest isotopic 

masses of atoms in the molecule.21 
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Table 2.1: Summary of the accurate mass analysis of the parent reactive dyes. 

Name Ions formed Peak m/z 

(theo.) 

Peak m/z 

(exp.) 

ppm 

error  

Charged 

states 

Deprotonated 

or sodiated 

exp. mass (Da) 

Structures 

identified 

CI Reactive Yellow 

176 

[M-2H]-2 467.4738 467.4734 -0.93 -2 934.9468 Dye (SES) (a) 

[M-2H]-2 418.4901 418.4903 0.37 -2 836.9806 Dye (VS) (b) 

CI Reactive Red 239 [M+2Na-4H]-2 533.4311 533.4313 0.35 -2 1066.8630 Dye (SES) (a) 

CI Reactive Blue 221 [M-2H]-2 506.9707 506.9702 -1.07 -2 1013.9404 Dye (SES) (a) 

[M-3H]-3 304.9888 304.9892 1.45 -3 914.9676 Dye (VS) (b) 

CI Reactive Red 194 [M-4H]-4 222.7276 222.7283 3.37 -4 890.9132 Dye (SES) (a) 

[M-3H]-3 264.6502 264.6506 1.48 -3 793.9518 Dye (VS) (b) 

CI Reactive Blue 222 [M-5H]-5 243.7759 243.7759 -0.39 -5 1218.8795 Dye (SES) (a) 

[M-3H]-3 374.3094 374.3098 1.03 -3 1122.9290 Dye (VS) (b) 

theo. Theoretical; exp., experimental; deprotonated or sodiated exp. mass, peak (exp.) × absolute charged states; SES, sulfatoethylsulfone; 
VS, vinyl sulfone; (a) and (b) notations are parent dye forms. 

 

2.3.2 Characterization of Dimeric Structures 

The starting parent dyes are heterobifunctional (MCT/VS) capable of combining with 

HMDA to produce high MW homobifunctional bis(sulfatoethylsulfone; SES)-type dimeric 

structures. In this regard, it was anticipated that a mixture of products would form having dyes 

with vinyl sulfone and the hydroxyvinylsulfone groups. Tables 2.2 and 2.3 show results from 

using HR-MS to determine the molecular nature of the parent dyes and their reaction products 

and the associated chemistry is illustrated for CI Reactive Yellow 176 (Figure 2.5). 

 

2.3.2.1 CI Reactive Yellow 176 Dimerization 

CI Reactive Yellow 176 produced a dimer having two vinyl sulfone (VS) groups, a 

dimer having one VS and one hydrolyzed VS group, and a mono reacted product from a 

reaction with one end of HMDA (Figure 2.5). Figure 2.6 shows the mass spectrum arising from 

the two types of CI Reactive Yellow 176 dimers having multiple-charged deprotonated sodium 

adduct. In addition, Table 2.2 provides a summary of the analysis of the parent dyes and their 

reaction products. 
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Table 2.2: Molecular nature of the parent reactive dyes and their reaction products. 

 
 
Dye Name Parent dye 

forms 

Reaction products of parent dyes Number of forms in 

reaction products 

CI Reactive Yellow 176 a, b Dimers e and f; mono-reacted d  3 

CI Reactive Red 239 a Dimers f and g; mono-reacted d 3 

CI Reactive Blue 221 a, b Mono-reacted d 1 

CI Reactive Red 194 a, b Dimer e; mono-reacted c 2 

CI Reactive Blue 222 a, b Mono-reacted d 1 

SES, sulfatoethylsulfone; VS, vinyl sulfone; HVS, hydroxyvinylsulfone; MCT, monochlorotriazine; HMDA, hexamethylenediamine; c, d, e, 

f, and g are the reaction products of parent dyes a and b. 

 

For the dimeric product mixture, we observed distinct differences in the relative 

abundance of M+1 and M+2 peaks compared to the parent dyes. Since, in dimers or in 

monoreacted products, the chlorine atom is replaced by an HMDA group, the M+2 peak is 

lower in abundance compared to M+1, except for CI Reactive Blue 221 products which have 

a Copper atom. Moreover, dimeric products have a high number of carbon atoms (both di-VS 

and VS-HVS have 62 carbon atoms in CI Reactive Yellow 176 dimers), so the M+1 peak was 

~82% of the M peak. Additionally, dimers also have a higher number of sulfur atoms (both 

dimers have eight sulfur atoms) along with other atoms which contributed to the relative 

abundance of the M+2 (~73%) peaks. The theoretical calculation was conducted by isotopic 

distribution software.22 

 

 

 

 

 

Mono-reacted (VS) (c) 

 

Mono-reacted (HVS) (d) 

 

Dye (SES) (a) 

 

Dye (VS) (b) 

 
Dimer (di-VS) (e) 

 
Dimer (VS-HVS) (f) 

 

Dimer (di-HVS) (g) 
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Figure 2.5: Reaction scheme showing products identified from the dimerization of CI Reactive 

Yellow.
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Table 2.3: Accurate MS analysis of after-reaction products of reactive dyes. 

Dye name Ions formed Peak  

m/z (theo.) 

Peak 

m/z  (exp.) 

ppm 

error  

Charged 

states 

Deprotonated or sodiated 

exp. mass (Da) 

Structures 

identified 

CI Reactive Yellow 176 

after reaction products (3) 

[M+Na-5H]-4 435.0301 435.0313 2.69 -4 1740.1252 Dimer (di-VS) (e) 

[M+2Na-6H]-4 440.5256 440.5262 1.36 -4 1762.1048 

[M-5H]-5 343.4262 343.4268 1.74 -5 1717.1340 

[M+Na-6H]-5 347.8226 347.8238 3.45 -5 1739.1190 

[M-6H]-6 286.0205 286.0217 4.19 -6 1716.1302 

[M-4H]-4 434.0372 434.0366 -1.57 -4 1736.1464 Dimer (VS-HVS) 

(f) [M+Na-5H]-4 439.5327 439.533 0.52 -4 1758.1320 

[M-5H]-5 347.0282 347.0294 3.28 -5 1735.1470 

[M+Na-6H]-5 351.4246 351.4257 2.98 -5 1757.1285 

[M-6H]-6 289.0222 289.0235 4.49 -6 1734.1410 

[M-2H]-2 467.5727 467.5727 -0.13 -2 935.1454 Monoreacted 

(HVS) (d) 

CI Reactive Red 239 after 

reaction products (3) 

[M-6H]-6 318.3391 318.3385 -2.01 -6 1910.0310 Dimer (VS-HVS) 

(f) [M+3Na-8H]-5 395.3976 395.3992 3.84 -5 1976.9960 

[M-6H]-6 321.3408 321.3413 1.25 -6 1928.0478 Dimer (di-HVS) 

(g) [M+2Na-7H]-5 394.6034 394.6052 4.51 -5 1973.0260 

[M+Na-4H]-3 348.0234 348.0246 3.34 -3 1044.0738 Monoreacted 

(HVS) (d) [M-3H]-3 340.6961 340.6974 3.75 -3 1022.0922 

[M-2H]-2 511.5481 511.5486 0.97 -2 1023.0972 

[M+Na-3H]-2 522.5391 522.5395 0.76 -2 1045.0790 

CI Reactive Blue 221 after 

reaction product (1) 

[M-2H]-2 507.0697 507.0718 4.14 -2 1014.1402 Monoreacted 

(HVS) (d) 

CI Reactive Red 194 after 

reaction products (2) 

[M+Na-6H]-5 331.0138 331.0153 -1.29 -5 1655.0765 Dimer (di-VS) (e) 

[M+2Na-6H]-4 419.5147 419.5153 0.14 -4 1678.0612 

[M+Na-5H]-4 414.0192 414.0200 0.95 -4 1656.0800 

[M+2Na-5H]-3 559.6889 559.6886 -0.54 -3 1679.0658 

[M+3Na-6H]-3 567.01622 567.0166 0.67 -3 1701.0498 
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Table 2.3: Continued. 

 [M-3H]-3 291.3684 291.3702 -3.15 -3 874.1106 Monoreacted (VS) 

(c) [M-2H]-2 437.5566 437.5575 2.11 -2 875.1150 

[M+Na-3H]-2 448.5475 448.5482 1.56 -2 897.0964 

CI Reactive Blue 222 after 

reaction product (1) 

[M-2H]-2 611.0507 611.0521 2.33 -2 1222.1042 Monoreacted 

(HVS) (d) [M+Na-3H]-2 622.0416 622.0438 3.46 -2 1244.0876 

[M+2Na-4H]-2 633.0326 633.0350 3.76 -2 1266.0700 

[M+2Na-5H] -3 421.6864 421.6878 3.32 -3 1265.0634 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

59 
 

 

Figure 2.6: Mass spectrum of CI Reactive Yellow 176 after reaction product showing peaks 

for the di-VS dimer and a dimer having one VS and one hydrolyzed VS group. 

 

 
Figure 2.7: Mass spectra showing (a) the hexa-charged ions of two types of hydrolyzed dimers 

of CI Reactive Red 239 and (b) the triply charged ions of CI Reactive Red 194 di-VS dimer. 

 

 
Figure 2.8: Mass spectra showing (a) the double-charged monoreacted (dye + HMDA, HVS) 

ion of CI Reactive Blue 221 after attempted dimerization and (b) the triple-charged ions from 

mono reacted products of CI Reactive Blue 222 (dye + HMDA, HVS). 
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2.3.2.2 CI Reactive Red 239 and CI Reactive Red 194 Dimerization  

MS analysis revealed that CI Reactive Red 239 did not produce an un-hydrolyzed 

dimer; instead, it produced dimers having one or two hydrolyzed VS groups and a product 

(HVS) in which HMDA reacted on one end only (Figure 2.7a; Table 2.2 and 2.3). On the other 

hand, CI Reactive Red 194 produced an un-hydrolyzed dimer. Figure 2.7b shows the mass 

spectrum of sodiated triply charged ions of di-VS dimers. This dye also produced a product 

having HMDA reacted on one end with a VS group (Tables 2.2 and 2.3).  

 

2.3.2.3 CI Reactive Blue 221 and CI Reactive Blue 222 Dimerization  

Neither of the blue dyes produced dimers. Instead, they formed a monoreacted 

hydrolyzed product having HMDA reacted on one end only (Figure 2.8a and 2.8b). The 

structures comprising the various reaction products of CI Reactive Blue 221, CI Reactive Red 

239, CI Reactive Red 194, and CI Reactive Blue 222 are shown in Figure A.1-4 (Appendix A) 

and Table 2.3 shows a summary of the associated accurate mass results. The results (Table 2.3, 

column 7) shows that dimers have a molecular weight (MW) of up to ~2000 Da and up to six 

negative charged ions, which were successfully characterized using high-resolution Q-TOF 

mass spectrometry. 

 

2.4 Conclusion 

This study demonstrated that the characterization of bifunctional poly-sulfonated 

MCT/VS reactive dyes (CI Reactive Yellow 176, CI Reactive Red 194, CI Reactive Red 239, 

CI Reactive Blue 221, and CI Reactive Blue 222) and their dimeric analogs can be achieved 

using ESI-Q-TOF mass spectrometry.  All of these poly-sulfonated compounds formed 

multiply charged ions by using electrospray ionization. They also gave distinct isotopic 

distributions as fingerprints for data analysis, like their dimeric analogs.  Moreover, Q-TOF 

measurements provided elemental analyses having high mass accuracy. Q-TOF experiments 

were then extended to the characterization of products from dimerizing monoazo MCT/VS 

reactive dyes using hexamethylenediamine (HMDA) as the linking agent.  In this regard, it 

was found that CI Reactive Yellow 176 and CI Reactive Red 194 produced a dimer having two 

vinyl sulfone (VS) groups, CI Reactive Red 239 produced a dimer having one VS and one 

hydrolyzed VS group along with a mono reacted product from a reaction with one end of 
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HMDA, while CI Reactive Blue 221, and CI Reactive Blue 222 did not undergo dimerization, 

giving only a monomeric product from linking to one end of HMDA.  
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CHAPTER 3 

 

Quantitative Analyses of Polysulfonated Reactive Dyes and their Intermediate Reaction 

Products by Hydrophilic Interaction Liquid Chromatography -Photodiode Array 

Detector (HILIC -DAD) coupled to QTOF Mass Spectrometer 

 

Abstract 

This study developed a novel analytical method by coupling hydrophilic interaction 

liquid chromatography (HILIC) with photodiode array detector (DAD) and high-resolution 

mass spectrometry (MS) for quantitative analyses of polysulfonated reactive dyes and their 

reaction intermediates. HILIC-DAD-MS successfully retained and separated twelve 

polysulfonated dyes containing up to five sodium sulfonate groups. These dyes had varieties 

of reactive groups like mono-functional as sulfatoethylsulfone (SES), vinyl sulfone (VS), 

monochlorotriazine (MCT) or bi-functional as MCT/SES, MCT/VS, SES/SES, and VS/VS. 

During HILIC-DAD-MS analysis, different dye forms with a combination of these reactive 

groups were observed. Additionally, HILIC-DAD-MS quantified two dye forms of CI Reactive 

Red 239 (dye-MOH/SES and dye-MCT/SES), two dye forms of CI Reactive Red 198 (dye-

MCT/SES and dye-MCT/VS) and one dye form of CI Reactive Blue 221 (dye-MCT/SES) with 

good sensitivity (lower limit of quantitation, LLOQ as low as 0.41 µg/mL) and linearity (R2 Ó 

0.99). Apart from native polysulfonated dye analysis, HILIC-DAD-MS was used for 

monitoring hydrolysis kinetics and dimer (has eight sodium sulfonate groups) synthesis 

reactions. In this regards, HILIC-DAD-MS indicated that during hydrolysis reaction of CI 

Reactive Red 198, hydrolysis kinetics of the vinyl sulfone (VS) reactive group is faster than 

the monochlorotriazine (MCT) reactive group. Finally, during dimer synthesis from CI 

Reactive Yellow 176 with linker hexamethylenediamine, HILIC-DAD-MS provided the 

optimum reaction time for dimer formation. 

 

3.1 Introduction  

As expected, polysulfonated dyes are very polar and hydrophilic.1,2 These dyes are 

ionic in nature and form deprotonated ions in solution.3 Reversed-phase liquid chromatography 

(RPLC) is a commonly used technique for separation and characterization of these dyes from 

different matrices.4-8 The commonly used stationary phase for RPLC is a hydrophobic 
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octadecyl carbon chain (C18) bonded to silica. In a normal phase column, the hydrophobic 

carbon chain is absent instead it has many polar -OH groups on the surface of silica. However, 

these polar groups are end-capped with octadecyl siloxane in the reversed-phase column for 

the retention of non-polar and neutral compounds.9,10 

The retention of polysulfonated dyes is low on a C18 column. As the number of sodium 

sulfonate group is increased in the dye structure, the retention of polysulfonated dyes on C18 is 

reduced. To increase the retention of these dyes, analytical chemists have been using inorganic 

salts or ion-pairing reagents. However, inorganic salts and nonvolatile ion pairing reagents are 

not compatible with post column mass spectrometry (MS) characterization.3  Comparatively, 

volatile ion pairing reagents such as dialkylammonium acetate and trialkylammonium acetates 

provide a reasonable compromise between LC retention and MS ionization. Yet, they are 

unable to retain the dyes containing more than three sodium sulfonate groups.3,11,12  

In the study reported in chapter 2, it has been demonstrated that high-resolution 

quadrupole time-of-fli ght (QTOF) mass spectrometry is an ideal tool for a qualitative 

characterization of polysulfonated dyes and their in-situ dimeric mixtures without prior 

separation.13 Upon, accurate mass and isotopic distribution analyses, methods were developed 

to characterize dyes and their dimeric analogs containing up to 8-10 sodium sulfonate groups 

and molecular weights ~2000 Da. These analyses methods could be useful for characterizing 

and deconvoluting of other types of organic compounds from complex matrices. Even though, 

for qualitative purposes, this method utilized HRMS for in-situ mixture analysis; for 

quantitative purposes, a chromatographic method prior to the HRMS would be necessary. 

Hydrophilic Interaction Liquid Chromatography (HILIC) is a type of separation mode 

of LC which retains and separates more polar and hydrophilic compounds by utilizing a polar 

stationary phase and a nonpolar mobile phase.14,15 Initial uses of HILIC were in limited areas 

such as carbohydrates, amino acids or peptides, but, currently, it is widely used for various 

applications. For example, the coupling of HILIIC with MS has been used for food adulterated 

residue analysis, residue analysis in animal tissues, and in waste water.16-18 The application of 

HILIC to dye analysis is not yet explored. Therefore, this idea introduces a new era of 

analytical solutions for the dye chemists. 

In this work, HILIC coupling with photodiode array detector (DAD) and high-

resolution Q-TOF mass spectrometry was utilized for the retention and separation of 



 

66 
 

polysulfonated reactive dyes and their reaction intermediates for quantitative purposes. First, 

a HILIC-DAD-MS gradient method was developed for the retention, separation, and 

characterization of twelve polysulfonated dyes (contains up to five sodium sulfonate groups). 

Second, a quantitative method was developed for dye CI Reactive Red 239, CI Reactive Red 

198 and CI Reactive Blue 221, with concentrations, ranged from 0.5-50 µg/mL. Different dye 

forms were quantified with good linearity and sensitivity. Third, the HILIC-DAD-MS was 

used for monitoring the hydrolysis reaction kinetics of different forms of dye CI Reactive Red 

198. Finally, a real-time dimer synthesis reaction was monitored via HILIC-DAD-MS. In this 

reaction, CI Reactive Yellow 176 was used as a monomer with a linker hexamethylenediamine. 

 

3.2 Experimental 

3.2.1 Materials and Reagents 

Figure 3.1 shows the chemical structures of all native polysulfonated dyes. Table 3.1 

shows the dye sources and their chemical information. Wide ranges of reactive groups are 

present in the dyes (Table 3.1).  Acetonitrile (LC-MS grade, 99.9%), ammonium formate 

(HPLC grade, Ó 99.9%) and formic acid (ACS grade, 88-91%) were purchased from Sigma-

Aldrich. Purified water was generated in-house using Milli-Q System (18Mɋ) (PURELAB 

Ultra from VWR).  

 

3.2.2 Sample Preparation for Polysulfonated Dyes 

All dye samples were analyzed without prior purification. For qualitative sample 

preparation, the dye powders were dissolved in purified water (18Mɋ) at a concentration of 

1000 ɛg/mL and diluted to a concentration of 30 ɛg/mL using acetonitrile/water = 80:20. For 

quantitation sample preparation, a 1000 ɛg/mL stock solution was prepared in purified water. 

Next, the stock solution was diluted to 50 ɛg/mL in acetonitrile/water = 80:20 and finally the 

calibration curves were prepared in the same solvent in the following concentrations: 0.5. 1.0, 

5.0, 10, 20, 30, 40, 50 ɛg/mL. 

 

3.2.3 Sample Preparation for Hydrolysis Kinetics of CI Reactive Red 198 

The hydrolysis kinetic solutions of dye were prepared in phosphate buffer 

(NaH2PO2.H2O, 1×10-3 M buffer solution). A 1×10-4 M dye stock solution was prepared in the 
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buffer solution (pH 4). Next, 1 mL of stock solution was added to 5 mL Fisherbrand glass vial 

and 250 ɛL of 0.1 N NaOH solution was added to each vial. Finally, the vials were placed in 

PIERCE Reacti-Therm Heating module and the solutions were heated at 85oC with 400 rpm. 

The solutions were heated for 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 h. After each time interval, the 

vials were removed from the module, cooled to room temperature. Next, the solutions were 

neutralized with 250 ɛL of 0.1 N HCl solution, filtered with a 0.2 µm PTFE filter 

(Phenomenex), and placed in an HPLC-vial for HILIC-DAD-MS analysis. 

 

Table 3.1: The chemical information of the polysulfonated dyes analyzed in this study. 

CI Name CAS 

number 

Commercial  

sources 

Chemical 

class 

Reactive 

groups 

Chemical 

 formula 

MW  

(Da) 

ɚmax 

nm 

SO3Na 

group 

Reactive Blue 19 2580-78-1 Huntsman Anthraqui

none 

SES C22H18N2O11S3 583 590 2 

Reactive Blue 49 12236-92-9 Huntsman Anthraqui
none 

MCT C32H26ClN7O11S3 816 586 3 

Reactive Orange 35 12270-76-7 Huntsman Monoazo MCT C27H22ClN9O9S3 748 400 3 

Reactive Red 198 145017-98-7 DyStar Monoazo MCT/SES C27H22ClN7O16S5 896 520 4 

Reactive Black 5 17095-24-8 Huntsman Disazo SES/SES C26H25N5O19S6 904 598 4 

Reactive Yellow 174 106359-91-5 Huntsman Monoazo MFT/SES C26H28FN9O17S5 918 430 4 

Reactive Blue 21 12236-86-1 DyStar Phthalocy

anine 

SES C40H25CuN9O17S6 1160 614 4 

Reactive Blue 220 128416-19-3 DyStar Monoazo, 

Cu-

formazan 

SES C22H18CuN4O15S4 770 620 3 

Reactive Red 23 12769-07-2 DyStar Monoazo SES 
    

Reactive Yellow 176 140876-15-9 Everlight Monoazo MCT/SES C28H24ClN9O16S5 938 417 4 

Reactive Red 239 89157-03-9 Everlight Monoazo MCT/SES C31H24ClN7O19S6 1026 542 5 

Reactive Blue 221 93051-41-3 Everlight Monoazo MCT/SES C33H27ClCuN9O15S4 1017 610 3 

CAS, chemical abstract service; CI, color index; Da, Dalton; SES, sulfatoethylsulfone; MCT, monochlorotriazine; MFT, monofluorotriazine; 

MW, molecular weight (average atomic mass of all elements in the neutral molecule); ɚmax, theoretical absorption maximum wavelength. 

 

3.2.4 Sample Preparation for Dimeric Reaction Products of CI Reactive Yellow 176 

The dimeric reaction solutions were collected from the synthesis bath at the following 

time intervals: 1, 5, 10, 20, 25, 35 and 45 min. Next, the collected solutions were neutralized 

to pH 7 using the diluted HCl solution. For HILIC-DAD-MS analysis, a 200 µL of the reaction 

solution was taken to a 5 mL Fisherbrand glass and an 800 µL of acetonitrile was added to 

make the final solution, acetonitrile/water = 80:20. The solutions were filtered and put in 

HPLC-vial for HILIC-DAD-MS analysis. 
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Figure 3.1: Structures of the native polysulfonated reactive dyes analyzed in this study. 
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3.2.5 Liquid Chromatography-Photodiode Array Detector-Mass Spectrometry 

Dye samples were analyzed using a liquid chromatography with photodiode array 

coupled to electrospray ionization and to a 6520 accurate mass quadrupole time-of-flight mass 

spectrometer (LC-DAD-ESI-QTOF-MS) (Agilent Technologies).  

The hydrophilic interaction liquid chromatography (HILIC) separation was carried out 

with an ACQUITY UPLC BEH Amide column (2.1×12.5 mm, 1.7 ɛm) from Waters 

Corporation. The mobile phases used for the separation consisted of an aqueous phase (A) 20 

mM ammonium formate with formic acid in water (pH = 4), and an organic phase (B) 

acetonitrile. The flow rate and the injection volume were set to 0.5 mL/min and 10 ɛL 

respectively using the following gradient: 95% B from 0 to 1 min, 95-50% B from 1 to 5 min, 

holding 50% B from 5 to 6 min, 50-95% B from 6 to 6.01 min, holding 95% B from 6.01 to 

10 min. The gradient method had a 2 min post-run with 95% B. At the beginning and end of 

analysis for each day, the column was washed with acetonitrile/water = 50:50 for 20 min. A 

100% acetonitrile flowed through the column for 10 min for storage of the column.  

Along with HILIC, a C18 column was used to compare the retention and separation 

behaviors. The column was Zorbax Eclipse Plus C18 (2.1Ĭ50 mm, 3.5 ɛm) with a Zorbax 

Eclipse Plus C18 narrow bore guard column (2.1×12.5 mm, 5 ɛm) at 40 oC. The mobile phases 

used for the separation consisted an aqueous phase (A) 20 mM ammonium formate with formic 

acid in water (pH = 4), and an organic phase (B) a ratio of 70:30 methanol/acetonitrile. The 

flow rate of the mobile phase was 0.5 mL/min with an injection volume of 10 ɛL. The 

following gradient method was used: 3% B from 0 to 1 min, 3ï60% B from 1 to 1.5 min, 60-

90% B from 1.5 to 7 min, holding 90% B from 7 to 9 min and returns to 3% B at 9 to 9.5 min. 

4 min post run of 3% B was used to re-equilibrate the column.  

The DAD detector analyzed a spectral range of 200ï800 nm. The main wavelengths 

were set to 254 and the maximum absorbances of the dyes (Table 3.1). The area under the 

photodiode array detector (DAD) was monitored and plotted against concentration to create a 

calibration curve for quantitation method. Additionally, the area under DAD chromatogram 

was plotted against time for hydrolysis reaction kinetic analysis. 

The Q-TOF mass spectrometer was operated in negative electrospray ionization (ESI) 

mode at high-resolution (4 GHz) with a resolving power ranging from 9700 to 18000 for the 

m/z 100 and 1600 respectively. The parameters of the MS were optimized for the highest 
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intensity of the ions as follows: drying gas flow rate 12 L/min at 355 oC, nebulizer pressure 35 

psi, fragmentor voltage 110 V with the Vcap voltage 3500 V. 

 

3.3 Results and Discussion 

3.3.1 HILIC -DAD-MS Separated and Characterized Dye Forms of Polysulfonated Dyes 

Dyes Containing Sodium Sulfonate (-SO3Na) Groups 

Among twelve dyes, CI Reactive Red 239 (RR239) has five sodium sulfonate (-SO3Na) 

groups which made it more hydrophilic than other eleven dyes. It is a monoazo dye with 

monochlorotriazine-sulfatoethylsulfone (MCT/SES) reactive groups (Figure 3.1 and Table 

3.1). During HILIC-DAD-MS analysis, four different compounds were detected which were 

successfully retained, separated via HILIC and characterized by high-resolution MS. The 

retention and separation of these four colored compounds at 520 nm (DAD detector) are shown 

in Figure 3.2a and their absorbance spectra are provided in Figure 3.2b. 

 

 

Figure 3.2: HILIC-DAD-MS successfully retained and separated four colored components of 

polysulfonated dye CI Reactive Red 239 containing five sodium sulfonate groups. (a) The 

DAD chromatogram at 520 nm shows the good retention and separation of these components 

at different retention times with (b) their absorbance spectra. 
 

After the absorbance analysis via DAD at 520 nm (Figure 3.2a and b), high-resolution 

mass spectrometry was utilized to characterize these compounds. Accurate mass and isotopic 
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distribution were key to this analysis. Figure 3.3 shows the characterization of all four 

compounds via HILIC-DAD-MS.  

Like all MCT/SES dyes, CI Reactive Red 239 had a chlorine atom in its structure. 

Chlorine atom provided a distinct isotopic distribution in mass spectra. Additionally, 

sulfatoethylsulfone (SES) and vinyl sulfone (VS) forms were searched in all SES type dyes.13 

Moreover, the hydrolyzed form of dye ions ( both hydrolyzed MCT and VS or any one of 

them) were also searched. Therefore, during HILIC-DAD-MS, several dye forms with a 

different combination of hydrolyzed and/or unhydrolyzed reactive groups were characterized.  

Since HILIC separated and retained different dye forms, these dye ions of different 

forms were extracted from total ion chromatogram in MS. These extracted ion chromatograms 

(EIC) corresponding to DAD chromatographic peak identified these compounds (Figure 3.3). 

In the HILIC column, the more hydrophobic compounds elute faster than hydrophilic ones.15 

Therefore, the first peak at a retention time (RT) 5.21 min (Figure 3.3a) and its corresponding 

EIC at m/z 453.4830 (Figure 3.3b) shows the dye form contains hydroxymonochlorotriazine 

and vinyl sulfone group (dye-MOH/VS). The second peak at RT 5.51 min and its EIC at m/z 

511.4492 (Figure 3.3c) correspond to the dye form with monochlorotriazine and 

sulfatoethylsulfone groups (dye-MCT/SES). The third peak at RT 5.86 min corresponds to 

dye-MOH/SES which is the most hydrophilic among these three forms (Figure 3.2a and d). 

Apart from these dye forms, the RR239 dye had a colored unknown component at RT 6.03 

min (Figure 3.3a) and its corresponding mass was at m/z 370.9700, doubly charged (Figure 

3.3e).  Table 3.2 shows the characterization details of these forms of RR239 dye. 

 

Dyes Containing Four Sodium Sulfonate (-SO3Na) Groups 

Among twelve dyes, five of them contained four sodium sulfonate (-SO3Na) groups. 

They were CI Reactive Red 198 (RR198), CI Reactive Black 5 (RBlk5), CI Reactive Yellow 

176 (RY176), CI Reactive Yellow 174 (RY174) and CI Reactive Blue 21 (RB21).   These dyes 

contained more than one colored components except dye RY176 (one component). HILIC-

DAD-MS successfully separated and characterized all components of these dyes.  
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Figure 3.3: HILIC-DAD-MS characterization of CI Reactive Red 239. (a) The DAD 

chromatogram shows separated dye forms at different retention times where extracted ion 

chromatogram (EIC in MS) in (b), (c), (d) and (e) characterized them at their specific mass-to-

charge (m/z) ratio.  

 

Table 3.2: The HILIC-DAD-MS successfully retained, separated and characterized different 

forms of polysulfonated dye CI Reactive Red 239 containing five sodium sulfonate groups. 

Dye 

name 

DAD detector Mass Spectrometry Structures 

identified 
RT 

(DAD) 

min 

Absorbance 

at 520 nm 

Ions 

formed 

Charged 

states 

Peak m/z 

(theo.) 

Peak m/z 

(exp.) 

ppm 

error  

RR239 5.21 Y [M-2H]2- -2 453.4830 453.484 2.21 Dye-MOH/VS 

5.51 Y [M-2H]2- -2 511.4492 511.4476 -3.13 Dye-MCT/SES 

5.86 Y [M-2H]2- -2 502.4667 502.4664 -0.60 Dye-MOH/SES 

6.03 Y  -2  370.9700  Unknown 

Y, yes; RT, retention time; DAD, photodiode array detector; m/z, mass-to-charge ratio; theo., theoretical; exp., experimental; MCT, 

monochlorotriazine; MOH, hydroxymonochlorotriazine; SES, sulfatoethylsulfone; VS, vinyl sulfone. 

 

HILIC-DAD-MS confirmed that the MCT/SES dye RR198 had three types of dye 

forms: dye-MCT/VS, dye-MCT/SES and dye-MOH/SES (Figure 3.4). Among these forms, 

dye-MCT/SES was the major form (RT 5.02 min). The dye-MOH/SES was a minor form at 
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RT 5.7 min which was formed after hydrolysis of MCT group in combination with SES (Figure 

3.4a and d). The inset shows the absorbance spectra of these three forms. 

In disulfatoethylsulfone (di-SES) dye RBlk5, the major dye form appeared at RT 5.11 

min (Figure 3.5a) which had a di-SES group (dye-SES/SES) (Figure 3.5c). A minor form as 

dye-SES/VS appeared at RT 4.42 min (Figure 3.5a and b). Similar way, all dye forms of 

RY176, RY174, and RB21 were retained, separated and characterized by HILIC-DAD-MS. 

Their chromatograms and spectra are provided in Figure B1-3 (Appendix B). Among these 

dyes, RB21 had a higher number of unknown impurity peaks with one dye form, dye-HVS. 

This dye component appeared at RT 4.26 and 4.46 min respectively (isomeric dyes). Table 3.3 

shows the overview of the HILIC-DAD-MS analysis of all five dyes containing four sodium 

sulfonate groups. 

 

 

Figure 3.4: HILIC-DAD-MS successfully separated and characterized all three dye forms of 

CI Reactive Red 198. (a) The DAD chromatogram shows separated compounds at different 

retention times where EIC in (b), (c) and (d) characterized them at their specific m/z. The inset 

shows the absorbance spectra at 520 nm. 
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Figure 3.5: Different forms of CI Reactive Black 5 were successfully separated and 

characterized via HILIC-DAD-MS. (a) The DAD and EIC chromatogram characterized two 

dye forms: (b) dye-SES/VS (minor form, RT 4.42 min) and dye-SES/SES (major form, RT 

5.11 min). The inset shows the absorbance spectra of these two forms at 600 nm. 

 

Dyes Containing Three Sodium Sulfonate (-SO3Na) Groups 

Four dyes contained three sodium sulfonate groups: CI Reactive Blue 49 (RB49), CI 

Reactive Orange 35 (RO35), CI Reactive Blue 220 (RB220) and CI Reactive Blue 221 

(RB221). Among these dyes, only RB221 was a heterobifunctional dye (MCT/SES). Others 

were mono functional contained one reactive group. HILIC-DAD-MS demonstrated that RB49 

contained only one dye form (Dye-MCT). Yet, this dye had an isomer. They appeared at a 

retention time (RT) 4.13 and 4.23 min. Both absorbed at 600 nm (blue region) (Figure 3.6). 

The RO35 was a monofunctional MCT dye. Yet multiple compounds were observed 

during HILIC-DAD-MS analysis. This dye also had isomers and the HILIC retained and 

separated them well. The major dye form was characterized as dye-MCT and its isomers 

(Figure 3.7a and b). Another form as dye-MOH was also observed (Figure 3.7a and c). 

Moreover, multiple compounds with dye-MOH at RT 4.79, 5.03 and 5.27 min resulted from 

the hydrolysis of initial dye-MCT isomers (Table 3.4). 
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Table 3.3: HILIC-DAD-MS identified, separated and characterized different dye forms of 

polysulfonated dyes containing four sodium sulfonate groups. 

Dye 

name 

DAD detector Mass Spectrometry Structures 

identified 

 
RT 

(DAD) 

min 

Absorbance Ions 

formed 

Charged 

state 

Peak m/z 

(theo.) 

Peak m/z 

(exp.) 

ppm 

error  

RR198 4.33 Y [M-2H]2- -2 397.4792 397.4802 2.52 Dye-MCT/VS 

5.02 Y [M-2H]2- -2 446.4629 446.4628 -0.22 Dye-MCT/SES 

5.7 Y [M-2H]2- -2 437.4804 437.4825 4.80 Dye-MOH/SES 

RBlk5 4.42 Y [M-2H]2- -2 401.4819 401.4827 1.99 Dye-SES/VS 

5.11 Y [M-2H]2- -2 450.4656 450.467 3.11 Dye-SES/SES 

RY174 4.74 Y [M-2H]2- -2 408.518 408.5186 1.47 Dye-MFT/VS 

RB21 3.91 Y 
 

-2 
 

669.4584  
 

Unknown 

3.91   -2  445.9651  Unknown 

4.26 Y [M-2H]2- -2 537.9637 537.9630 -1.30 Dye-HVS 

4.46 Y [M-2H]2- -2 537.9637 537.9646 1.67 Dye-HVS 

5.23 Y 
 

-2  406.4563 
 

Unknown 

5.45 Y 
 

-2  406.4706 
 

Unknown 

4.65 Y 
 

-2  422.4875 
 

Unknown 

RY176 4.69 Y [M-2H]2- -2 418.4901 418.4900 -0.24 Dye-MCT/VS 

 
5.26 Y [M-2H]2- -2 467.4738 467.4735 -0.64 Dye-MCT/SES 

 
5.85 Y [M-2H]2- -2 458.4913 458.4895 -3.93 Dye-MOH/SES 

MFT, monofluorotriazine; HVS, hydroxyvinylsulfone; other abbreviations are same as Table 3.2 

 

 

Figure 3.6: HILIC-DAD-MS demonstrated that CI Reactive Blue 49 had only one dye form. 

Yet, this form had an isomer. (a) These two compounds appeared at RT 4.13 and 4.23 min 

respectively. (b) Additionally, EIC at m/z 406.5192 verified their same masses. Inset spectra 

show absorbance at 600 nm. 
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During RB220 (SES dye) characterization, two dye forms were observed where the 

major form was dye-SES at RT 5.04 min and a minor form at RT 4.13 min was dye-VS form. 

For dye RB221 (MCT/VS dye), the major form was the dye-MCT/SES. This dye also had an 

unknown impurity at RT 5.27 min (Table 3.4). The Figures associated with these compounds 

of RB220 and RB221 are provided in Figures B4-5 (Appendix B). 

 

 

Figure 3.7: (a) The DAD chromatogram separated multiple compounds of CI Reactive Orange 

35 dye at 430 nm. The EIC shows (b) the mass of the major dye form (dye-MCT) and its isomer 

at m/z 372.5117 and (c) the mass of the minor form (dye-MOH) and its isomers at m/z 

363.5292. The inset spectra show the absorbance of these compounds at 430 nm. 

 

Dyes Containing Two Sodium Sulfonate (-SO3Na) Groups 

Only CI Reactive Blue 19 (RB19) has two sodium sulfonate groups. It was a SES type 

dyes. Due to the lower number of sodium sulfonate groups, this dye showed poor retention and 

separation in HILIC (Figure 3.8). Since it has fewer hydrophilic sites than other dyes, it could 

not interact well with the column resulting in its poor retention. Both SES and VS forms eluted 

at void retention times with no separation.  

For comparison purposes, this dye was also retained and separated via C18 column. The 

C18 column retained and separated well of both SES and VS forms (Figure 3.9). Since, in the 

C18 column, the hydrophobic interaction is prominent, fewer sodium sulfonate groups of RB19 

facilitates better retention on C18. 
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Table 3.4: Different dye forms of dyes containing three sodium sulfonate groups were 

separated and characterized via HILIC-DAD-MS. 

Dye 

name 

DAD detector Mass Spectrometry Structures 

identified 

 

RT 

(DAD) 

min 

Absorbance Ions 

formed 

Charged 

states 

Peak m/z 

(theo.) 

Peak m/z 

(exp.) 

ppm 

error  

 

RB49 4.13 Y [M-2H]2- -2 406.5192 406.5201 2.15 Dye-MCT 

RO35 

 

3.97 Y [M-2H]2- -2 372.5117 372.5128 2.89 Dye-MCT 

5.03 Y [M-2H]2- -2 363.5292 363.5305 3.58 Dye-MOH 

RB220 

 

 

4.13 Y [M-2H]2- -2 334.4559 334.4564 1.49 Dye-VS 

5.04 Y [M-2H]2- -2 383.4395 383.4406 2.87 Dye-SES 

5.63 Y [M-2H]2- -2 
 

329.4479 
 

unknown 

RB221 

 

4.63 Y [M-2H]2- -2 506.9707 506.9706 -0.20 Dye-MCT/SES 

5.27 Y [M-2H]2- -2 
 

497.9865 
 

unknown 

 

 

 

Figure 3.8: HILIC-DAD-MS showed poor retention and separation of CI Reactive Blue 19 

dye containing two sodium sulfonate groups. This dye had less hydrophilic interaction (due to 

less no. of sodium sulfonate groups) with the HILIC column, so both SES and VS forms of 

dye eluted at the void retention times with poor separations. 
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Figure 3.9: The C18 column retained and separated well two forms of CI Reactive Blue 19 dye 

containing two sodium sulfonate groups. Due to less no. of sodium sulfonate groups, more 

hydrophobic interaction occurs between dyes and the column which facilitates retention and 

separation of the dye forms. 
 

Among these dyes, the chemical structure of CI Reactive Red 23 (RR23) was unknown. 

Yet, HILIC-DAD-MS was carried out to separate different components of this dye. During 

analysis, four colored components were observed which also absorbed in 520 nm (red region) 

in DAD detector (Figure B.6, Appendix B). Overall, HILIC-DAD-MS successfully retained, 

separated and characterized different forms of polysulfonated dyes. 

 

3.3.2 HILIC -DAD quantifies Dye Forms of Polysulfonated Dyes 

In this section, HILIC-DAD was utilized to quantify different dye forms of dye CI 

Reactive Red 239 (RR239), CI Reactive Red 198 (RR198) and CI Reactive Blue 221 (RB221). 

These dyes contained five, four and three sodium sulfonate groups (-SO3Na) respectively. As 

discussed in section 3.3.1, two major forms of RR239 were dye-MOH/SES and dye-MCT/SES; 

for dye RR198, they were dye-MCT/SES and dye-MCT/VS and finally the dye-MCT/SES was 

the major dye form of RB221. Using HILIC-DAD, reliable quantitation was achieved for the 

major dye forms of these dyes down to 0.5 µg/mL. For all components, quantitation 

parameters: linearity, limit of detection (LOD), the lower limit of quantitation (LLOQ) were 

assessed (Table 3.5). The LLOQ and LOD were calculated from the linear regressions of the 

calibration curves using the following equations: LOD = 3ů/b and LLOQ = 10ů/b, where ů is 
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the standard error of the y-intercept of the linear regression and b is the slope of the linear 

regression.19,20 

Quantitation of RR239 was performed from working range 1 to 50 µg/mL. The dye 

concentration below 1 µg/mL, the DAD response was irregular. Therefore, this range was 

selected. Both dye forms (dye-MOH/SES and dye-MCT/SES) provided good linearity with R2 

values 0.9998 and 0.9973 respectively (Figure 3.10a). The LOD and LLOQ for dye forms, 

dye-MCT/SES and dye-MOH/SES were determined to be 1.07 µg/mL, 3.59 µg/mL and 0.12 

µg/mL, 0.41 µg/mL respectively (Table 3.5). 

 

 

Figure 3.10: HILIC-DAD quantifies different dye forms of heterobifunctional (MCT/SES) 

dye (a) CI Reactive Red 239 (RR239), (b) CI Reactive Red 198 (RR198) and (c) CI Reactive 

Blue 221 (RB221) containing five, four and three sodium sulfonate groups (-SO3Na) 

respectively. 
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Table 3.4: HILIC-DAD quantifies different dye forms of polysulfonated reactive dyes. 

Dye name Dye forms Linearity 

R2 

LOD 

µg/mL 

LLOQ 

µg/mL 

RR239 Dye-MOH/SES 0.9998 0.12 0.41 

 Dye-MCT/SES 0.9973 1.08 3.59 

RR198 Dye-MCT/SES 0.9992 0.14 0.48 

 Dye-MCT/VS 0.9999 0.16 0.52 

RB221 Dye-MCT/SES 0.9957 0.39 1.30 

LOD, limit of detection; LLOQ, lower limit of quantitation. 

 

HILIC-DAD provided reliable quantitation of RR198 with higher sensitivity down to 

0.5 µg/mL (working range: 0.5 to 50 µg/mL). Good linearity was achieved for both dye forms: 

dye-MCT/SES (R2 = 0.9992) and dye-MCT/VS (R2 = 0.9999). (Figure 3.10b and Table 3.5). 

HILIC-DAD also provided good sensitivity with LOD and LLOQ values below 1 µg/mL for 

both forms (Table 3.5). Lastly, HILIC-DAD was utilized to quantify different dye forms of 

RB221. The dye RB221 had only one major form (dye-MCT/SES) and HILIC-DAD provided 

good linearity (R2 = 0.9957) with LOD and LLOQ 0.39 and 1.3 µg/mL respectively (Figure 

3.10c and Table 3.5). Overall, HILIC-DAD not only retained and separated different dye forms 

of polysulfonated dyes; it also quantified them with good quantitative parameters.  

 

3.3.3 Hydrolysis Kinetic Study of CI Reactive Red 198 by HILIC-DAD  

In this section, HILIC-DAD was utilized to monitor the hydrolysis kinetic products of 

CI Reactive Red 198 (RR198). In section 3.3.1, HILIC-DAD demonstrated that RR198 native 

dye had three dye forms: dye-MCT/SES, dye-MCT/VS, and dye-MOH/VS. Among these 

forms, dye-MCT/SES was the major one (Figure 3.4). Yet, during hydrolysis reaction, major 

form dye-MCT/SES was absent at 0 h. In presence of alkali, the dye-MCT/SES converted to 

dye-MCT/VS at room temperature. The major dye form at 0 h was dye-MCT/VS form (Figure 

3.11).  At 0.5 h, most of dye-MCT/VS form was converted to mono hydrolyzed MCT/HVS 

(hydroxyvinylsulfone) form. After 1 h, mono hydrolyzed dye-MCT/HVS form was decreasing 

as well as di-hydrolyzed dye-MOH/HVS form was increasing. The graph in Figure 3.11 was 

plotted against normalized DAD area of the kinetic products vs reaction time. Additionally, 

Table 3.6 shows the detailed kinetics data of each point.  Apart from DAD, high-resolution 
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MS was used to confirm the mass of each product. From HILIC-DAD-MS analysis of 

hydrolysis kinetic of MCT/SES dye RR198, it is concluded that the hydrolysis kinetics of vinyl 

sulfone (VS) reactive group is faster than the monochlorotriazine (MCT) reactive group.  

 

 

Figure 3.11: HILIC-DAD monitored the hydrolysis kinetics of heterobifunctional (MCT/SES) 

dye CI Reactive Red 198 (RR198) and its different dye forms. In this regard HILIC-DAD 

demonstrated that the hydrolysis kinetics of VS group was faster than the MCT group. 

 

Table 3.5: HILIC-DAD-MS study of hydrolysis kinetics of CI Reactive Red 198. 

Dye forms Ions  

[M -2H]2- 

0 h 0.5 h 1.0 h 1.5 h 2.0 h 2.5 h 3.0 h 

Normalized DAD area 

Dye-MCT/VS 397.4792 97.23 0 0 0 0 0 0 

Dye-MCT/HVS 406.4845 2.77 77.92 49.65 20.01 11.36 15.31 0 

Dye-MOH/HVS 397.5020 0 22.08 50.35 79.99 88.64 84.69 100 

 

3.3.4 HILIC -DAD-MS monitors Dimeric Reaction Products in Synthesis Bath 

In this part, HILIC-DAD-MS was utilized to monitor dimer synthesis reaction and the 

product formation from the monomeric dye CI Reactive Yellow 176 and linking group 

hexamethylenediamine (HMDA).13 In chapter 2, it was already demonstrated the application 

of direct high-resolution Q-TOF mass spectrometry for the confirmation of the dimeric 

reaction products via accurate mass and isotopic distribution analysis.13 In this work, HILIC-

DAD-MS was used to estimate the optimum reaction time for the formation of different 

products in the synthesis dye bath (Figure 3.12). 
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Figure 3.22: HILIC-DAD monitors dimeric synthesis reaction from dye CI Reactive Yellow 

176 dye with linker hexamethylenediamine (HMDA). The numerical shows the number of 

products formed at different reaction times.  

 

At the beginning of the synthesis reaction (1 min), the compounds in the reaction bath 

were: dye-MCT/VS (1), unknown compound (2), dye-MCT/SES (3) (main compound) and 

dye-MOH/SES (4). After adding the hexamethylenediamine and alkali solution to the dye bath, 

the reaction began. After 5 min, six compounds were observed. Among these compounds, dye-

MCT/VS (1) and dye-MCT/SES (3) were the initial dye forms. Other compounds shown as (2) 

and (4) were the intermediate unknown compounds (Figure 3.12 and Table 3.7). Besides these 

four compounds, two high molecular weight dimeric compounds (5) and (6) were observed. 

At 10 min reaction time, only three compounds were observed: (1) and (2) were two unknown 

compounds and (3) was the dimeric compound (6) observed at 5 min reaction time. At 15 min, 

no new compound was observed. At 20, 25 and 35 min, only one low MW unknown 



 

85 
 

compounds at m/z 458.5664, (doubly charged) was prominent (Figure 3.12 and Table 3.7). At 

45 min, no prominent peak was observed in DAD chromatogram (Figure 3.12). After the 

analysis of reaction products, it was concluded that the most efficient reaction time is 5 min 

because of the highest number of products formed at this stage of reaction with two starting 

forms of dye. However, at 10 min, no starting dye was observed, so 10 min would be the 

optimum reaction time for dimer synthesis. 

 

Table 3.6: HILIC-DAD-MS separated and characterized dimeric after reaction products of CI 

Reactive Yellow 176 at different reaction times. 

Reaction 

time 

Peak 

no. 

RT 

(DAD) 

min 

Ion 

formed 

Peak 

m/z 

(exp.) 

Peak 

m/z 

(theo.) 

ppm 

error  

Charged 

states 

Deprotonated 

or sodiated 

exp. mass (Da) 

Structures 

identified 

1 min 

  

  

  

1 4.62 [M-2H]-2 418.4895 418.4901 -1.54 -2 836.979 dye-MCT/VS 

2 4.93 [M-2H]-2 476.5550 
  

-2 953.1100 unknown 

3 5.17 [M-2H]-2 467.4730 467.4738 -1.79 -2 934.9460 dye-MCT/SES 

4 5.79 [M-2H]-2 458.4907 458.4913 -1.31 -2 916.9814 dye-MOH/SES 

5 min 1 4.63 [M-2H]-2 418.4881 418.4901 -4.88 -2 836.9762 dye-MCT/VS 

2 4.95   476.5543 
  

-2 953.1086 unknown 

3 5.19 [M-2H]-2 467.4716 467.4738 -4.78 -2 934.9432 dye-MCT/SES 

4 5.69   467.5713 
  

-2 935.1426 unknown 

5 6.01   887.0668     -2 1774.1336 dimeric product 

6 6.16   585.0378 
  

-3 1755.1134 dimeric product 

  

  

10 min 

1 5.25   458.5662     -2 917.1324 unknown 

2 5.67 
 

467.5722 
  

-2 935.1444 unknown 

3 6.15 
 

585.0391 
  

-3 1755.1173 dimeric product 

  

15 min 

  

1 5.25 
 

458.5664     -2 917.1328 unknown 

2 5.67 
 

467.5721 
  

-2 935.1442 unknown 

3 6.15   585.0424 
  

-3 1755.1272 dimeric product 

20 min 1 5.21   458.5664 

 

    -2 

 

917.1328 

 

 

unknown 

25 min 5.13 
   

35 min 5.03       

DAD, photodiode array detector; RT, retention time; exp., experimental; theo., theoretical. 
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3.4 Conclusion 

In this study, hydrophilic interaction liquid chromatography (HILIC) coupled with 

photodiode array detector (DAD) and high-resolution Q-TOF mass spectrometry was used for 

solving a critical retention and separation problem of polysulfonated dyes and their reaction 

intermediates. HILIC eliminated the need for ion-pairing reagents in the retention of these dyes 

on a C18 Column. This seems to be the first time, HILIC was used for the retention and 

separation of polysulfonated reactive dyes. 

HILIC-DAD-MS was used to characterize the dye forms of twelve dyes containing up 

to five sodium sulfonate groups. Additionally, HILIC-DAD was utilized to quantify dye forms 

of same dyes. In this regard HILIC-DAD quantified two major dye forms of CI Reactive Red 

239 and CI Reactive Red 198 and one dye form of CI Reactive Blue 221 with higher sensitivity. 

Moreover, HILIC-DAD was used to monitor the hydrolysis reaction kinetics of CI Reactive 

Red 198 where the analyses demonstrated that the hydrolysis kinetics of a vinyl sulfone group 

was faster than a monochlorotriazine group. Lastly, HILIC-DAD-MS characterized reaction 

time for the dimerization of CI Reactive Yellow 176 with hexamethylenediamine linker. This 

analysis indicated that a reaction time of 10 min is the optimum time for dimer formation.  
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CHAPTER 4 

 

Tandem Mass Spectrometry Elucidates and Differentiates Hydrophobic Dyes 

Containing Different Substituents at the Azobenzene Core 

 

Abstract 

This study carried out a systematic tandem mass spectrometric approach to assess the 

effects of substituents on the identification and characterization of ten novel disperse dyes 

containing different substituents on the same azobenzene core (Ph1-N=N-Ph2, where Ph is the 

phenyl group and N=N is the azo group functionality). These dyes were the representative of 

~98000 costumed made synthetic dyes from the Max Weaver Dye Library (MWDL), NC State 

University. First, liquid chromatography-photodiode array detector coupled to a high-

resolution quadrupole time-of-flight mass spectrometer (LC-DAD-QTOF-MS) was utilized to 

assess the purity and molecular weight of the dyes. All dyes were pure except dye MWDL6 

which had a colored component apart from dye itself and this component was successfully 

characterized as the degradation product of the dye. All dyes formed the protonated molecule 

in positive electrospray ionization (ESI) and their molecular weight ranged from 340 to 600 

Da. All protonated dye molecules were subjected to collisionally-activated dissociation (CAD) 

for structure characterization. The similarity of substituents on the azobenzene core, protonated 

dye molecules provided similar fragmentation patterns. For example, dyes containing di-

halogen atoms provided different fragmentation patterns than the dyes containing nitro groups 

in Ph1. On the other hand, dyes containing acetamide in Ph2 provided similar product ions 

after losing the acetyl group. Other substituents on Ph2 also provided distinct fragmentation 

patterns. Moreover, two positional isomeric dyes were successfully characterized and 

differentiated by survival yield and CE50 (characteristic collision energy at which survival yield 

is 50%) analyses on ESI-MS/MS.  

 

4.1 Introduction  

From food chemistry to wastewater treatment to forensics fiber analysis, identification 

of unknown dyes in a complex mixture is a critical research interest.1-5 Among synthetic 

colorants, the azo dye is the largest group (~ 65%).1 Azo dyes contain diazotized amine coupled 

to an amine or phenol, which are distinguished by one or more azo bonds (R1-N=N-R2).
2 
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Hydrophobic dyes-azo disperse dyes are applied to hydrophobic substrates-acetate or polyester 

fibers.6 Due to the hydrophobic natures of these dyes, they could be toxic and mutagenic to 

living animals.7,8 Moreover, continuous development of new azo disperse dyes with improved 

dyeability (e.g., lightfastness, washfastness) demands the better analytical characterization of 

these new dyes, their synthesized byproducts and/or degradation products.9 To analyze these 

compounds, an analytical technique with high sensitivity and accuracy is needed. 

High-resolution quadrupole time-of-flight (Q-TOF) mass spectrometry is routinely 

used for the elemental analysis of organic compounds through high mass accuracies.10 

Development of atmospheric pressure ionization technique-electrospray ionization (ESI) aids 

coupling of liquid chromatography (LC) to mass spectrometry (MS) which appears to be a 

powerful hyphenated tool for complex mixture analysis.11,12 Moreover, adding a photodiode 

array detector (DAD) to LC-MS system provides complementary compound identification via 

absorbance analysis.13 Yet, for structural analysis of the compounds, tandem mass 

spectrometry (ESI-MS/MS) is necessary.14 With the aid of collisionally-activated dissociation 

(CAD), ESI-MS/MS provides the fragmentation pathway and elucidates the structure of the 

ion of interest.5 

In this work, ESI-MS/MS in combination with LC-DAD-MS was used to analyze ten 

novel hydrophobic disperse dyes from the unique NC State Max Weaver Dye 

library,15containing different substituents at the similar azobenzene core. LC-DAD-MS 

assessed the purity and determined the molecular weight of the dyes by generating protonated 

molecules where ESI-MS/MS provided structural insights through collisionally-activated 

dissociation (CAD). In addition, ESI-MS/MS investigated the effects of substituents on the 

fragmentation patterns and categorized dyes based on the similar fragment ions. These analyses 

were the first attempt to build the high-resolution mass spectra dye database of ~98000 custom-

made dyes of the Weaver library.15 

 

4.2 Experimental 

4.2.1 Materials and Reagents 

All dyes were obtained from NC State Max Weaver Dye Library.15 The structures of 

the dyes are shown in Figure 4.1 and their chemical information is provided in Table 4.1. The 

core structure of dyes is denoted as Ph1-N=N-Ph2, where Ph is the phenyl group and N=N is 



 

91 
 

the azo group functionality. Among ten dyes, seven of them (1, 3, 4, 5, 8, 9 and 10) had di 

halogen atoms (dichloro or dibromo) in the ortho, meta or para positions of Ph1, and other 

three dyes (2, 6 and 7) had nitro groups in a para position of Ph1. The substituents: amino 

acetate, alkyl or aryl substituted amino groups were present in the ortho or para position of 

Ph2 (Figure 4.1). 

Acetonitrile (LC-MS grade, 99.9%) and formic acid (ACS grade, 88-91%) were 

purchased from Sigma-Aldrich. Purified water was generated in-house using Milli-Q System 

(18Mɋ) (PURELAB Ultra from VWR). All dye samples were analyzed without prior 

purification. The dye stock solutions were prepared at 1000 µg/mL in acetonitrile and diluted 

to 30 µg/mL in acetonitrile/water (50:50). Before analysis, all samples were filtered using 0.2 

µm PTFE syringe filter (Phenomenex).  

 

 

Figure 4.1: The molecular structure of studied Max Weaver Dye Library (MWDL) dyes 

containing similar azobenzene core with different substituents. 

 

4.2.2 Liquid Chromatography-Photodiode Array Detector-Mass Spectrometry 

The samples were analyzed using liquid chromatography with photodiode array 

detector coupled to electrospray ionization and to a 6520 accurate mass quadrupole time-of-

flight mass spectrometer (LC-DAD-ESI-QTOF-MS) from Agilent Technologies.  
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Table 4.1: The chemical information of the dyes analyzed in this study. 

Serial 

no. 

Dye name Dye Library  

notation 

Source Chemical 

class 

Chemical 

 formula  

MW  

(Da) 

1 MWDL1 X-12683-22A NCSU-MWDL Azo C27H23Cl2N3 460 

2 MWDL2 X-12683-33A NCSU-MWDL Azo C21H20N4O3 376 

3 MWDL3 X-12683-24A NCSU-MWDL Azo C21H19Cl2N3 384 

4 MWDL4 X-12683-22B NCSU-MWDL Azo C23H22Cl2N4O 441 

5 MWDL5 X-12683-22C NCSU-MWDL Azo C28H24Cl2N4O 503 

6 MWDL6 X-12683-25 NCSU-MWDL Azo C20H22N4O6 414 

7 MWDL7 X-12516-134 NCSU-MWDL Azo C14H11N7O2S 341 

8 MWDL8 X-12683-21C NCSU-MWDL Azo C28H24Cl2N4O 503 

9 MWDL9 X-12683-23C NCSU-MWDL Azo C28H24Br2N4O 592 

10 MWDL10 X-12683-23A NCSU-MWDL Azo C21H19Br2N3 473 

 NCSU, North Carolina State University; MWDL, Max Weaver Dye Library; MW, molecular weight (average atomic mass of all elements 

in the neutral molecule); Da, Dalton. 

 

Chromatographic separation was achieved by using a Zorbax SB-C18 (2.1×150 mm, 

3.5 ɛm) column at 45 oC. The mobile phases used for the separation consisted of an aqueous 

phase (A) water and an organic phase (B) acetonitrile. A 0.1% formic acid was added to both 

of phases.  The flow rate of the mobile phase was 0.5 mL/min with an injection volume of 1 

ɛL. Three gradient methods were developed for LC-DAD-MS analysis of individual dye runs. 

The gradient methods are provided in Table 4.2. Each method consisted of 7.5 min run with 2 

min post run to re-equilibrate the column. 

The DAD detector analyzed at a spectral range of 250ï750 nm. The dyes were analyzed 

at a wavelength of 254 nm and other variable wavelengths such as 410, 460 and 540 nm. The 

Q-TOF mass spectrometer was operated in positive electrospray ionization (ESI) mode at high-

resolution (4 GHz) with a resolving power ranging from 9700 to 18000 for the m/z 100 and 

1600 respectively. The following MS parameters were optimized for the highest intensity of 

the ions: drying gas flow rate 12 L/min at 350 oC, nebulizer pressure 35 psi, fragmentor voltage 

110 V with the Vcap voltage 4000 V. 
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Table 4.2: The three gradient methods for individual dye run. 

Method 1 Method 2 Method 3 %B Flow rate 

(mL min -1) Time (min) 

0.0 0.0 0.0 40 0.5 

0.5 0.5 0.5 60 0.5 

5.0 2.0 3.5 90 0.5 

7.0 7.0 7.0 90 0.5 

7.5 7.5 7.5 40 0.5 

 

4.2.3 Tandem Mass Spectrometry (ESI-MS/MS) 

In the ESI-MS/MS experiment, the individual dye solutions were injected into the ESI 

source using the HPLC auto-sampler with the column bypassed. An injection volume of 1 µL 

was used with a mobile phase of acetonitrile/water (50:50) at a flow rate of 0.5 mL/min.  An 

injection time of 1 min was used. The protonated dye molecules were selected at a narrow 

isolation window (~1.3 m/z) and they were subjected to collisionally-activated dissociation 

(CAD) at the collision cell of the Q-TOF. The ions were collided with highly pure nitrogen gas 

(99.9995%) with collision energies ranged from 20-40 eV as defined by the Agilent 

MassHunter LC/MS Data Acquisition Workstation Software Version B.05.01 for the 6200 

series interface. The mass spectra obtained from the Q-TOF were analyzed in profile mode 

using MassHunter Qualitative Analysis Workstation Software Version B.06.00 interface. 

 

4.3 Results and Discussion 

4.3.1 Individual Dye Analysis by LC-DAD-MS 

Initially, LC-DAD-MS gradient methods were used for retention, separation and purity 

assessment of all dyes. In LC-DAD-MS analysis, DAD chromatogram showed the purity and 

colored information through absorbance analysis and MS provided accurate mass and 

molecular weight information of the compounds. Maximum absorbance of these dyes was 

ranged from 390 to 473 nm, indicating that the dye colors were limited to yellow to orange 

(Figure 4.2). 

Coupling of high-resolution Q-TOF mass spectrometry to LC-DAD provided 

elemental analysis of the dyes through accurate mass and isotopic distribution analysis. The 

Q-TOF instrument can provide sub-ppm to ppm mass accuracy for exact mass analysis.10 

Moreover, the presence of isotopically enriched atoms such as sulfur, chlorine, and bromine in 

molecules provide isotopic distributions in mass spectra. These isotopic distributions are used 
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as an additional identification of the molecules along with accurate mass.10,16 All t hese criteria 

were applied to characterize these individual dyes by high-resolution full scan MS.  

For example, during analysis of dye MWDL10, a single peak at the DAD 

chromatogram (retention time, RT 4.74 min) indicated a single colored component which had 

an absorbance maximum at 442 nm at the same retention time (Figure 4.3a, b). The protonated 

dye molecule had a theoretical mass-to-charge ratio (m/z) of 472.0024. Therefore, the response 

at m/z 472.0024 was monitored in the mass chromatogram, which provided a single peak in 

the extracted ion chromatogram (EIC in MS) (Figure 4.3c). The retention time delay (~0.1 

min) between DAD and EIC was due to DAD detection prior to MS. With high mass accuracy 

(ppm error 0.45), the molecular formula was generated from the mass spectrum (Figure 4.3d). 

As known, the bromine atom has two stable isotopes: 79Br and 81Br. The relative abundances 

of these isotopes are 100% (M peak) and 98% (M+2 peak) respectively.16 Since this dye 

contained two bromine atoms that made the relative abundance of M+2 peak ~198% of M peak 

(Figure 4.3d). The theoretical isotopic distribution was calculated via isotopic distribution 

software.17 

All dyes showed a single peak in chromatogram except MWDL6. This dye had a 

colored component other than dye itself (MWDL6, purity = 87%, Table 4.3). High-resolution 

mass spectrometry along with DAD successfully characterized both dye and its colored 

component. Both compounds absorbed in DAD at 460 nm and their absorbance maxima was 

463 nm (Figure 4.2, (6), right). The colored component appeared earlier (RT 3.72 min) than 

the dye molecule (RT 4.41 min) in DAD chromatogram (Figure 4.4a).  

The protonated m/z of MWDL6 dye was 415.1621 and its molecular formula was 

generated with high mass accuracy (ppm error 0.72) (Figure 4.4d). The chemical structure of 

the dye contained two ethyl acetate substituents on the amino group of benzene. Due to 

degradation, one of the substituents was de-acetylated. The de-acetylated dye molecule had an 

m/z 373.1506. When the total ion chromatogram was screened at m/z 373.1506, a sharp peak 

was found as extracted ion chromatogram (EIC) which also absorbed in DAD (at 460 nm) at 

RT 3.72 min. Therefore, the structure of the colored component was proposed. The molecular 

formula of the colored component was generated at high mass accuracy (ppm error 1.6) (Figure 

4.4e). The LC-DAD-MS not only characterizes azo disperse dyes and it also characterizes 

degradation products or impurities. In the same manner, all other dyes were analyzed. Table 
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4.3 shows the characterization of all ten dyes through retention, absorbance and high mass 

accuracies by LC-DAD coupled to Q-TOF in full scan analysis.  

 

 

Figure 4.2: The DAD chromatograms (with retention times) and their corresponding 

absorbance spectra at the same retention times show separation and purification of all ten dyes 

in their individual gradient runs. The numerical in each chromatogram shows the dye serial 

number in Table 4.1. 
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Figure 4.3: The LC-DAD-MS representative characterization of dye MWDL10. (a) The single 

peak in DAD chromatogram at 460 nm indicates that the dye is pure and (b) the absorbance 

spectra shows the colored (orange) information. (c) The EIC and its corresponding (d) high-

resolution mass spectrum shows the elemental analysis of the protonated dye molecule. 

 

 

Figure 4.4: LC-DAD-MS characterizes dye MWDL6 and its colored component. (a) The DAD 

chromatogram at 460 nm indicates that the dye and the colored component appeared at RT 

4.41 and 3.72 min respectively. (b, c) The EIC and high-resolution mass spectra (d, e) 

adequately characterized these two compounds with high mass accuracies. 
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Table 4.3: The LC-DAD-MS characterizes all dyes through purity, retention, absorbance and 

high mass accuracies. 

Dye name Purity 

% 

DAD detector Mass spectrometry 

RT 

(DAD) 

min 

ἵἩὀ 
(nm) 

RT 

(EIC) 

min 

Ions 

formed 

Peak 

m/z 

(theo.) 

Peak 

m/z 

(exp.) 

Ppm 

error  

MWDL1 100 4.91 437 5.00 [M+H ]+ 460.1347 460.1346 -0.28 

MWDL2 100 3.95 471 4.05 [M+H] + 377.1614 377.1621 1.95 

MWDL3 100 5.93 433 6.03 [M+H] + 384.1034 384.1029 -1.37 

MWDL4 100 6.01 473 6.10 [M+H] + 441.1249 441.1252 0.70 

MWDL5 100 5.55 467 5.65 [M+H] + 503.1405 503.1401 -0.88 

MWDL6 87 4.41 463 4.51 [M+H]+ 415.1618 415.1621 0.82 

MWDL7 100 3.15 390 3.23 [M+H] + 342.0773 342.0769 -1.23 

MWDL8 100 5.52 467 5.60 [M+H] + 503.1405 503.1406 0.12 

MWDL9 100 5.61 466 5.71 [M+H] + 591.0395 591.0381 -2.38 

MWDL10 100 4.74 442 4.82 [M+H] + 472.0024 472.0017 -1.47 
DAD, photodiode array detector; RT, retention time;  ʇÍÁØȟ absorbance maximum wavelength; EIC, extracted ion chromatogram; m/z, 

mass-to-charge ratio; theo., theoretical; exp., experimental; ppm, parts per million. 

 

4.3.2 Structure Analysis of Dyes by ESI-MS/MS 

4.3.2.1 The CAD Analysis of Dyes containing di Halogen atoms in Ph1 

Among the ten dyes, seven of them (1, 3, 4, 5, 8, 9, 10) contained di-halogen atoms in 

the Ph1 of azobenzene core. In positive ESI, all of them formed protonated molecules. Upon 

CAD of these molecules, the structures of these dyes were verified by analyzing CAD spectra, 

fragmentation patterns, and product ions. These dyes formed most abundant fragment: cleaved 

Ph1 group contains di-halogen atoms. For example, the fragmentation pattern of a 

representative dye containing di-halogen groups in Ph1 (dye MWDL4) is shown in Figure 4.5a. 

Its most abundant fragment ion: dichlorobenzene at m/z 145 was formed after cleavage of the 

C-N bond between Ph1 and azo group functionality. Same way, for dyes with di-bromine at 

Ph1, fragment ion at m/z 232 (di-bromobenzene) was the most abundant (not shown). 

 

4.3.2.2 The CAD Analysis of Dyes containing Nitro Group in Ph1 

Three of ten dyes (2, 6 and 7) contained nitro group in Ph1 of azobenzene core. For 

these dyes, the most abundant fragment was observed at m/z 122 due to the cleavage of Ph1 

with a nitro group from the azo group functionality. Figure 4.5b shows the CAD spectra of a 

representative dye containing a nitro group in Ph1 (dye MWDL2). 
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Figure 4.5: The CAD analyses elucidate the structures of both representative and isomeric 

dyes. Representative dyes: (a) dye MWDL4, containing di halogens at Ph1; (b) dye MWDL2, 

containing nitro group in Ph1 of azobenzene core; Isomeric dyes: (c) dye MWDL5 and (d) dye 

MWDL8 respectively. 

 

4.3.2.3 Effects of Substituents of Ph2 on CAD Analysis 

In four of ten dyes (4, 5, 8, 9) contained acetamide substituent at the ortho position of 

Ph2. For these dyes, a characteristic fragment was observed after losing the acetyl group from 

acetamide with hydrogen addition. For example, the fragment ion at m/z 399 in dye MWDL4 

was formed due to this type of cleavage (Figure 4.5a).  

In eight of ten dyes contained either N-benzylethanamine (3, 4, 10), N-

benzylethanolamine (2) or dibenzylamine (1, 5, 8, 9) on the para position of Ph2 (Figure 4.6 

and 4.7). Dyes containing dibenzylamine on Ph2 showed distinct fragmentation patterns than 

the dyes containing other two substituents on Ph2. When dibenzylamine present on Ph2, alpha-

cleavage regarding amino functionality was observed along with C-N cleavage (bond of azo 

and Ph2) (Figure 4.5c and 4.5d).  For the other two substituents (N-benzylethanamine and N-
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benzylethanolamine) on Ph2, beta-cleavage regarding amino functionality was prominent 

along with the cleavage mentioned above (Figure 4.5a and 4.5b). Even though dye MWDL1 

had dibenzylamine on Ph2, it showed similar beta-cleavage instead of alpha-cleavage 

regarding amino functionality (Figure 4.6). The reason could be due to the additional presence 

of methyl instead of acetamide group in ortho position of the azo functionality in Ph2. Overall, 

these analyses would be useful to study the structures of unknown compounds with similar 

substituents. 

Two dyes: MWDL6 and MWDL7 had different substituents on Ph2 than the 

substituents discussed above. Dye MWDL6 had a substituent: [Bis[2-(acetyloxy) ethyl] amine] 

on the Ph2 group. The dye MWDL7 had two substituents: an amino group at para position and 

a 1, 2, 4-triazole-3 thiol at the meta position of Ph2. These two dyes also showed characteristic 

fragmentation patterns based on their substituents (Figure 4.7, Table 4.4). 

In our previous study, it was proved that cleavages on either side of the azo group were 

characteristic fragmentation for sulfonated azo dyes.5 However, in this work, the hydrophobic 

azo dyes also followed the similar trend (Figure 4.5, 4.6, 4.7 and Table 4.4). Overall, the 

substituents on Ph1 and Ph2 of azobenzene core (Ph1-N=N-Ph2) have important effects on the 

CAD fragmentation, which successfully elucidated the structures of these dyes. 

 

 

Figure 4.6: The CAD dissociation pathways of the seven dyes containing di halogens in Ph1 

of the azobenzene core. 
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Figure 4.7: The CAD dissociation pathways of the three dyes containing nitro group in Ph1 

of the azobenzene core. 

 

Table 4.4: The ions formation in (+) ESI-MS and their product ions in ESI-MS/MS.  

Dye types Dye name MS (m/z) MS/MS (m/z) 

 

Dyes containing di-

halogens in Ph1 

 

MWDL1 

 

[M+H] + 460.1347 

 

460-C21H21N3 (145) 

460-C6H4Cl2N2C6H5 (209) 

 

MWDL3 [M+H] +  384.1034 384-C15H17N3 (145) 

384-C7H6Cl2N2 (196) 

384-C8H10 (278) 

 

MWDL4 [M+H] +  441.1249 441-C17H20N4O (145) 

441-C7H6Cl2N2 (253) 

441-C17H20N2O (173) 

441-C2H2O (399) 

 

MWDL5 [M+H] +  503.1405 503-C22H22N4O (145) 

503- C13H10Cl2N2 (239) 

503-C22H22N2O (173) 

503-C2H2O (461) 

 

MWDL8 [M+H] +  503.1405 503-C22H22N4O (145) 

503- C13H10Cl2N2 (239) 

503-C22H22N2O (173) 

503-C2H2O (461) 

 

MWDL9 [M+H] +  591.0395 591-C22H22N4O (233) 

591-C22H22N2O (261) 

591-C6H3Br2N2 (330) 

591-C13H10Br2N2 (239) 

591-C2H2O (549) 

 

MWDL10 [M+H] +  472.0024 472-C15H17N3 (233) 

472-C7H6Br2N2 (196) 

472-C15H17N (261) 

472-C8H10 (366) 

 

Dyes containing 

nitro group in Ph1 

MWDL2 [M+H] +  377.1614 377-C15H17N3O (122) 

377-C7H7N3O3 (196) 

377-C6H4NO2 (255) 

 

MWDL6 [M+H] +  415.1618 415-C14H19N3O4 (122) 

415-C12H15N2O6 (132) 

415-C12H16NO6 (145) 

 

MWDL7 [M+H] +  342.0773 342-C8H8N6S (122) 

342-C8H8N4S (150) 
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4.3.2.4 Differentiation of Isomeric Dyes by ESI-MS/MS 

Dye MWDL5 and MWDL8 were two positional isomeric dyes. In MWDL5, two 

chlorine atoms were at the ortho and para positions (Figure 4.5c) where in MWDL8, they were 

in the meta and para positions (Figure 4.5d) at Ph1. Due to the similar type of substituents at 

Ph1 and Ph2, these dyes followed similar fragmentation pathways same as the dyes in Figure 

4.5a and 4.5b. Yet, at same CAD energy (30 eV), the relative abundance of precursor and 

fragment ions of these dyes were different (Figure 4.5c and d). For dye MWDL5, the product 

ion at m/z 173 was second highest abundant (Figure 4.5c), yet this product ion was third highest 

abundant in dye MWDL8 (Figure 4.5d). The second highest abundant product ion of MWDL8 

was at m/z 239 (yet, it was third highest abundant for MWDL5). Moreover, the stability of 

precursor ion at m/z 503 was higher in dye MWDL8 than in MWDL5. Even, at same CAD 

energy, these isomeric dyes showed different relative abundances of product and precursor 

ions which indicates that due to different positions of the substituent (halogen atoms in Ph1), 

the dye molecules internal stabilities have changed. That brings to a new concept: survival 

yield analysis, which assesses the stability of precursor ions at different CAD energies.18  

 

4.3.2.5 CAD Survival Yield Curves Differentiate Isomeric Dyes  

Survival yield (SY) determines the distribution of internal energy of the precursor 

ions.18,19 It is calculated by the ratio of intensities of the precursor ion to the sum of the 

intensities of the precursor ion and all fragments ions.  

SY = 
 B

  

Here, Ip is the intensity of the precursor ion (protonated molecule) and If was the sum 

of intensities of fragment ions. Since a single CAD energy (30 eV in Figure 4.8) provided 

different abundant precursor and product ions for both dye MWDL5 and MWDL8, a series of 

CAD energies would provide the overview of the stabilities of both dye precursor ions. This 

would provide the survival yield curves. From survival yield curves, the CE50 energy could be 

calculated where CE50 energy: the characteristic collisional energy at which survival yield of 

precursor ion is 50%. Even if two compounds are positional isomers, their CE50 energies could 

differ from one another.18 Figure 4.8 shows the survival yield curves of the two isomeric dyes: 

dye MWDL5 and MWDL8. The CAD energies from 0 to 30 eV at 5 intervals were selected as 

can be seen in Figure 4.8. These two curves did not overlap each other indicating that at 
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different energies, their stabilities were different. Experimental CE50 values can be calculated 

by the sigmoidal curve fitting as Kertesz et al.18 An example of MWDL5 dye is shown as the 

detailed procedure of calculation of CE50 in Appendix C. These values were 14.33 eV 

(MWDL5) and 15.29 eV (MWDL8) respectively. Higher CE50 energy of MWDL8 compared 

to MWDL5 indicates that MWDL8 dye ion was more stable than MWDL5 ion under tandem 

mass spectrometry. The survival yield curves and CE50 energies analyses differentiated two 

position isomeric dyes. 

 

 

Figure 4.8: The survival yield curves and CE50 values differentiated two positional isomeric 

dyes: dye MWDL5 and MWDL8. 
 

4.4 Conclusion 

This study successfully utilized tandem mass spectrometry (ESI-MS/MS) along with 

LC-DAD-MS for analyzing ten hydrophobic disperse dyes containing different substituents at 

the same azobenzene core (Ph1-N=N-Ph2). All these dyes were taken from the Max Weaver 

Dye Library (MWDL) at NC State University. The LC-DAD method coupled with high-

resolution MS provided purity and molecular weight information on the dyes via protonated 

dye molecules in positive ESI mode. Moreover, high-resolution MS successfully characterized 

and proposed the structure of the colored component of dye MWDL6.  Additionally, tandem 

mass spectrometry (ESI-MS/MS) categorized dyes with similar substituents. Via 

fragmentation patterns analyses by CAD, dyes containing different substituents (either 

dihalogen atoms or nitro groups) on Ph1 of azobenzene core were differentiated. Distinct 

substituents on the Ph2 also provided diverse fragmentation patterns. CAD analysis provided 
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identification fingerprints for the structural analyses of these dyes. Moreover, isomeric dyes 

were successfully characterized and differentiated based on distinct collision energies (CE50) 

and survival yield analyses. Overall, these analyses methodology could be a fingerprint for the 

analysis of unknown dyes containing similar chemical structures.  
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CHAPTER 5 

 

Assessment of Substituent Effects of Hydrophilic Anthraquinone Dyes on Retention 

Behavior in Liquid Chromatography and Identification in Tandem Mass Spectrometry 

 

Abstract 

Analysis of unknown dyes in a complex mixture is of great research interest. Yet few 

systematic studies are available which correlate the chemical structures and substituents of the 

dyes for their identifications in a complex mixture. In this study, a systematic analytical 

approach was conducted to assess the effects of substituents on the identification of ten 

hydrophilic (sulfonated) anthraquinone dyes in complex mixtures. These dyes contained a 1-

amino anthraquinone-2-sulfonate base structure with different substituents. First, individual 

dyes were analyzed by liquid chromatography-photodiode array detection-mass spectrometry 

(LC-DAD-MS) to generate purity, absorbance and molecular weight information. Next, an 

artificial dye mixture was created by mixing ten dye stock solutions. A 14 min LC-DAD-MS 

isocratic method successfully eluted and separated all dyes from the artificial mixture. During 

elution of dyes from the mixture, chemical substituents were correlated with the retention times 

on LC. For example, subsequent addition of methyl groups on the dye structures increased dye 

retention times. Moreover, the theoretical hydrophobicity of the dye was correlated with their 

retention times which provided a correlation coefficient of 0.75. In addition, tandem mass 

spectrometry (ESI-MS/MS) via collisionally-activated dissociation (CAD) was carried out for 

structure analysis of these dyes. In this regard, survival yield analysis in CAD assessed the 

internal energies of the similar cored dyes with the addition of the methyl group as the 

substituents. This analysis proved that increasing the number of the methyl group to the dye 

structure increases their internal stabilities as well as their percentage of survival yields. 

Overall, the systematic analyses carried out here would be useful for the identification of 

unknown dyes in a complex mixture. 

 

5.1 Introduction  

Characterization of unknown dyes in a complex mixture is a critical research interest 

due to the extensive uses of dyes in forensics, food technology, wastewater, paints and inks, 

pharmaceuticals and so on.1-4 Over the year, 105 different types of dyes have been produced 
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where 1500-2000 are commercially available.4,5 Among textile dyes, anthraquinone chemical 

class is the second largest group.6,7 Anthraquinone chemical class comprised all types of dyes: 

acid, disperse, vat and reactive dyes.6 Among them, sulfonated anthraquinone dyes are mostly 

related to acid or reactive dyes. Due to the presence of sulfonate (-SO3Na) groups, dyeôs 

hydrophilicity increases which facilitate dyeability during the dyeing process.6 Even though a 

huge amount of synthetic dyes are currently available, continuous development of new dyes 

with improved dyeing properties (e.g., washfastness, lightfastness, fixation, exhaustion etc) 

demands high-resolution and better analytical techniques to characterize new dyes, their 

biproducts, impurities, and degradation products.8-10 

The application of liquid chromatography (LC) to dye characterization has broadly 

studied.11 Reversed-phase liquid chromatography (RPLC) is predominantly used for the 

separation and characterization of small organic molecules from complex mixtures.12 Coupling 

of LC to high-resolution mass spectrometry (HRMS) provides molecular level information of 

the analytes.12,13 Moreover, adding a photodiode array detector (DAD) to LC-MS system 

provides supplementary compound identity via absorbance analysis.14  

Even though dye characterization by LC system has broadly studied, no systematic 

study has assessed the effects of the chemical substituents on the retention behaviors of dyes 

on an LC system. In this study, a systematic analytical approach was carried out to assess the 

LC retention behaviors of similar cored ten hydrophilic anthraquinone dyes. These dyes 

contained a core structure of 1-amino anthraquinone-2-sulfonate with different substituents. 

Five of these dyes (1-5) were collected from NC State Max Weaver dye library.15 and five of 

them (6-10) were commercially available (Figure 5.1 and Table 5.1). First, individual dyes 

were analyzed by liquid chromatography-photodiode array detection-mass spectrometry (LC-

DAD-MS) to assess the purity, absorbance and molecular weight information. Next, an 

artificial dye mixture was created, and the LC system was utilized to elute and separate all 

dyes. The purpose of this study was to assess the effects of substituents on the retention 

behavior of dyes on LC. In this regard, the dyeôs theoretical hydrophobicity (XlogP) was 

correlated with their retention times. Additionally, during structure analysis via CAD in ESI-

MS/MS, interesting phenomenon was observed. Addition of the methyl group in the dye 

structure increases their internal energy and stability which can be accessed via survival yield 

analyses. 
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5.2 Experimental 

5.2.1 Materials and Reagents 

Among ten sulfonated anthraquinone dyes, no. 1 to 5 were obtained from NCSU Max 

Weaver Dye Library (MWDL) and no. 6 to 10 were commercially available (Table 5.1). The 

sources where the dyes were obtained and the chemical information is shown in Table 5.1. 

Acetonitrile (LC-MS grade, 99.9%), ammonium formate (HPLC grade, Ó 99.9%) and formic 

acid (ACS grade, 88-91%) were purchased from Sigma-Aldrich. Purified water was generated 

in-house using Milli -Q System (18Mɋ) (PURELAB Ultra from VWR). 

All dye samples were analyzed without prior purification. For individual dye analysis, 

the dye powders were dissolved in methanol/water = 50:50 at a concentration of 1000 ɛg/mL 

and diluted to a concentration of 20 ɛg/mL using the same solvent. For the artificial dye 

mixture analysis, 100 ɛL of each dye stock solutions (1000 ɛg/mL) were taken to a 5 mL 

Fisherbrand glass vial where the individual dye concentration was 100 ɛg/mL. Next, an 

additional 4 mL of the same solvent was added to the vial to make the final concentration 20 

ɛg/mL for each dye. 

 

5.2.2 Liquid Chromatography-Photodiode Array Detector-Mass Spectrometry 

The samples were analyzed using liquid chromatography with photodiode array 

detector coupled to electrospray ionization and to an Agilent 6520 accurate mass quadrupole 

time-of-flight mass spectrometer (LC-DAD-ESI-QTOF-MS).  

Chromatographic separation was achieved using a Zorbax Eclipse Plus C18 (2.1×50 

mm, 3.5 ɛm) with a Zorbax Eclipse Plus C18 narrow bore guard column (2.1×12.5mm, 5 ɛm) 

at 40 oC. The mobile phases used for the separation consisted an aqueous phase (A) 20 mM 

ammonium formate with formic acid in water (pH = 4), and an organic phase (B) a ratio of 

70/30 methanol/acetonitrile. The flow rate of the mobile phase was 0.5 mL/min with an 

injection volume of 10 ɛL. Individual dyes were analyzed using the following gradient: 3% B 

from 0 to 1 min, 3-60% B from 1 to 1.5 min, 60-90% B from 1.5 to 7 min, holding 90% B from 

7 to 9 min and returns to 3% B at 9-9.5 min. The gradient method had a 4 minô post run with 

3% B for re-equilibrating the column. The artificial dye mixture was analyzed by an isocratic 

method (mobile phases A and B = 50:50) containing 14 min run with 3 min post run. 
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The photodiode array detector (DAD) analyzed at a spectral range of 200-800 nm. All 

dyes were absorbed in the blue region and the main wavelengths were set to 254, 590, 620 and 

660 nm in DAD detector. 

The QTOF mass spectrometer was operated in negative electrospray ionization (ESI) 

mode at high-resolution (4 GHz) with a resolving power ranging from 9700 to 18000 for the 

m/z 100 and 1600 respectively. The following parameters of the MS were optimized for the 

highest intensity of the ions: drying gas flow rate 12 L/min at 355 oC, nebulizer pressure 35 

psi, fragmentor voltage 110 V with the Vcap voltage 3500 V. 

 

5.2.3 Tandem Mass Spectrometry (ESI-MS/MS) 

In the ESI-MS/MS experiment, the individual dye solutions were injected into the ESI 

source using the HPLC auto-sampler with the column bypassed. An injection volume of 5 µL 

was used with a mobile phase of methanol/water (50:50) at a flow rate of 0.5 mL/min.  An 

injection time of 50 secs was used. The deprotonated dye molecules were selected at a narrow 

isolation window (~1.3 m/z) and they were subjected to collisionally-activated dissociation 

(CAD) at the collision cell of the Q-TOF. During ESI-MS/MS, all precursor dye ions were 

collided with highly pure nitrogen gas (99.9995%) with a collision energy of 40 eV. For the 

survival yield analysis, CAD energies were selected from 0 to 50 eV with 10 intervals. The 

mass spectra obtained from the Q-TOF were analyzed in profile mode using MassHunter 

Qualitative Analysis Workstation Software Version B.06.00 interface.  

 

Table 5.1: The similar cored anthraquinone dyes analyzed in this study. 

Dye 

no. 

Chemical class MWDL and/or CI name  Sources Chemical 

 formula  

MW  

(Da) 

1 Anthraquinone [AQ] -[B] -X-16845-125-1 NCSU-MWDL C21H16N2O5S 408 

2 Anthraquinone [AQ] -[B] -X-16845-125-2 NCSU-MWDL C22H16N2O6S 436 

3 Anthraquinone [AQ] -[B] -X-16845-125-3 NCSU-MWDL C22H18N2O5S 422 

4 Anthraquinone [AQ] -[B] -X-16845-124-2 NCSU-MWDL C22H18N2O6S 438 

5 Anthraquinone [AQ] -[B] -X-16845-124-4 NCSU-MWDL C21H14N2O7S 438 

6 Anthraquinone Acid Blue 25 Aakash Chemicals C20H14N2O5S 394 

7 Anthraquinone Acid Blue 62 ICI Americas. C20H20N2O5S 400 

8 Anthraquinone Acid Blue 277 CIBA- GEIGY C24H23N3O8S2 546 

9 Anthraquinone Acid Blue 40 Mobay Chemicals C22H17N3O6S 451 

10 Anthraquinone Acid Blue 129 Sandoz Chemicals C23H20N2O5S 436 
MWDL, Max Weaver Dye Library; CI, Colour Index; NCSU, North Carolina State University; MW, molecular weight (average atomic 

mass of all elements in the neutral molecule); Da, Dalton. 
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5.3 Results and Discussion 

5.3.1 LC-DAD-MS for Individual Dye Analysis 

Initially, all dyes were run individually by LC-DAD-MS gradient method to assess 

their purities, maximum absorbance, and molecular weights. The visual appearance of all dye 

solutions was blue in color. The purities of dyes were assessed at 620 nm and all dyes were 

pure. The maximum absorbance (ʇÍÁØ) of all dyes were ranged from 595 to 640 nm. In 

negative electrospray ionization of MS, all dyes formed deprotonated molecules. The chemical 

formula all dyes were generated with high mass accuracies (ppm error Ò 5). Overall, LC-DAD-

MS successfully characterized all ten dyes through purity, absorbance along with high mass 

accuracies via high-resolution MS (Table 5.2). 

 

5.3.2 Artificial Dye Mixture Analysis 

5.3.2.1 LC-DAD-MS Isocratic Retention and Separation of Ten Dyes 

In this work, an optimized 14 min LC isocratic (50%B) method was developed to retain 

and separate all ten anthraquinone dyes. At first, 60% B was used for the retention and elution 

of dyes, but all ten dyes eluted within 6 min and their separations were not sufficient. After 

equilibrating the column, a 40%B was employed for the elution, but late eluted dyes did not 

elute even within 20 min of the method. Therefore, 50%B was applied which provided 

satisfactory separation of all dyes. Figure 5.2 shows DAD chromatogram for the retention and 

separation of all dyes at 620 nm. The separation of peak 6 (dye no. 7) and 7 (dye no. 1) was 

moderate with a resolution of 0.6. This could be due to the similar structural hydrophobicities 

of these two compounds. All dyes had similar substituents except dye no. 8 (AB277). This dye 

had a unique substituent named N-(2-hydroxyethyl) sulfonic amide on the benzene ring 

attached to anthraquinone derivative. Due to this substituent, it could elute on LC at same 

retention time as dye no. 2 (peak 4). All other dyes were eluted and separated well with a good 

resolution (>1). Table 5.3 shows the identification of all peaks with their retention times. It 

shows the average retention times (RT) with their low standard deviation (SD) for the same 

day triplicate experiments. 
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Figure 5.1: The molecular structures of anthraquinone dye standards. 
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Table 5.2: The LC-DAD-MS characterizes all ten anthraquinone dyes through purity, 

absorbance, and high mass accuracies. 

Dye 

no. 

DAD detector Mass Spectrometry 

Purity 

% 

ἵἩὀ 
(nm) 

Ions 

formed 

Peak m/z 

(theo.) 

Peak m/z 

(exp.) 

Ppm 

error  

1 100 630 [M-H]- 407.0707 407.0699 -1.97 

2 100 630 [M-H]- 435.0656 435.0644 -2.76 

3 100 630 [M-H]- 421.0864 421.0854 -2.37 

4 100 635 [M-H]- 437.0813 437.0800 -2.97 

5 100 595 [M-H]- 437.0449 437.0439 -2.29 

6 100 630 [M-H]- 393.0551 393.0539 -3.05 

7 100 640 [M-H]- 399.1020 399.1013 -1.75 

8 100 635 [M-H]- 544.0854 544.0839 -2.76 

9 100 640 [M-H]- 450.0765 450.0755 -2.22 

10 100 630 [M-H]- 435.102 435.1009 -2.53 
ɚmax, absorbance maxima; m/z, mass-to-charge ratio; ppm, parts per million; theo., theoretical; exp., experimental. 

 

 

Figure 5.2: The LC-DAD chromatogram at 620 nm shows the elution and separation of all 

dyes in a single isocratic method. Numerical peak number follows the dye number as (1) dye 

no. 5; (2) dye no. 9; (3) dye on. 4; (4) dye no. 2 and 8; (5) dye no. 6; (6) dye no. 7; (7) dye no. 

1; (8) dye no. 3 and (9) dye no. 10. 

 

5.3.2.2 Substituent Effects of Dyes on LC elution 

Among these dyes, dye no. 1, 3, 6 and 10 had major substituents similarities. These 

dyes had similar structures except the numbers of methyl groups on the aniline ring attached 

to 1-amino anthraquinone derivative. For example, dye no. 10 had three where dye no. 3 had 

two, dye no. 1 had one and lastly dye no. 6 had no methyl group. Retention times of these dyes 
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were 11.42, 8.83, 5.00 and 3.55 mins respectively (Table 5.3). Addition of methyl group 

increases the structural hydrophobicity of the compounds as well as their retention times on 

LC. 

Due to small structural differences in substituents, retention times could change. For 

example, due to acetaldehyde (dye no. 2) instead of 2-hydroxy ethane (dye no. 4) on the aniline 

ring attached to 1-amino anthraquinone derivative, the retention time of dye no. 2 (RT = 3.04 

min) was higher than dye no. 4 (RT = 2.37 min).  

 

Table 5. 3: Peak identification of dye mixtures separated by LC-DAD method. 

Peak 

no. 

Dye no. Average RT 

(n = 3) 

SD of 

RT 

1 5 1.08 0.02 

2 9 1.57 0.02 

3 4 2.37 0.03 

4 2,8 3.04 0.05 

5 6 3.55 0.04 

6 7 4.74 0.06 

7 1 5.00 0.08 

8 3 8.83 0.14 

9 10 11.42 0.16 
RT, retention time; SD, standard deviation. 

 

5.3.2.3 Correlation of Theoretical Hydrophobicity and Retention Times 

In this work, the theoretical hydrophobicity (XlogP) of the dyes was correlated with 

their experimental retention times (RT) on liquid chromatography (LC). Hanai et al. carried 

out an analytical approach to calculate the hydrophobicity of the non-ionized compounds and 

predicted their retention times.16 In this work, the theoretical hydrophobicity (XlogP) of the 

hydrophilic anthraquinone dyes was calculated via KNIME Analytics Platform Software.17 

Next, the dyes XlogP values were correlated with their experimental retention times (Figure 

5.3). The RT and XlogP trends provided a correlation coefficient of 0.75. From Figure 5.3, 

some deviations between the correlation of these two trends were observed. These deviations 

could be due to the more hydrophilic and ionized nature of these dyes in solution. Due to these 

characteristics, the experimental hydrophobicity could be different than the theoretical 

hydrophobicity. The dye no. 8 (AB277) had the most deviation between RT and XlogP. Due 

to the presence of unique substituent, this dye could be more hydrophilic than other dyes which 

decrease its XlogP values (Figure 5.3). Overall, these analyses could provide important insight 
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into the prediction of compounds retention times in LC via their hydrophobicity. In another 

way, these analyses could also be useful for the unknown chemical structure analysis. 

 

 

Figure 5.3: The theoretical hydrophobicity (XlogP) of the dyes were correlated well with the 

experimental retention times (RT) on LC-DAD method.  

 

5.3.3 Tandem Mass Spectrometry  (ESI-MS/MS) for Structure Analysis 

In this section, tandem MS (ESI-MS/MS) via collisionally activated dissociation 

(CAD) was carried out for structure analysis of all anthraquinone dyes. Previously, this 

laboratory carried out the ESI-MS/MS for similar structured commercial acid dyes and 

observed an interesting phenomenon. During, CAD analysis, the -SO2  loss was common for 

all commercial anthraquinone acid dyes containing 1-amino anthraquinone-2-sulfonate 

backbone.10 This study also has some of these commercial anthraquinone dyes along with Max 

Weaver Dye Library dyes. Therefore, it is expected that, during CAD analysis, these dyes 

would also show similar -SO2 loss. Figure 5.4 depicts a representation of -SO2 loss from all 

hydrophilic anthraquinone dyes. Upon -SO2 loss, dye ion formed a phenoxide anion (Figure 

5.4). 

Table 5.4 shows the summary of the ions formed in negative ESI mode and their 

prominent product ions upon CAD in ESI-MS/MS mode. Here the main product ions were 

formed due to -SO2 loss from the dye anions. Along with -SO2 loss, other groups such as -CO2, 

-H2O, -COCH3 losses were also observed depending on the substituents of the dyes. 
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Table 5.4: The ion formation in negative ESI-MS and ESI-MS/MS. 

Dye No. MS (m/z) MS/MS (m/z) 
 

1 
 

[M-H]- 407.0707 
 

407-SO2 (343) 

407-SO2-C6H11CH3 (252) 
 

2 [M-H]- 435.0656 435-SO2 (371) 

435-SO2-COCH3 (328) 
 

3 [M-H]- 421.0864 421-SO2 (357) 

421-SO2-C6H10(CH3)2 (252) 
 

4 [M-H]- 437.0813 437-SO2 (373) 

437- SO2-CO2 (329) 
 

5 [M-H]- 437.0449 437-SO2-CO2 (329) 

437-SO2+H2 (375) 

437- CO2 (393) 

437- SO3- CO2H2 (311) 
 

6 [M-H]- 393.0551   393-SO2 (329) 

393-SO2-C6H12 (252) 

393-NHC6H12 (301) 
 

7 [M-H]- 399.1020   399- C6H11 (316) 

399-SO2 (335) 

399-SO2-C6H11 (252) 
 

8 [M-H]- 544.0854   544- SO2NHC2H4OH (420) 

544- SO2 (480) 

544- SO2- SO2NHC2H4OH (356) 
 

9 [M-H]- 450.0765   450- SO2 (386) 

450- SO2-COCH3 (343) 

450- COCH3 (407) 
 

10 [M-H]- 435.1020   435- SO2 (371) 

435- SO2 ï C6H3(CH3)3 (252) 
 

 

 

 
Figure 5.4: The formation of phenoxide anion after losing of -SO2 group was prominent for 

all hydrophilic anthraquinone dyes upon CAD in ESI-MS/MS.  

 

5.3.4 Assessment of Substituent Effects via Survival Yield Analysis 

In this part, survival yield analysis via ESI-MS/MS was carried out for the systematic 

assessment of the substituent effects on the identification and differentiation of similar cored 

anthraquinone dyes. Survival yield analysis is used for the assessment of precursor ionôs 
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stability and their internal energies.18 It is calculated from the ratio of intensities of the 

precursor ion to the sum of the intensities of the precursor and product ions. 

SY = 
╘▬

╘▬  B╘█
  

Here, Ip is the intensity of the precursor ion (deprotonated molecule) and If was the 

sum of the intensities of the fragment ions. Survival yield curves are also used for the 

differentiation of positional isomeric compounds or the compounds with close structural 

similarities.19 In this study, four dyes such as dye no. 6, 1, 3 and 10 had close structural 

similarities with the addition of the methyl group on the aniline derivative attached to the 

anthraquinone (Figure 5.5). Therefore, the survival yield curves and the CE50 values: the 

characteristic collision energy at which survival yield is 50% were calculated. An interesting 

phenomenon was observed that the addition of methyl group increased their CE50 values 

(Figure 5.5). The CE50 values were calculated from experimental survival yield sigmoidal 

curve fitting as chapter four and appendix C. 

 

 

Figure 5.5: The hydrophilic anthraquinone dye no. 6, 1, 3 and 10 had the close structural 

similarities where dye no. 6 had no methyl group and dye no. 1, 3 and 10 had one, two and 

three methyl groups respectively in the aniline derivative attached to anthraquinone which 

increases their CE50 values in tandem mass spectrometry. 

 

During survival yield analysis of these four dyes, the addition of methyl group to the 

structure increases the precursor dye ionôs stability (Figure 5.6). Here, the precursor ionôs 

survival yield is lowest for the dye no. 6 which doesnôt have any methyl group. On the other 

hand, it was highest for the dye no. 10 which had three methyl groups (here, SY = 0.46, 0.55, 

0.62 and 0.67 for dye no. 6, 1, 3 and 10 respectively at CAD energy 30 eV). Overall, analyzing 

the survival yield curves and CE50 values could differentiate and identify dyes with close 

structural differences. 
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Figure 5.6: The survival yield curves depicted that addition of methyl group to the dye 

structures increases their internal stability (Dye 10 > Dye 3 > Dye 1 > Dye 6). 

 

5.4 Conclusion 

A systematic analytical approach was conducted to assess the effects of dyes 

substituents on LC retention and identification in tandem mass spectrometry (ESI-MS/MS). 

LC-DAD-MS gradient method successfully assessed the purity, absorbance and molecular 

weight of all hydrophilic anthraquinone dyes via high-resolution QTOF mass spectrometry. 

An artificial mixture of the ten dyes was eluted and separated by a 14 min LC-DAD-MS 

isocratic method. During mixture analysis, it was found that the substituents have important 

effects on the retention times of the dyes. Addition of methyl group to the dye structures 

increases their retention times. Moreover, the theoretical hydrophobicity of the dyes was 

correlated with their retention times (correlation coefficient 0.75). In addition, structure 

analysis of all dyes was carried via collisionally-activated dissociation (CAD) in ESI-MS/MS. 

All anthraquinone dye ions formed prominent fragment ions after losing -SO2 groups upon 

CAD. This result agreed with the previous work done by this laboratory during commercial 

anthraquinone acid dye analysis via CAD.  Moreover, a systematic survival yield analysis via 

CAD was carried out for four dyes containing a different number of methyl groups. Addition 

of methyl group in the structure increases their internal stability as well as the percentage of 

survival yields. Overall, these analyses will attract to the researchers and dye chemists for the 

characterization of similar structured unknown dyes on complex mixtures. 
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CHAPTER 6  

 

Physical, Chemical and Biological Method Development to Study Biodegraded 

Cellulosic Fabrics Containing Homo, Hetero and Mono Functional Reactive Dyes 

 

Abstract 

The biodegradation of reactive dyes bonded to cellulosic fabrics in landfills is not 

completely understood. Several research teams have researched on the biodegradation of dyes 

or biodegradation of cellulosic fabrics individually, but no systematic studies are available for 

the biodegradation of reactive dyes on cellulosic fabrics after landfill disposal. In this work, 

the dyed cellulosic fabrics were biodegraded in the soil in a laboratory-controlled environment 

for 45 and 90-day time intervals. For studying biodegradation of dyes on fabric samples, a 

systematic analytical approach via physical, chemical and biological methods was carried out. 

Physical method via spectrophotometry calculated color strength (K/S values) of the fabric 

samples and indicated the dye degradation occurrence on the biodegraded samples based on 

the lower K/S values compared to undegraded samples. Additionally, a chemical method with 

a low concentration of alkali (0.15% NaOH) was developed for the isolation of dyes and their 

biodegraded products from the biodegraded and undegraded samples. The chemical method 

isolates the intact dye as the hydrolyzed form, so the hydrolyzed dye standards were 

synthesized. The synthesized standards were used for the comparison purposes of isolated dyes 

and degradation products. Lastly, a biological method via enzymatic digestion treatment was 

developed to digest dye molecules from the cellulosic fabrics. Dye attached to higher mass 

sugar molecules (e.g., glucose, cellobiose, cellotriose, di-cellobiose, di-cellotriose) were 

digested from the undegraded and degraded samples and these were compared with the 

synthesized digestion standards. Utilizing chemical and biological methods to undegraded and 

degraded samples, dye degradation products were identified and structures were proposed by 

high-resolution mass spectrometry. 

 

6.1 Introduction  

Landfill disposal of textile substrates is a challenging waste management issue since 

textile dyes can be eco-toxic causing environmental pollution.1 Biodegradation provides a 

solution to this issue by breaking down the substrates into environmentally friendly 
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degradation products via biological microorganisms (e.g. bacteria, fungi, viruses) already 

found in soil.2,3 Among textile substrates, cellulosic fabrics are more susceptible to 

biodegradation than noncellulosic fabrics due to their 30-35% amorphous region.3 

Unfortunately, the biodegradation fate of the most commonly used cellulosic dyesðreactive 

dyesðremains unstudied. Reactive dyes form a covalent bond with cellulosic fibers, which 

renders excellent washfastness but complicates biodegradation and makes dye isolation 

difficult .4 Therefore, the assessment of the biodegradation fate of these dyes on fabrics during 

landfill disposal has yet to be explored. 

Biodegradation of cellulosic fabric in soil has been investigated to determine the factors 

that are correlated to the rate of degradation.5-7 Weight loss of the fabric is an important 

indicator of the degradation process.3 In a laboratory controlled environment, the emission of 

carbon dioxide also indicated the rate of biodegradation. Fabric softeners and resin finishing 

also affect the degradation process with softeners accelerating and resin finishing decelerating 

the degradation rate.5 Evidence suggests that colorant could be an important factor in the 

biodegradation of fabrics.8 Studies show that undyed fabrics exhibit morphological disruption 

during microbial degradation of historical cotton more than dyed fabrics,8 but no study has 

discussed the fate of the colorants during biodegradation. The question remains: are dyes 

degraded along with the fabrics or do they remain unaffected by the process? To answer this 

question, laboratory-controlled biodegraded cellulosic fabrics were studied that contained 

three different types of reactive dyes: a mono functional vinyl sulfone CI Reactive Blue 19, 

homo bi-functional CI Reactive Black 5 and a hetero bi-functional CI Reactive Red 198.  

Three different analytical methods were developed to study the biodegradation of dyes 

on both biodegraded and undegraded fabric samples. A physical method via spectrophotometry 

indicated biodegradation of dyes by calculating the color strength of the degraded fabrics. A 

chemical method with a low concentration of alkali (0.15% NaOH) was developed to isolate 

both intact dyes as hydrolyzed form and their degradation products. Additionally, a biological 

method via enzymatic digestion was developed to digest dyes from fabric samples. This 

method digested intact dyes with higher mass sugar molecules. For the ease of identification 

of chemically and biologically isolated products, both chemical and biological standards were 

synthesized. These developed methods could be used as the baseline for studying 

biodegradation of reactive dyes on celluloses. Utilizing these methods, the degradation of 
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reactive dyes on biodegraded cellulosic fabrics was studied and the chemical structures of the 

degradation products were proposed. 

 

6.2 Experimental 

6.2.1 Materials and Reagents 

CI Reactive Red 198 (RR198), CI Reactive Black 5 (RBlk5) and CI Reactive Blue 19 

(RB19) were obtained from Huntsman Corporation. RR198 is a monoazo hetero bi-functional 

monochlorotriazine-sulfatoethylsulfone (MCT/SES) dye, RBlk5 is a disazo homo bi-

functional di-sulfatoethylsulfone (SES/SES) dye and RB19 is an anthraquinone mono 

functional sulfatoethylsulfone (SES) dye (Figure 6.1). Glucose and cellobiose were purchased 

from Sigma-Aldrich. The enzyme cellulase (Trichoderma viride) was purchased from EMD 

Millipore Corporation. Sodium hydroxide (reagent grade, 97%), acetonitrile (LC-MS grade, 

99.9%), ammonium formate (HPLC grade, Ó99.0%) and formic acid (ACS grade, 88-91%) 

were purchased from Sigma-Aldrich. Hydrochloric acid (1N solution) was obtained from 

VWR Analytical. Methanol (LC-MS grade, Ó 99.9%) was purchased from J.T. Baker. Purified 

water (18.2ɋ) was generated in-house using Milli-Q System (PURELAB Ultra from VWR). 

For the biodegradation process, the soil was purchased from Lowes (Garden Scape Cow 

Manure). The soil was sieved to Ò2 mm particle size. 

The colored fabrics were obtained by dyeing a single knit 28 cut jersey fabric (100% 

cotton ring spun yarn) with 2% on weight of goods (owg). The dyeing was performed at the 

Dyeing and Finishing Application Laboratory at Cotton Incorporated. The evenness of color 

on fabrics (based on the DEcmc color differences) was measured by the X-rite color i7 

spectrophotometer and iMatch color formulation software. The dyeing procedure follows as 

below: 

A 1370 g of fabric was loaded to OptiLab dyeing machine at 15:1 liquor ratio. The salt 

(sodium sulfate) was added at a rate of 55 g/L (1130 g salt for a total of 21 liters) and circulated 

for 5 min at 37.8oC. Next, a 27.4 g of dye at 2.0 % owg (on weight goods) was added and 

circulated for 15 min to 60oC. After that, a total of 267 g of soda ash (sodium carbonate) at a 

rate of 13 g/L was added and circulated for 45 min. The temperature was reduced to 48.9oC 

and a 10 g of acetic acid at a rate of 0.5 g/L was added and next, it was circulated for 10 min. 
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The temperature was then increased to 93.3oC and circulated for 10 min. Again, it was cooled 

to 82.2oC and drained the solution, filled with cold water and circulated for 2 min. 

 

 

Figure 6.1: The chemical structures of dyes analyzed in this work. 

 

6.2.2 Biodegradation of Dyed Fabric Samples 

The biodegradation of fabric materials was performed under controlled laboratory 

conditions according to ASTM D 5988-03.5 The dyed fabrics were cut into 2×2 cm fabric 

strips. For each dyed sample, three strips were biodegraded for 45-day and three strips for 90-

day (RB19 only). Additionally, three strips were kept as undegraded samples. The soil in the 

desiccator (150 mm) was prepared by mixing 380.2 g soil, a 72.6 g (NH4) 2HPO4 solution (4.72 

g/L in water), and a 47.2 g pure water. The mixture was then placed on a perforated plate in 

the desiccator. The fabric samples (strips) were placed in the soil.  Additionally, aeration was 

provided. After their respective time intervals, the fabric strips were taken from the desiccator, 

rinsed with pure water, and air-dried. The samples were stored in the refrigerator pending 

further analysis. The biodegradation experiment was carried out at the Department of Fiber 



 

124 
 

Science and Apparel Design, Cornell University. Figure 6.2 shows the photographs of 

biodegraded along with undegraded samples of RR198, RBlk5, and RB19. 

Before analysis, the biodegraded samples were washed with 2 mL of pure water, 2 mL 

methanol, and 2 mL of acetonitrile and gently shaken to remove any soil which could interfere 

with the dye isolation process. The washed samples were air-dried at room temperature. 

 

 

Figure 6.2: Biodegraded along with undegraded fabric samples. Here, (a), (b) and (c) are the 

undegraded samples (0 day) of RR198, RBlk5 and RB19 and their 45 day biodegraded samples 

are shown in (d), (e) and (f) respectively. Here, (g) shows the 90 day biodegraded sample of 

RB19. 

 

6.2.3 Physical Method by Spectrophotometry 

In general, spectrophotometry measures the reflection/transmittance properties of the 

samples as a function of wavelength. When the light goes through the solution of the samples, 

the spectrophotometry measures the change of intensity of incident and transmitted light.9,10 

Spectrophotometry follows the Beer-Lambert Law for measuring the concentration of the 

samples in solution.  Similar way, photodiode array detector in liquid chromatography uses 

this law for measuring dye concentration in solution. The Beer-Lambert Law states that the 

concentration of the sample is directly proportional to the absorbance. 

═  ꜗἴἫ 

Where A is the absorbance of the sample at a specific wavelength, c is the concentration 

of the sample, ‭  is the molar absorptivity and l is the length of the path through the solution. 

Beer-Lambert Law does not consider scattering of the light, so if the particle is present on the 

solution, the concentration measurement will be erroneous. In that case, the Kubelka-Munk 

equation is used which considered both absorption and scattering.9 Therefore, measuring the 

concentration of dyes on fabrics, the Kubelka-Munk equation is applicable. 

ἕ
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Where K and S are the absorption and scattering coefficient respectively. The term R 

is the reflectance of the samples (should be thick enough to prevent light transmission). In this 

work, K/S values were calculated for both the undegraded and biodegraded samples and 

compared their intensities. Due to extensive degradations and holes on the biodegraded 

samples, all samples were mounted on microscopic slides. This step eased the handling of the 

samples and provided consistent measurement throughout the whole process. The colorimetric 

experiment was performed using software Datacolor iControl from X-rite spectrophotometer. 

 

6.2.4 Chemical Method of Dye Isolation 

The hydroxyl groups in the cellulosic backbone of cotton are weakly acidic in nature, 

so an alkaline solution could cleave the glucose-dye link and isolate the hydrolyzed form of 

dyes from the cellulose.11 Yet, a high concentration of alkali (1.5-2% NaOH) could partially 

dissolve the fiber and discolor the dye.11 Therefore, in this work,  a chemical treatment of dye 

isolation containing a low concentration of alkali (0.15% NaOH) was developed. The 

procedure follows as below: 

A 3 mg of fabric strip was cut from the 2×2 cm fabric samples and placed in a 5 mL 

Fisherbrand glass vial. A 1 mL of 0.15% NaOH solution was added. The vial was placed in 

PIERCE Reacti-Therm Heating module and heated for 1 h at 80oC with closed lid. After 1 hr, 

the vial was removed from the module, cooled to room temperature, neutralized with 30 µL of 

1N HCl solution, filtered with a 0.2 µm PTFE filter (Phenomenex), and placed in an HPLC-

vial for LC-DAD-MS analysis. 

 

6.2.5 Biological Method of Dye Isolation 

Besides chemical treatment, a biological treatment via enzymatic digestion was carried 

out to isolate and digest reactive dyes from cotton fabrics.12,13 The original method was 

proposed by Wiggins.14 Here the modified method as below: 

A 3 mg of fabric strip was cut from the 2×2 cm fabric samples and placed in a 5 mL 

Fisherbrand glass vial. A 100 µL of 3M NaOH solution was added to the vial. The vial was 

placed in a grip seal bag into an ice container (Temp. 0oC, 4 h) (Figure 6.3a). Next, the NaOH 

solution was removed and a 500 µL of 0.5 M acetic acid was added (incubated for 1 min). The 

acetic acid was removed and a 1 mL of buffer solution (0.1M Na-acetate, pH 5 with acetic 
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acid) was added and it was incubated for 1 min. Subsequently, the buffer solution was removed 

and a 1 mL of enzyme solution (80 mg cellulase in 50 mL buffer) was added.  Next, the vial 

was sealed and placed in a shaking bath for 24 h at 50oC (Figure 6.3b). Finally, the vial was 

removed from the shaker, filtered and put in HPLC vial for LC-DAD-MS analysis. 

 

 

Figure 6.3: Experiment setup for biological treatment via enzymatic digestion. (a) The 

samples were incubated in alkali and placed in ice for swelling the fabrics. (b) The samples 

were incubated in an enzyme solution and digested for overnight in shaking bath.  

 

6.2.6 Chemical or Hydrolyzed Standards Synthesis 

Chemical standards as the hydrolyzed forms of dyes were synthesized for CI Reactive 

Black 5 (RBlk5), CI Reactive Red 198 (RR198) and CI Reactive Blue 19 (RB19) dyes. In this 

chapter, the synthesis of RR198 and RBlk5 chemical standards will be presented and in the 

next chapter, the synthesis of the RB19 chemical standard will be shown for the quantitation 

of biodegradation. Here, the synthesis procedure follows as: 

A 0.0507 g of RBlk5 dye powder was weighed and put in an 80-mL beaker. A 50 mL 

of 0.15% NaOH solution was added to the beaker which resulted in a 0.001M dye solution. 

The solution was gently stirred, and the beaker was put on a reaction heating plate. The heating 

temperature was held to 60oC for 3 h with continuous stirring. The hydrolyzed product was 

monitored by thin layer chromatography (TLC) and confirmed by mass spectrometry (MS). 

After reaction completion, the bath was cooled to room temperature, neutralized to pH 7 with 

1N HCl, filtered using Buchner funnel, dried and collected for LC-DAD-MS analysis. Similar 

way, for RR198 hydrolyzed standard synthesis, same 0.001M dye solution was prepared by 

weighing 0.049 g of dye powder in 50 mL of 0.15% NaOH solution. All other steps in the 
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synthesis procedure were same as RBlk5 except the reaction temperature for RR198 was held 

to 80oC for 3 h. Figure 6.4 shows the synthesis reaction of hydrolyzed standards from both 

homo (RBlk5) and hetero (RR198) bi-functional reactive dyes. 

 

 

Figure 6.4: The synthesis reaction of hydrolyzed dye standards from homo (up) and hetero 

(bottom) bi-functional reactive dyes. 

 

6.2.7 Biological or Enzymatic Digestion Standards Synthesis 

The biological or enzymatic digestion standards were also synthesized for all three 

dyes. The synthesis procedure follows as; the dye (0.01 mol) and cellobiose (0.05 mol) powder 

were individually dissolved in 50 and 20 mL of pure water, respectively.  The pH was of the 

cellobiose solution was adjusted to 7 by adding a 0.375 M NaOH solution.  The initial pH of 

the dye solution was 3.75 and it was adjusted to pH 7 by adding 60 µl of 1.5% NaOH solution. 

The dye solution was then heated to 60oC and the neutralized cellobiose solution was added 

dropwise. The reaction was held at 60oC for 2 h with constant stirring. A total of 1.20 g 

cellobiose powder was added to complete the reaction. The final molar ratio between the dye 

and cellobiose was 1 to 15. The reaction was monitored by TLC. The reaction was cooled to 

room temperature and neutralized to pH 7 by 1N HCl. The final products were analyzed by 

LC-DAD-MS. Figure 6.5 shows a scheme of the synthesis of biological/enzymatic digestion 

standards from native dyes. 
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Figure 6.5: The synthesis reaction of enzymatic digestion standards. The cellobiose molecules 

reacted to dyes containing mono (up), homo (middle) and hetero (bottom) bi-functional groups. 

 

6.2.8 Liquid Chromatography-Photodiode Array Detector-Mass Spectrometry 

All samples including isolated and synthesized products were analyzed using liquid 

chromatography with photodiode array coupled to electrospray ionization and to an Agilent 

6520 accurate mass quadrupole time-of-flight mass spectrometer (LC-DAD-ESI-QTOF-MS).  

Chromatographic separation was achieved using a Zorbax Eclipse Plus C18 (2.1×50 

mm, 3.5 ɛm) column with a Zorbax Eclipse Plus C18 narrow bore guard column (2.1×12.5 mm, 

5 ɛm) at 40oC. The mobile phases used for the separation consisted an aqueous phase (A) 20 

mM ammonium formate with formic acid in water (pH = 4), and an organic phase (B) a ratio 

of 70:30 methanol/acetonitrile. The flow rate of the mobile phase was 0.5 mL/min with an 

injection volume of 10 ɛL. The following gradient method was used for all analysis: 3% B 

from 0 to 1 min, 3ï60% B from 1 to 1.5 min, 60-90% B from 1.5 to 7 min, holding 90% B 

from 7 to 9 min and returns to 3% B at 9 to 9.5 min. A 4 min post run of 3% B was used to re-

equilibrate the column.  

The DAD detector analyzed at a spectral range of 200ï800 nm. The main wavelengths 

for absorbance analyses were set to 254, 515, 610, 620, and 660 nm. The absorbance analyses 

were used as the complementary identification via measuring maximum wavelengths (ɚmax). 
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The Q-TOF mass spectrometer was operated in negative electrospray ionization (ESI) 

mode at high-resolution (4 GHz) with a resolving power ranging from 9700 to 18000 for the 

m/z 100 and 1600 respectively. The following MS parameters were optimized for the highest 

intensity of the ions: drying gas flow rate 12 L/min at 355oC, nebulizer pressure 35 psi, 

fragmentor voltage 110 V with the Vcap voltage 3500 V. 

 

6.3 Results and Discussion 

6.3.1 Biodegradation Study via The Physical Method 

Physical method via spectrophotometry was carried out to determine the color strength 

of the dyes on fabric samples after biodegradation. Therefore, K/S values (from Kubelka-

Munk) were calculated for both undegraded and biodegraded samples and compared their 

variation of intensities. Since K/S value not only calculates absorbance coefficient (K) but also 

the light scattering coefficient (S) due to fiber particles, it accurately determines the color 

strength of the dyes on fabrics at a specific wavelength. Figure 6.6 shows the representation of 

K/S values of dyes vs their wavelengths. The maximum wavelengths (ɚmax) of the dyes on 

the fabrics were calculated as RR198, 540 nm; RRBlk5 and RB19, 610 nm. The reduction of 

K/S values of these dyes (at ɚmax) on the biodegraded samples compared to undegraded ones 

indicates the reduction of color strength.  

Many factors could contribute to the reduction of color strength after biodegradation. 

The important factor could be due to the dye degradation as well as leaching out of dyes from 

the surface of the fabric to the surrounding soil. Since, the K/S values were calculated for in-

situ biodegraded samples without altering or washing off the samples, the soil and dart attached 

to the samples could interfere with the K/S values. Yet, the physical method via 

spectrophotometry carried out here provides an important insight into the degradation of dyes 

on the biodegraded cellulosic fabrics. 

 

6.3.2 Biodegradation Study via The Chemical Method 

The chemical method consisted of two steps. First: the dye isolation method 

development via chemical treatment and second: the synthesizing chemical standards. Here, 

chemical treatment isolates dyes as the hydrolyzed form. Therefore, before applying the 
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chemical treatment to the biodegraded and undegraded samples, first, the chemical standards 

(a hydrolyzed form of dyes) were synthesized.  

 

 

Figure 6.6: The K/S values of undegraded (0D) and biodegraded (45D and/or 90D) samples 

of (a) CI Reactive Red 198 (RR198), (b) CI Reactive Black 5 (RBlk5) and (c) CI Reactive 

Blue 19 (RB19) respectively. The gradual decreases of K/S values on biodegraded compared 

to undegraded samples indicate the degradation of dyes on the fabric samples after 

biodegradation. 

 

6.3.2.1 Characterization of Synthesized Chemical Standards 

For both RR198 and RBlk5, the chemical standards were synthesized as the di-

hydrolyzed forms of dyes. These synthesized hydrolyzed standards were characterized by 

high-resolution mass spectrometry (HRMS). Additionally, thin layer chromatography (TLC) 

was used for monitoring the synthesis. In TLC (SIL G-25, 0.25 mm), two solvent systems were 

developed for the elution of the synthesized products. The solvent system 1 composed of 1-

Butanol/Ethanol/NH4OH/Pyridine/H2O = 8:2:8:4:3 which was used for RR198 where solvent 

system 2 consisted of IPA/1-Butanol/Ethyl acetate/Water = 2:4:1:3 and it was used for RBlk5.  

Figure 6.7 shows the characterization of the synthesized hydrolyzed standard of 

RR198. TLC analysis indicated that after reaction completion, only one spot was observed 
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(Figure 6.7a and 6.7b). High-resolution mass spectrum confirmed the final product as the di-

hydrolyzed RR198 dye (Figure 6.7c). 

Similarly, Figure 6.8 shows the reaction monitoring and characterization of the 

synthesized di-hydrolyzed form of dye RBlk5. After reaction completion, only one spot was 

observed in TLC (Figure 6.8a and 6.8b) and high-resolution mass spectrum confirmed the final 

product as the di-hydrolyzed form of RBlk5 (Figure 6.8c). 

 

 

Figure 6.7: The characterization of synthesized chemical standard as the di-hydrolyzed form 

of the dye RR198. (a) and (b) The TLC analysis shows a single final product formation and (c) 

high-resolution mass spectra identified the final product as the di-hydrolyzed RR198. 

 

6.3.2.2 Comparison of Chemical Standards with Isolated Products 

The chemical treatment developed in section 6.2.4 was first applied to the undegraded 

dyed samples. For all dyed samples, chemical treatment successfully isolated intact hydrolyzed 

dyes. For bi-functional dyes RR198 and RBlk5, it isolated di-hydrolyzed form of dye and for 

mono functional dye RB19, it removed a mono hydrolyzed form. The isolated hydrolyzed dyes 

were characterized based on retention times in LC, absorbance analysis (in DAD detection) 

and high-resolution mass spectrometry. After successful application of chemical treatment to 

undegraded samples, it was applied to biodegraded samples. As the respective hydrolyzed form 
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of these dyes were already synthesized, they were then compared with the isolated products. 

Table 6.1 shows the summary of the comparison of synthesized chemical standards and the 

chemically treated isolated products from both the undegraded and biodegraded samples. 

 

Figure 6.8: The characterization of synthesized chemical standard as the di-hydrolyzed form 

of dye RBlk5. (a) and (b) The TLC analysis shows a single final product and (c) high-resolution 

mass spectrum shows the detection and identification of the final product as the di-hydrolyzed 

RBlk5 ion. 

 

6.3.3 Biodegradation Study via The Biological Method 

In the biological method, the cellulase enzyme digested the cellulosic fibers and made 

the covalently bonded dyes available for analysis. During biological method development, the 

same procedural steps were followed as the chemical method. First, the biological standards 

were synthesized and then compared with the biologically treated isolated products from both 

biodegraded and undegraded samples. 
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Table 6.1: Chemical treatment isolated the reactive dyes and their degradation products from 

biodegraded samples and these ions were successfully detected and identified by high-

resolution MS. Additionally, synthesized standards were used for comparison purposes. 

Dye Sample 

type 

Peak m/z 

(exp.) 

Charge 

states 

Exp. exact 

mass 

Structures identified 

RR198 Synthesized 

standards 

397.5004 -2 795.0008 dye-di OH 

Fiber 

sample_0D 

397.5040 

411.0241 

-2 

-2 

795.0080 

822.0482 

dye-di OH 

degradation product* 

Fiber 

sample_45D 

ND ND ND ND 

RBlk5 Synthesized 

standards 

370.4941 -2 740.9882 dye-di OH 

Fiber 

sample_0D 

370.5064 

411.0241 

-2 

-2 

741.0128 

822.0482 

dye-di OH 

degradation product* 

Fiber 

sample_45D 

370.5050 -2 741.0100 dye-di OH 

RB19 Synthesized 

standards 

501.0441 -1 501.0441 dye-OH 

Fiber  

sample_0D 

501.0429 

318.0085 

-1 

-1 

501.0429 

318.0085 

dye-OH 

degradation product* 

Fiber  

sample_45D 

501.0429 

421.0858 

-1 

-1 

501.0429 

421.0864 

dye-OH 

degradation product 

Fiber 

sample_90D 

501.0429 

421.0858 

-1 

-1 

501.0429 

421.0864 

dye-OH 

degradation product 
45D and 90D (0 day, 45 day and 90 day biodegraded fabric samples); m/z = mass-to-charge ratio; exp, experimental; Exp. exact mass, peak 

m/z (exp.) × absolute charge states; ND, Not detected; *degradation product detected at longer reaction times. 

 

6.3.3.1 Characterization of Synthesized Biological Standards 

Synthesized biological standards were characterized by both absorbance analysis and 

high-resolution mass spectrometry. Doubly and triply charged high mass ions were observed 

for dye RBlk5 and RR198 but only singly charged ions were observed for RB19. Figure 6.9 

shows the synthesis of enzymatic digestion standards for dye RBlk5. DAD chromatogram at 

610 nm shows multiple peak formation where the main peak at a retention time (RT) 4.1 min 

was the dye molecule attached with two cellobiose moieties (Figure 6.9a). Due to the two 

reactive sites of RBlk5, two cellobiose molecules were attached to them.  Extracted ion 

chromatogram (EIC) of this compound (doubly charged ion) showed a sharp peak in MS 

(Figure 6.9b) and high-resolution mass spectrum characterized it with high mass accuracies 

(ppm error 1.15). Other peaks in the DAD chromatograms were also characterized by high-

resolution MS (Table 6.2). Similarly, during enzymatic digestion standard synthesis of RR198, 

multiple compounds formed which were successfully characterized as the dye attached with 

high mass sugar moieties (Table 6.2). 
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Figure 6.9: The characterization of synthesized biological standards of CI Reactive Blue 5. (a) 

DAD chromatogram indicates multiple products were formed during synthesis where the main 

peak at RT 4.1 min was the dye attached with two cellobiose moieties. (b) EIC of this 

compound shows a sharp peak in MS and (c) high-resolution mass spectra characterized it with 

high mass accuracy. 

 

 

Among these dyes, RB19 was a mono functional reactive dye. Therefore, only one 

reactive site was available for the attaching sugar moieties. Since this dye had only one 

sulfonate group apart from the vinyl sulfone reactive site, it only provided singly charged ions. 

During synthesis of enzymatic digestion standards, two types of standards formed along with 

native dye in vinyl sulfone form and the hydrolyzed form of dye (Figure 6.10). Dye attached 

to the cellobiose unit (m/z 825.1488) as well as the glucose unit (m/z 663.0960 ) were the two 

main synthesized standards even only cellobiose power was used as the reactant with dye. The 

reason could be due to the presence of glucose as a contaminant in the commercial cellobiose 

powder. When the cellobiose solution was run by high-resolution mass spectrometry, the 

presence of the glucose molecule was observed on it. The dyes attached to the glucose moieties 

were also present in other synthesized dyes standards (Table 6.2). Other compounds, as the 

hydrolyzed form of dyes (dye-OH, m/z 501.0432) and native vinyl sulfone dye (dye-VS, m/z 

483.0321) were present in after reaction products. Table 6.2 shows the overview of the 

synthesized digestion standards. 
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Figure 6.10: The characterization of synthesized enzymatic digestion standards of RB19. (a) 

DAD chromatogram indicates three main compounds formed where (a), (b), (c) m/z of each 

compound was extracted from MS and (e), (f), (g) characterized these compounds via high-

resolution mass spectra. The inset shows the absorbance spectra. 

 

 

6.3.3.2 Comparison of Biological Standards with Digested Products 

At first, the biological method via enzymatic digestion treatment was applied to 

undegraded (0 day) cellulosic samples.  Three replicate experiments were carried out for each. 

After successful characterization of all compounds via high-resolution mass spectrometry, it 

was applied to biodegraded samples. As the digestion standards (section 6.2.7) were prior 

synthesized, they were compared with the isolated products (Table 6.2). Since cellobiose was 

used with dyes for the synthesis of the digestion standards, the dyes bonded to a cellobiose or 

a glucose unit were the possible synthesized digestion standards.  However, during enzymatic 

digestion treatment to undegraded and biodegraded fabrics samples, the isolated compounds 

were observed to contain higher mass sugar molecules. For example, Figure 6.11 shows the 

high-resolution mass spectra of isolated enzymatic digestion products from undegraded (0 day) 

samples of RR198, RBlk5, and RB19. These compounds contained the dye molecules attached 

to glucose, cellobiose, cellotriose, di-cellobiose or di-cellotriose moieties. Due to one reactive 

site in RB19 dye, isolated products only had one molecule of glucose or cellobiose molecules. 
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Figure 6.11: Enzymatic digestion treatment isolated dyes attached to the higher mass sugar 

molecules from undegraded (0 day) dyed samples. Some examples of these compounds are 

(a), (b) CI Reactive Red 198 (RR198); (c), (d) CI Reactive Black 5 (RBlk5) and (e), (f) CI 

Reactive Blue 19 (RB19) attached to sugar molecules. All ions were successfully detected and 

characterized by mass spectrometry with high mass accuracies. 

 

During the application of enzymatic digestion treatment to biodegraded samples, the 

intact dye attached to sugar molecules was also observed (Table 6.2). The reason could be due 

to the presence of undegraded dye molecules even after 45 or 90-day biodegradation. 

Additionally, a common degradation product was found in 45 day biodegraded samples of 

RR198 and RBlk5. The mass-to-charge (m/z) of the degradation product was 638.1366.  Its 

structure was proposed based on m/z in MS (Figure 6.12). A second degradation product at m/z 

570.1473 was observed in 45 day biodegraded sample of RBlk5 (Table 6.2). 
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Table 6.2: Biological treatment isolated the reactive dyes attached to sugar moieties and their 

degradation products from biodegraded samples and these ions were successfully detected and 

identified by high-resolution MS. Synthesized standards were used for comparison purposes. 

Dye Sample 

type 

Peak m/z 

(exp.) 

Charge 

states 

Exp. exact 

mass 

Structures identified 

RR198 Synthesized 

standards 

559.5517 

721.6079 

489.0223 

550.5532 

568.5322 

-2 

-2 

-2 

-2 

-2 

1119.1034 

1443.2158 

978.0446 

1101.1064 

1137.0744 

OH-dye-cellobiose 

dye-di-cellobiose 

OH-dye-Na-glucose 

OH-dye-cellobiose-(-H20) 

OH-dye-cellobiose-(+ H20) 

Fiber 

sample_0D 

802.6287 

883.6603 

-2 

-2 

1605.257 

1663.305 

cellotriose-dye-cellobiose 

dye-di-cellotriose 

Fiber 

sample_45D 

802.6287 

638.1366 

-2 

-1 

1605.257 

638.1366 

cellotriose-dye-cellobiose 

degradation product 

RBlk5 Synthesized 

Standards 

532.5664 

523.5566 

694.6176 

613.5915 

-2 

-2 

-2 

-2 

1065.1338 

1047.1132 

1389.2352 

1227.183 

OH-dye-cellobiose 

VS-dye-cellobiose 

dye-di-cellobiose 

cellobiose-dye-glucose 

Fiber 

sample_0D 

694.6176 

775.6414 

-2 

-2 

1389.2352 

1551.283 

dye-di-cellobiose 

cellotriose-dye-cellobiose 

Fiber 

sample_45D 

694.6176 

638.1366 

570.1473 

-2 

-1 

-1 

1389.2352 

638.1366 

570.1473 

dye-di-cellobiose 

degradation product 

degradation product 

RB19 Synthesized 

standards 

825.1488 

663.0963 

501.0432 

483.0321 

-1 

-1 

-1 

-1 

825.1488 

663.0963 

501.0432 

483.0321 

dye-cellobiose 

dye-glucose 

dye-OH 

dye-VS 

Fiber 

sample_0D 

179.0567 

825.1477 

663.0974 

483.0307 

501.0429 

-1 

-1 

-1 

-1 

-1 

179.0567 

825.1477 

663.0974 

483.0307 

501.0429 

glucose 

dye-cellobiose 

dye-glucose 

dye-VS 

dye-OH 

Fiber 

sample_45D 

179.0567 

825.1477 

501.0429 

-1 

-1 

-1 

179.0567 

825.1477 

501.0429 

glucose 

dye-cellobiose 

dye-OH 

Fiber 

sample_90D 

179.0567 

825.1477 

501.0429 

-1 

-1 

-1 

179.0567 

825.1477 

501.0429 

glucose 

dye-cellobiose 

dye-OH 

OH, hydrolyzed; VS = vinyl sulfone; all other abbreviations are same as Table 6.1  
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Figure 6.12: Enzymatic digestion treatment isolated possible degradation products of the dyes 

RR198 and RBlk5 from 45 day biodegraded celluloses. The chemical structures of the 

degradation products were proposed based on the exact masses on MS. 

 

6.4 Conclusion 

The degradation studies of reactive dyes on laboratory controlled biodegraded 

cellulosic fabrics was successfully carried out via physical, chemical and biological methods. 

Reactive dyes form strong covalent bonds with cellulosic fabrics. Therefore, the isolation of 

these dyes via conventional solvent is difficult. For that reason, biodegradation studies of these 

dyes on cellulosic fabrics is not yet revealed. Several researchers individually studied the 

biodegradation of dyes in solution or the biodegradation of cellulosic fabrics for recycling 

purposes. It seems like, this is the first time, research was carried out to develop systematic 

analytical methods for the biodegradation studies of reactive dyes on cellulosic fabrics in the 

soil. In this work, it was demonstrated that physical method via spectrophotometry could be 

used for physical determination of dye degradation on biodegraded samples due to the lower 

color strength compared to undegraded samples. A chemical method of dye isolation using a 

low concentration of alkali was successfully developed which isolated intact dye as hydrolyzed 

form and their degradation products. For comparison purposes, the hydrolyzed dye standards 

were synthesized. Lastly, a biological method via enzymatic digestion treatment was 

developed to digest reactive dyes from fabric samples. The digested treatment isolated dyes 

attached to the higher mass of sugar molecules. Again, for the comparison purposes, the 

digestion standards were synthesized and compared them with isolated compounds from the 
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fabric samples. Both chemical and biological methods were successful to isolate dyes and their 

degradation products from the cellulosic fabrics. 
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CHAPTER 7 

 

Quantitative Degradation Analysis of CI Reactive Blue 19 Dye on Biodegraded 

Cellulosic Fabrics via Liquid Chromatography -Photodiode Array Detection Coupled to 

High-Resolution Mass Spectrometry 

 

Abstract 

A systematic quantitative analytical approach evaluated the degradation of 

sulfatoethylsulfone dye CI Reactive Blue 19 on biodegraded cellulosic fabrics. The dyed 

cellulosic fabrics were biodegraded in the soil in a laboratory-controlled environment for 45 

and 90 day time intervals. A dye isolation method using a low concentration of alkali (0.15% 

NaOH) was developed and applied (80oC for 1 h) to isolate dyes from fabric samples. This 

method isolates intact dye in its hydrolyzed form, so a hydrolyzed form of the dye was 

synthesized for quantitation. A quantitation method was developed using liquid 

chromatography-photodiode array detection (LC-DAD). The quantitation method provided 

excellent linearity (R2 = 0.9997 ± 0.0002), accuracy (% error = -2% ± 4), precision (% 

coefficient of variation = 2% ± 4), and sensitivity (lower limit of quantitation = 0.4 ± 0.2 

µg/mL) for concentrations ranging from 1 to 50 µg/mL. After validation, the method was 

applied to quantify the remaining hydrolyzed dye on biodegraded samples. This method 

showed a reduction of the hydrolyzed dye in biodegraded samples (45 and 90 day) compared 

to undegraded control sample (0 day). Subsequently, high-resolution quadrupole time-of-flight 

mass spectrometry (Q-TOF) and tandem mass spectrometry were utilized to characterize the 

degradation products on the biodegraded samples. 

 

7.1 Introduction  

Synthetic organic dyes are invaluable due to their extensive uses to different fields of 

applications: paper printing, food technology, pharmaceuticals, and textiles industry.1 The 

global consumption of dyes is ~7 × 105 metric tons/year where 80% of them go to textiles and 

rest of 20% into paper, leather, food, and others.2,3 During textile dyeing process, 

approximately 10-20% of unbound dye is lost in the wastewater and for reactive dyeing, the 

dye lost could be as high as 50%.1 Releasing these colored effluents to environment is 

undesirable due to their mutagenic and carcinogenic effects as well as their unaesthetic 
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appearances. Therefore, three different types of methods are currently being used for the 

treatment of dyeing effluent.4 The first method is a physical treatment which includes 

adsorption by activated carbon, peats or silica gel, membrane filtration such as ion exchange 

and electrochemical coagulation. The second method is the chemical treatment which consists 

of oxidation via hydrogen peroxide, fenton reagent, and ozonation, photochemical degradation 

or electrochemical destruction.4 These physico-chemical methods are mostly effective for dye 

removal in small-scale applications. However, the main drawback of these methods is the high 

cost in large-scale applications as well as a secondary sludges production after treatments. 

These drawbacks of these methods encouraged researchers to use the biological method for 

effluent treatment which is the third and most promising method. 

Nowadays, the biological method attracts bigger audiences due to its low cost, low 

energy requirement and eco-friendly nature. The biological method uses different 

microorganisms such as bacteria, fungi, and enzymes to biodegrade the chemical structures of 

the dyes. During biodegradation, bacterial degradation occurs via intracellular uptake where 

fungi and enzymatic degradation occurs through extracellular sites.5,6 Enzyme such as 

oxidative laccase is reported to degrade various aromatic compounds.7 In current ages, fungal 

degradation attracts researchers due to its both lignolytic and non-lignolytic activities. Even 

though lignolytic fungi such as Phanerochaete chrysosporium can metabolize a wide variety 

of compounds, non lignolytic fungi such as Aspergillus is reported to effectively degrade azo 

dyes such as amaranth, congo red and sudan III. 5 Additionally, Aspergillus fungi can degrade 

sulfonated anthraquinone dyes.1 

Among organic dyes, anthraquinone class is the second largest group where sulfonated 

anthraquinone type dye is mostly found in acid or reactive dyes.8,9 In the textile industry, the 

anthraquinone reactive dye, CI Reactive Blue 19 is widely used for cellulosic fabric dyeing. 

Due to the fused aromatic structure, anthraquinone dye is more resistant to biodegradation than 

azo dyes. Yet, it can produce toxic byproducts after the biodegradation process.1 

Several researchers have studied the biodegradation of anthraquinone reactive dyes on 

textile effluent and proposed their degradation products.1,10,11 Yet no systematic study is 

available for the biodegradation of anthraquinone dyes on cellulosic fabrics! After uses, the 

cellulosic fabrics are biodegraded via landfill disposal.12-14 Since reactive dyes form a covalent 



 

144 
 

bond with cellulosic fibers, that complicates biodegradation process and makes dye isolation 

difficult .3 

In this study, a quantitative dye degradation study was carried out for the laboratory-

controlled biodegraded cellulosic fabrics containing a mono functional sulfatoethylsulfone 

dye, CI Reactive Blue 19. It is assumed that the absolute amount of dye on the biodegraded 

sample will be lower than the dye on the undegraded control sample. Therefore, a quantitative 

analytical approach was carried out to evaluate the fate of the dye after 45 and 90 day of 

biodegradation. First, a dye isolation method with low concentration alkali was developed and 

applied to isolate the dye and the degradation product from the biodegraded fabric samples. 

Second, a quantitation method was developed using liquid chromatography and photodiode-

array detection to quantify the remaining dye on biodegraded and undegraded control samples. 

Both undegraded dye and dye degradation product were successfully characterized by high-

resolution mass spectrometry on biodegraded fabrics. 

 

7.2 Experimental 

7.2.1 Materials and Reagents 

CI Reactive Blue 19 (RB19, trade name Novacron Brilliant Blue W-BR, CAS no. 2580-

78-1), was obtained from Huntsman Corporation. RB19 is an anthraquinone dye with a 

sulfatoethylsulfone reactive group (Figure 7.1a). Sodium hydroxide (reagent grade, 97%), 

acetonitrile (LC-MS grade, 99.9%), ammonium formate (HPLC grade, Ó99.0%) and formic 

acid (ACS grade, 88-91%) were purchased from Sigma-Aldrich. Hydrochloric acid (1N 

solution) was obtained from VWR Analytical. Methanol (LC-MS grade, Ó 99.9%) was 

purchased from J.T. Baker. Purified water (18.2ɋ) was generated in-house using Milli-Q 

System (PURELAB Ultra from VWR). For the biodegradation process, the soil was purchased 

from Lowes (Garden Scape Cow Manure). The soil was sieved to Ò2 mm particle size. 

The colored fabrics were obtained by dyeing a single knit 28 cut jersey fabric (100% 

cotton ring spun yarn) with 2% on weight of goods (owg). The dyeing was performed at the 

Dyeing and Finishing Application Laboratory at Cotton Incorporated (chapter 6, section 6.1). 

The evenness of the color on fabrics (based on the DEcmc color differences) was measured by 

the X-rite color i7 spectrophotometer and iMatch color formulation software. 
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7.2.2 Biodegradation of Dyed Fabric Samples 

The biodegradation of fabric materials was performed under controlled laboratory 

conditions according to ASTM D 5988-03.12 The RB19 dyed fabrics were cut into 2×2 cm 

fabric strips. Three strips were biodegraded for 45 day and three for 90 day. Additionally, three 

strips were kept as undegraded control samples. The soil in the desiccator (150 mm) was 

prepared by mixing 380.2 g soil, a 72.6g (NH4) 2HPO4 solution (4.72 g/L in water), and a 47.2 

g pure water. The mixture was then placed on a perforated plate in the desiccator. The fabric 

samples (strips) were placed into the soil.  Additionally, aeration was provided. 

After their respective time intervals, the fabric strips were taken from the desiccator, 

rinsed with pure water, and air-dried. The samples were stored in the refrigerator pending 

further analysis. The biodegradation experiment was carried out at the Department of Fiber 

Science and Apparel Design, Cornell University. Figure 7.1b shows the photograph of the 0, 

45 and 90 day biodegraded samples of CI Reactive Blue 19 dyed cotton fabrics. 

Before analysis, the biodegraded samples were washed with 2 mL pure water, 2 mL 

methanol, and 2 mL of acetonitrile and gently shaken to remove any soil which could interfere 

with the dye isolation process. The washed samples were air-dried at room temperature. 

 

 

Figure 7.1: (a) The chemical structure of native CI Reactive Blue 19 dye at sulfatoethylsulfone 

(SES) form and (b) its biodegraded fabric samples after 0, 45 and, 90 day. 

 

 

7.2.3 Dye Isolation Method 

As previously stated, reactive dyes are resistant to removal from fibers due to the 

covalent bonds between the dyes and the hydroxyl groups of cotton. Since the hydroxyl groups 

in the cellulosic backbone of cotton are weakly acidic in nature, an alkaline solution is used to 
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cleave the glucose-dye link and isolate the hydrolyzed form of the dye.15,16 However, a high 

concentration of alkali (1.5-2% NaOH) partially dissolves the fiber and discolors the dye.15,17 

Therefore, the concentration of the alkali was altered and a diluted alkali (0.15% NaOH) 

solution was used to isolate the dye from the fiber. The dye isolation procedure follows as: 

 A 3 mg of fabric strip was cut from 2×2 cm fabric samples and placed in a 5 mL 

Fisherbrand glass vial. A 1 mL of 0.15% NaOH solution was added. The vial was placed in 

PIERCE Reacti-Therm Heating module and heated for 1 h at 80oC with closed lid. After 1 hr, 

the vail was removed from the module, cooled to room temperature, neutralized with 30 µL of 

1N HCl solution, filtered with a 0.2 µm PTFE filter (Phenomenex), and placed in an HPLC-

vial for LC-DAD-MS analysis.  

 

7.2.4 Synthesis of Hydrolyzed Dye Standard  

Since the dye isolation method isolated the dye in the hydrolyzed form (RB19-OH), 

RB19-OH was used for the calibration curve for the quantitation method. This compound was 

not commercially available, so it synthesized as follows: 

In a 250 mL round bottom flask, 0.95 g (0.03 moles) of RB19 commercial dye powder 

was dissolved in 50 mL of 0.5% NaOH. The reaction was held at 60ºC and stirred continuously. 

The reaction product was monitored by thin layer chromatography (TLC) (silica gel, SIL G-

25, 0.25 mm) with an eluent solvent mixture of 2:4:1:3 (v:v) 2-propanol/1-butanol/ethyl 

acetate/H2O. A single product was confirmed after 90 min of reaction. The reaction was cooled 

to room temperature and neutralized with 1N HCl solution. The final hydrolyzed product was 

salted out by 2% NaCl solution, vacuum filtered using Buchner funnel, and dried at room 

temperature. The high-resolution mass spectrometry and tandem mass spectrometry confirmed 

that all the dye molecules were converted to hydrolyzed form and no side product was formed. 

Figure 7.2 shows the reaction scheme of the synthesis of hydrolyzed dye standard from the 

native dye. 

After collecting the solid hydrolyzed dye standard, a 50 µg/mL of stock solution was 

prepared in pure water. The working solutions for calibration curves were prepared in pure 

water to the following concentrations: 1, 5, 10, 20, 30, 40, and 50 µg/mL. 
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Figure 7.2: The synthesis reaction of hydrolyzed dye standard (RB19-OH) from native CI 

Reactive Blue 19 dye (RB19). 

 

7.2.5 Quantitative Monitoring of Degradation 

The working solutions and degradation products were analyzed using liquid 

chromatography with photodiode array coupled to electrospray ionization and to a 6520 

accurate mass quadrupole time-of-flight mass spectrometer (LC-DAD-ESI-QTOF-MS) 

(Agilent Technologies).  

Chromatographic separation was achieved using a Zorbax Eclipse Plus C18 (2.1×50 

mm, 3.5 ɛm) column with a Zorbax Eclipse Plus C18 narrow bore guard column (2.1×12.5 mm, 

5 ɛm) at 40 oC. The mobile phases used for the separation consisted an aqueous phase (A) 20 

mM ammonium formate with formic acid in water (pH = 4), and an organic phase (B) a ratio 

of 70/30 methanol/acetonitrile. The flow rate of the mobile phase was 0.5 mL/min with an 

injection volume of 10 ɛL. The following gradient method was used for all analysis: 3% B 

from 0 to 1 min, 3ï60% B from 1 to 1.5 min, 60-90% B from 1.5 to 7 min, holding 90% B 

from 7 to 9 min and returns to 3% B at 9 to 9.5 min. A 4 min post run of 3% B was used to re-

equilibrate the column.  

The DAD detector analyzed at a spectral range of 200ï800 nm. The main wavelengths 

for absorbance analysis were set to 254, 620, and 660 nm, and the quantitative analysis was 

carried out at a maximum wavelength of 620 nm. The area under the photodiode array detector 

(DAD) was monitored and plotted against concentration to create a calibration curve for 

quantitation. 

The Q-TOF mass spectrometer was operated in negative electrospray ionization (ESI) 

mode at high-resolution (4 GHz) with a resolving power ranging from 9700 to 18000 for the 

m/z 100 and 1600 respectively. The following MS parameters were optimized for the highest 
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intensity of the ions: drying gas flow rate 12 L/min at 355 oC, nebulizer pressure 35 psi, 

fragmentor voltage 110 V with the Vcap voltage 3500 V. 

 

7.3 Results and Discussion 

7.3.1 Characterization of Synthesized Hydrolyzed Dye Standard 

Hydrolyzed dye standard (RB19-OH) was characterized via a photodiode array 

detector (DAD) and high-resolution mass spectrometry (MS). Additionally, TLC analysis 

monitored single product formation during synthesis (Figure 7.3a). In Figure 7.3b, the sample 

number 1 shows two spots of RB19 native dye: (i) sulfatoethylsulfone form (SES, Rf = 0.50) 

and (ii ) vinyl sulfone form (VS, Rf = 0.85). The sample number 3 shows (iii ) a single spot of 

synthesized RB19-OH with Rf = 0.75. Additionally, the sample number 2 shows three spots 

(cross spotting) of native dye and RB19-OH. Even though TLC analysis monitored the single 

product formation, the photodiode array detector (DAD) and high-resolution mass 

spectrometer (MS) characterized the final product. 

 

 

 Figure 7.3: The synthesis reaction monitoring of the hydrolyzed dye standard of CI Reactive 

Blue 19. (a) The elution of samples on TLC plate and (b) the identification of the spots on 

TLC. 

 

 During LC-DAD-MS analysis, chromatograms, absorbance, and high-resolution mass 

spectra adequately characterized the synthesized RB19-OH (Figure 7.4). In DAD 

chromatogram, a single peak at 620 nm (retention time, RT 4.6 min) indicates that the synthesis 
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reaction produced a single colored component (Figure 7.4a) which had the maximum 

absorbance at the same retention time (Figure 7.4b).  

The deprotonated RB19-OH molecule had a theoretical mass-to-charge (m/z) ratio of 

501.0432. Therefore, the response at m/z 501.0432 was monitored in the mass chromatogram, 

which provided a single peak in the extracted ion chromatogram (EIC in MS) (Figure 7.4c). 

Additionally, high-resolution mass spectrum provided isotopic distribution (Figure 7.4d). 

Isotopic distribution provides a fingerprint for the compound identification via high-resolution 

mass spectrometry. In our previous study, it was already proved that high-resolution Q-TOF 

mass spectrometry could identify reactive dyes and their in-situ dimeric analogues from 

complex mixture with ppm to sub-ppm mass accuracy.18 Hence, the high mass accuracy (Ò5 

ppm error) is essential for the identification and formula generation of organic compounds.19,20 

In this case, the molecular formula was generated for the deprotonated RB19-OH molecule 

with high mass accuracy (ppm error = -1.62). Even though, chromatograms (DAD and EIC), 

absorbance, and high-resolution mass spectra were utilized for the characterization of 

synthesized RB19-OH molecule, the only area under DAD chromatogram was used for the 

quantitation method development. 

 

 

Figure 7.4: The characterization of synthesized hydrolyzed dye standard (RB19-OH).  (a) The 

DAD chromatogram at 620 nm shows a single peak of RB19-OH and its corresponding 

absorbance spectrum is shown in (b).  (c)The extracted ion chromatogram (MS) of the 

deprotonated RB19-OH molecule at m/z 501.0432 and its high-resolution mass spectrum is 

shown in (d).  
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7.3.2 Analysis of Undegraded Control Sample 

The dye isolation method (1.5% NaOH, 80oC for 1 h) was first applied to the 

undegraded control sample and the isolated products were analyzed via LC-DAD-MS. The 

isolated RB19-OH was then compared with the synthesized RB19-OH dye standard. Figure 

7.5 shows the chromatograms and absorbance spectra comparisons of the isolated RB19-OH 

from the undegraded control sample and the synthesized RB19-OH dye standard. The gray 

chromatograms in Figure 7.5a and 7.5b show the DAD chromatograms at 620 nm and the black 

chromatograms (EIC in MS) were obtained by extracting the corresponding deprotonated 

RB19-OH molecule at m/z 501.0432. Additionally, Figure 7.5c and 7.5d were the absorbance 

spectra (retention time (RT) = 4.6 min in DAD chromatogram) of the corresponding 

compounds in 7.5a and 7.5b respectively. Since the isolated and synthesized compound 

appeared at the same retention time 4.6 min in DAD chromatograms (Figure 7.5a and 7.5b) 

and showed a similar shape in their corresponding absorbance spectra (Figure 7.5c and 7.5d), 

it can be concluded that the isolated compound is also RB19-OH. 

 

 

Figure 7.5: Comparison of chromatograms and absorbance spectra of isolated RB19-OH from 

undegraded control sample and synthesized one. (a) The DAD (gray) and mass (black) 

chromatograms of isolated RB19-OH and (b) the synthesized RB19-OH appeared at the same 

retention time 4.6 min. The absorbance spectra of the corresponding compounds in (c) and (d) 

show a similar shape. 
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7.3.3 Validation of Quantitation Method 

Before monitoring degradation of dye on biodegraded samples, it was necessary to 

develop and validate a quantitation method. By using liquid chromatography followed by 

DAD, a reliable quantitation was achieved of hydrolyzed RB19-OH down to 1 µg/mL. 

Calibration curves were obtained by monitoring the area under the DAD chromatogram at 620 

nm (mAu unit) for each concentration of the synthesized RB19-OH (Figure 7.6).  

 

 

Figure 7.6: The linearity assessment for quantitative analysis of RB19-OH dye standard via 

the LC-DAD method. Each point in the calibration curve shows the average across all runs (n 

= 9). 

 

The linearity of the calibration curves was excellent for all runs, with R2 values equal 

to 0.9997 ± 0.0002, indicating a strong and consistent correlation between the DAD area and 

the dye concentration. A consistent response factor of 2.08 ± 0.48 (chromatographic peak area 

divided by concentration) further confirmed the response stability of the method within the 

concentration range (Table 7.1). 

The method was further evaluated based on accuracy, precision, and sensitivity. 

Experiments were repeated in triplicate on three non-consecutive days, and accuracy and 

precision were assessed across 1d (intraday) and across 3d (inter-day). Accuracy was evaluated 

by comparing experimental values to theoretical values and reported as percent error (% 

error).21 Precision was evaluated based on variations across runs and reported as the coefficient 

of variation (% CV). Both accuracy and precision were within the acceptable range ±15% for 

all concentrations as can be seen in Table 7.221  
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Table 7.1: The overall validation parameters. 

Validation Parameters Average ± SD  

Linearity (R2) 0.9997 ± 0.0002 

LOD 0.12 ± 0.07 µg/mL 

LLOQ 0.39 ± 0.22 µg/mL 

Precision (mean % CV)  

   Intraday 1.20 ± 2 

   Inter-day 2.24 ± 4 

Accuracy (mean % error)  

   Intraday 0.49 ± 2 

   Inter-day -1.69 ± 4 

Response factor (mean % 

CV) 

 

   Intraday 2.23 ± 0.51 

   Inter-day 2.08 ± 0.48 
SD, standard deviation; Linearity, LOD, and LLOQ were the averages across all runs. Accuracy, precision and response factor data is noted 

as the average across all quantitation standards. 
 

Table 7.2: The results of intra and inter-day accuracy and precision of each concentration point 

of RB19-OH in standard solutions. 

Concentration 

(µg/mL) 

Intraday  Inter-day 

Precision  

(% CV) 

Accuracy 

 (% error) 

 Precision 

(% CV) 

Accuracy  

(% error) 

1 4.47 4.25 (0.96 µg/mL)  11.10 -11.27 (1.11 µg/mL) 

5 1.13 -0.38 (5.02 µg/mL)  1.10 -2.30 (5.11 µg/mL) 

10 1.08 -0.74 (10.07 µg/mL)  1.18 0.59 (9.94 µg/mL) 

20 1.20 0.55 (19.89 µg/mL)  0.66 1.64 (19.67 µg/mL) 

30 0.32 -0.28 (30.09 µg/mL)  0.53 -0.88 (30.26 µg/mL) 

40 0.13 0.04 (39.98 µg/mL)  0.68 0.95 (39.62 µg/mL) 

50 0.12 0.02 (49.99 µg/mL)  0.43 -0.55 (50.27 µg/mL) 

 

Sensitivity was assessed by evaluating the average lower limit-of-quantitation (LLOQ) 

and limit-of-detection (LOD) across 3d. LLOQ and LOD were calculated from the linear 

regression of the calibration curve using the following equations: LOD = 3ů/b and LLOQ = 

10ů/b, where ů is the standard error of the y-intercept of the linear regression and b is the slope 

of the linear regression.22,23 The LLOQ and LOD were calculated to be 0.39 ± 0.22 µg/mL and 

0.12 ± 0.07 µg/mL, respectively (Table 7.1). Both values were below the first point of the 

calibration curve and confirmed quantitation to be successful down to 1 µg/mL.1 Together the 
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% error, % CV, LLOQ, and LOD validate this method to be linear, accurate, and precise for 

quantitation from 1 to 50 µg/mL. 

 

7.3.4 Quantitation of Dyes on Biodegraded Samples 

After validating the LC-DAD quantitation method using synthesized RB19-OH, it was 

applied for the quantitation of the isolated RB19-OH on the biodegraded (45 and 90 days) 

along with undegraded control samples (3 mg fabric samples). The concentrations of RB19-

OH on 0, 45 and 90 day biodegraded samples were determined to be 8.90 ± 0.26 µg /mL, 5.93 

± 0.48 µg /mL and 4.36 ± 0.54 µg /mL respectively (n = 3) using the equation on Figure 7.6. 

The reason for the lower amount of dyes on biodegraded compared to undegraded fabric 

samples was due to the degradation of dye during the biodegradation process.  A previous 

study stated that the anthraquinone derivative in RB19 dye is resistant to degradation due to its 

fused aromatic structure.1 Yet, the degradation may happen on the substituents which was 

observed in this study. 

A degradation product at m/z 421.0858 (deprotonated singly charged molecule) was 

characterized in both 45 and 90 day biodegraded samples. Figure 7.7 shows the LC-DAD-MS 

analysis of degradation product along with RB19-OH in 90 day biodegraded sample. The DAD 

chromatogram (gray) shows two peaks at 620 nm where the peak at a retention time (RT) 4.6 

min was the RB19-OH and at RT 5.2 min was the degradation product (Figure 7.7a). The 

degradation product was formed after losing ïSO3
- group from the RB19-OH, which makes it 

more hydrophobic, resulting in its retention time increased (RT 5.2 min). Studies showed that 

-SO3
- group loss is a common phenomenon for the degradation of anthraquinone dye RB19. 

During electrochemical degradation or ozonation of RB19, the degradation products formed 

after losing of -SO3
- group.24,25 

Figure 7.7b and 7.7c show the extracted ion chromatograms at m/z 501.0432 (the 

deprotonated RB19-OH molecule) and at m/z 421.0864 (deprotonated degradation product) 

respectively. The corresponding high-resolution mass spectra are shown in Figure 7.7d and 

7.7e. From the mass spectra of both compounds, molecular formulas were generated with high 

mass measurement accuracies (ppm error Ò5). The formula generation feature accounts the 

isotopic distribution, the relative abundance of peaks (e.g., M, M+1, M+2 etc.) and mass 

spacing among the peaks. After considering all these criteria, the instrument provides a match 
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score (out of 100). Higher the score indicates the better formula matching and identification of 

the compounds.26 For both RB19-OH and degradation product, the instrument generated 

molecular formulas with high mass measurement accuracies and high scores. For example, the 

molecular formula of the deprotonated degradation product (C22H17N2O5S, m/z 421.0858) and 

RB19-OH (C22H17N2O8S2, m/z 501.0429) were obtained with a ppm error of 1.60 (score 98.10) 

and 0.48 (score 93.12) respectively. The DAD chromatograms along with high-resolution mass 

spectra accurately identified these compounds in 90 day biodegraded sample. 

 

 

Figure 7.7: The characterization of degradation product along with RB19-OH in 90 day 

biodegraded sample. (a) The DAD chromatogram at 620 nm and its corresponding EIC at (b) 

m/z 501.0431 and (c) m/z 421.0864 were deprotonated molecules of RB19-OH and degradation 

product respectively.  The high-resolution mass spectra in (d) and (e) show the isotopic 

distributions of these two molecules.  

 

Tandem mass spectrometry (ESI-MS/MS) was carried out to analyze the structures of 

degradation product and RB19-OH. During ESI-MS/MS, collisionally-activated dissociation 

(CAD), dissociates the precursor ion which leads to multiple fragment ions. Analysis of 

fragment ions provides the fragmentation pathways and the structure elucidation of the 

precursor ion.27 The CAD energy of 50 eV and 40 eV were applied to the deprotonated RB19-

OH molecule and degradation product respectively. During CAD analysis, more fragment ions 

were observed for the degradation product ion compared to the RB19-OH ion itself (Figure 

7.8a and 7.8b). Yet, for both molecules, the main fragment ion was formed due to the cleavage 

of vinyl sulfone group attached to the benzene derivative (e.g., fragment ion at m/z 392 for 

RB19-OH (Figure 7.8a) and at m/z 312 for degradation product (Figure 7.8b)). Overall, there 

was a prominent similarity between the fragmentation patterns of degradation product and 
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RB19-OH, which indicates that the degradation product was formed from the RB19-OH 

molecule. 

 

 

Figure 7.8: The structure analysis of degradation product along with RB19-OH via ESI-

MS/MS. The collisionally-activated dissociation (CAD) confirmed the structures via the 

fragmentation pathways of (a) RB19-OH and (b) its degradation product on 90 day 

biodegraded sample.  

 

7.4 Conclusion 

A systematic quantitative analytical approach was successfully carried out to study the 

laboratory-controlled biodegradation of cellulosic fabric containing CI Reactive Blue 19 dye. 

A dye isolation method with a low concentration of alkali (0.15% NaOH, 80oC for 1 hr) was 

applied to cleave the covalently bonded dye (hydrolyzed form) and its degradation products 

from biodegraded samples. Isolated dye was further quantitatively analyzed via LC-DAD 

method by synthesizing a hydrolyzed form of dye and making calibration curves. The method 

showed a reduction of the amount of isolated dye in 45 and 90 day biodegraded samples 

compared to undegraded control samples. Furthermore, a degradation product was identified 

in 45 and 90 day biodegraded samples. The degradation product was formed after losing the ï

SO3
- group from the hydrolyzed form of dye. Both the hydrolyzed form of dye and degradation 

products were successfully characterized by high-resolution tandem mass spectrometry. 
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CHAPTER 8 

 

Conclusions and Future Recommendations 

 

8.1 Conclusions 

In this thesis, I have successfully carried out systematic analytical approaches to study the 

biodegradation of dyes on textile substrates after simulated landfill disposal. Before analyzing 

the biodegradation of dyes on textiles substrates, it is necessary to develop and validate 

analytical methods to study the dye standards from complex biodegraded matrices. Keeping 

that in mind, I have developed a direct high-resolution mass spectrometry analytical method 

to study the polysulfonated reactive dyes and their in-situ dimeric analogs with sodium 

sulfonate up to ten and molecular weight up to 2000 Da (Chapter 2). An important feature of 

mass spectrometry: isotopic distribution for the exact mass analysis was employed for the 

characterization of these compounds in the complex mixture. In addition, I have employed 

hydrophilic interaction liquid chromatography for the retention and separation of 

polysulfonated reactive dyes and their reaction intermediates (Chapter 3). This method solved 

a critical analytical problem for the dye chemists as it eliminates the use of ion-pairing reagents 

(have a negative impact on ionization in mass spectrometry post characterization) for the 

retention of polysulfonated dyes. Moreover, fundamental structure analysis of similar cored 

azo and anthraquinone dyes could provide important insights into the structure-property 

relationship of the dyes (Chapter 4 and 5). This relationship could be used for the identification 

of similar structured unknown dyes in complex mixtures. For the biodegradation studies of 

dyes on textile substrates, I have successfully developed physical, chemical and biological 

methods and adequately characterized intact dyes and their biodegradation products on the 

laboratory simulated landfilled cellulosic fabrics (Chapter 6). Finally, the quantitative 

biodegradation method I have developed for the sulfatoethylsulfone dye on cellulosic fabric 

could be used as the biodegradation lifetime assessment of dyes on substrates after landfill 

disposal (Chapter 7). Overall, the systematic methods I have developed in this thesis could be 

used as the baseline for studying of biodegradation of dyes on textile substrates after landfill 

disposal.  
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8.2 Future Recommendations 

¶ In the real-life fabrics, the substrate contains both colorant and different types of finishes. 

Finishes are used for improving the properties of fabrics e.g., softness, appearances.1 

Permanent or durable finishes as N, N-dimethylol-4,5-dihydroxyethylene urea, 

(DMDHEU) could chemically crosslink with cellulosic fabrics and acts as anti-wrinkle 

agent. It would be interesting to observe, how the permanent finishes could interfere with 

the biodegradation of dyes on the textile substrates after landfill disposal. Subsequently, 

biodegradation studies of dyes on other types of finished (antimicrobial) textiles could also 

be an interesting research area. As a continuation of my research, our laboratory is currently 

exploring these areas. 

 

¶ In a recent publication,2 I have demonstrated that anionic acid dye could be isolated even 

from single nylon fiber via automated microfluidics-mass spectrometry (MFD-MS) system 

for forensic applications. A solvent system, acetonitrile/methanol = 3:7 with 80oC 

temperature was used for the automated extraction. Even though reactive dye forms a 

strong covalent bond with cellulose, it could be an interesting study to modify MFD system 

for isolation of the reactive dyes from celluloses. In this thesis work, I have developed a 

low concentration of alkali (0.15% NaOH) for the reactive dye isolation from cellulosic 

fabrics (chapter 6 and 7). As a future work, MFD-MS system could employ this solvent or 

modify the solvent system to isolate the reactive dyes from the cellulosic fabrics. After 

successful implication, MFD-MS system could be used for the automated analysis of dye 

degradation products from the landfill disposed cellulosic fabrics. 

 

¶ A computational assessment of bonding stability between reactive dye with celluloses 

could open an important theoretical path for biodegradation studies of dyes on fibers.3,4 For 

simulating the cellulosic fabrics, low molecular weight sugar moieties (glucose, cellobiose 

or cellotriose) could be employed. Since reactive dyes have different reactive sites, 

computational assessment of reactivity of these sites with low MW sugar moieties could 

be the initial step of the bonding stability study. Eventually, it could be possible to know 

which dyes on fabrics are more prone to biodegradation than others.  

 



 

162 
 

¶ Lastly, a toxicity assessment of the parent dyes and their biodegradation products could be 

an interesting next step of this project. Toxicity assessment could be carried out in two 

ways: in laboratory experiment set up (e.g., using bioluminescent bacterium as Vibrio 

fischeri)5 or using cheminformatics6 via theoretical structure-property relationship.  
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APPENDIX A: Supplementary Materials for Chapter 2 

 

 
Figure A.1: The after-reaction product was identified by mass spectrometry from the 

dimerization of CI Reactive Blue 221. 
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Figure A.2: The after-reaction products were identified by mass spectrometry from the 

dimerization of CI Reactive Red 239. 
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Figure A.3: The after-reaction products were identified by mass spectrometry from the 

dimerization of CI Reactive Red 194. 

 

 
















