ABSTRACT

SULTANA, NADIA. Fundamental and Biodegradation Studies of Dyes on Fibers via
Integrated Analytical ToolgUnder the direction ddr. Nelson Vinueza Benitgz

The contamination of soils and watersdye-containingeffluent is a critical concern
for the environmental and dye chemists. Biodegradation of theftlyentis a promising and
effectivedecolorizatiormethod due to its eewiendly nature and low cost. Extensive research
has been carried in this aresspecially for the wastewatertreament. Unfortunately, no
systematic research is currently available for the biodegradation of dyes on fabrics. Among the
textile fabrics, cellulose is an important one, whichvidely dyed by reactive dyes. Dyed
cellulosic fbrics are biodegraded via lditiddisposal after uses yet the fates of the dyes
attached to the fiber or leached out to the environment are unknown. Therefore, the scope of
thepotentialresearch in this area is vast and this thesis work highlights sidimeapproaches
by carrying ait the systematic analyticalethods

At the beginning of the thesis, both qualitative and quantitainatyses were carried
out for the characterization of polysulfonated reactive dyes and their reaction intermediates
from complex matrices. igh-resoluton quadrupole timef-flight massspectrometefQ-TOF
MS) was employed for the characterization of five heterfubctional reative dyes (ClI
Reactive Yellow 176, Cl Reactive Red 239, CI Reactive Blue 221, CI Reactive Red 194 and
Cl Reactive Blue 222) ahtheir insitu dimericanalogswithout prior purification. Utilizing
theisotopicdistribution feature for exact mass analysi$fiS, this method identified up to six
negativecharged dimeric ions with molecular weight up-2000 Da.

For quantitative aalysis, hydrophilic interaction liquid chromatography (HILIC) was
employed for the retention and separation of twelve polysukdneeactive dyes and their
reaction intermediates. Utilizing HILIC with photodiode array detector (DAD) amigh-
resolutionMS, this method quantitatively analyzed different forms of polysulfonated dyes
containing varieties ofeactive groups: monochlorotriazine(MCT), vinyl sulfone (VS),
sulfatoethylsulfone (SESg-vinyl sulfone (VS/VS)SES/SESMCT/VS. Moreover, HILIG
DAD-MS successfully monitored the hydrolysis kinetics of Cl Reactive Red 198 raadt a
time dimeric synthesis reaction of the Cl Reactive Yellow 176 with linker

hexamethylenediamine.



A systematic analytical approach was carried via tandem mass spectravitetiyS)
and highperformance 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 anabjisgedthat theaddition
of methyl groups to the anthraquinone dsteuctureincreases their retention times. This
phenomenon also increases the percentage of survival yields of the dye ionsevidsaf
collision energies during tandem MS analysis.

In the last two parts of the thesis, bajhalitative and quantitative dye degradation
analysis methods were developed for the laboratory simulated 490aatay biodegraded
cellulodc fabrics in soil containing dyeS| Reactive Blue 19, Cl Reactive Red 198 &id
Reactive Black 5The physical analysis indicated the dye degradation onliloelegraded
fabric surface by calculating the color strength (K/S values). In chemical and biological
methods, the hydrolyzed aedzymatic digestion standards were succégsfynthesized and
compared with the isolated compounds from the biodegriadedt samples. The chemical
structures of the biodegraded dyes were proposedhigltaresolutionMS. In quantitative
studies, a liquW chromatographphotadiode array detectioomethod was developed via
synthesizing the hydrolyzed dye standard of Cl 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 charatd byhigh-resolutionMS and tandem
MS. It appears thatesearch carried out in this thesis is the pioneering work of dye degradation

analysis on biodegraded falwic
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CHAPTER 1

Introduction

1.1 Background
From textiles to foods, printing inke cosmeticsand/orpharmaceuticals, applications
of synthetic dyes are widesprestiSince, 1856, gproximately1C® different types of dyes
have been producedoridwide with a global consumptiorof 7 x 1¢ metric tons/year’®
Surprisingly, aboutwo-thirds of the produ@d dyeis consumed byhe textile industies®
During the textile dyeing processa hugeamount (~1615% for reactive dyeingup to 50%)
of unbound dyes are released into the environmental soil and. W&tposure of this/ast
amount & dyes to the environment is problematic due to their carcinogenic and mutagenic
effects orhuman health plants andanimals*?°Moreover, these colored effluents degttioe
aesthetic view of the ocesand rivers'® Therefore, different physical and chemical treatments
such as coagulation, adsorption, oxidia, andozonation have been developed to degrade and
decolorize dye ffluents. Eventhoughthese techniqgues sometimes effectively decolorize
colored effluent, they produce concentrated sludge, which creasexzondarydisposal
problem?!® Hence,biodegradation appears to be thémiite remediation due to its legost
and ecefriendly nature. In biodegradation process, different microorganisms such as bacteria,
fungi, yeastandalgae degrade the dye structurefobe releasing to the environmént
Researchers have broadly studied the effectiveness of biodegradation process to the
colored effluents containing different classes of dyes: azo, anthraquiriphenylmethang®
15 vet, no systematic study has assessed the biodegradation of dyes on fabrics. Fabrics are
biodegraded biandfill disposal, yet it is a challenging waste management.i§$tiBifferent
studies have investigated the factors #ftdctthe biodegradation rate of fabrics. However, no
study has discussed the fate of the dyemdiiodegradationThe questioaremain: are dyes
degraded along with the fabrics or do they remain unaffected ydtdegradatiomprocess?
What happens to theyds attached to the fabrics after biodegradatido® to characterize
dyes and their degraton products on the biodegraded fabries? biodegradation studies of
dyes on fabrics, it is necessary to develop analytical metasdgell as the dyesolation
methods from emplex biodegraded matricds this thesis, | have developed baththese

methods fodifferent classes of dyes (reactive, acid, disperse). Next, | applied these analytical
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methodlogies to characterize dyes and their biodegradatroducts from the biodegraded
fabric samples.

In the first part of the thesis, | have developatdhlytical methodologiegboth
gualitative and quantitate) for theanalyses of pgkulfonated reactive dyes, then-situ
dimericanalogsandthe hydroysis kinetic productsThese methodologie®uld be extended
for thedye analysis in other complex xtires suctaswastewater, food chemistatc?* The
fundamental structure analydigat| have carried out for similar cored hydrophobic azo and
hydrophilic anthraquinone dyes could be useful for stingcanalysis of unknown dyes in
complex matricesAdditionally, the physical, chemical and biological methods | have
developed for the isol@n of reactive dyes and their degradation picid from biodegraded
cellulosic fabricscould be leveraged for théber evidence recovery analysis from forensic
burial test.Finally, | have developed a method for quantitative assessment of biodegradation,

which could be used for tHigetime assessment of dyes on fibers during landfill disposal.



1.2 Literature Review
1.21 Introduction to Synthetic Organic Dyes

Synthetic dyes are organic compoumdsch contain conjugated aromatic system with
chromophores (e.g., color bearing groups as azo, anthraguinone), auxochromes (e.g., electron
donating groupsas amino (NH), hydroxy (OH)) andantiauxochromege.g., electron
withdrawing groups as carboxyl (COOH)tmoi (NO)). Combination of these components

allow the synthetic dyes to absorb light at visible region {A00nhm)2

e F 3
I.-" ‘\\\ (=}
e . é ) Amax = 440nm
02N : N\\ ‘1 E..
' N . 8o
b Al =B
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Figure 1.1: The essential components of synthetic dyes apectbel for Disperse Orange 3
dye. The combination of essential components (left) renders the orange color by absorbing at
avisible range (400700nm)(right).

Among all componentsthe chromophoreis the major componentfor the color
appearance. Almost all dyes have these substructunethefic dyes can be classified based
on the chromophores such as azo, anthraquinone, nitro, phthalocyanine,corefdéx,

formazantriarylmethanexanthene, stilbene, thiazole, indigoid.€té>

1.2.1.1 Ao Dyes
The presence of orar two azo {N=N-) groups along witlauxochromiayroups {OH
or -NH-) arethe main features ciizo dyes. Azo dyeare thelargest groups of synthetic
colorants with avide range of colors antdigher color strengthh{gherextinction coefficient
ma).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 oruthber 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 reactiffiTable 1.1 shows different types of aromati

amines and couplers for azo dye synthesis.

Table 11: Different components of the azo dyes.

Aromatic A Diazotizable amine
amines D Tetraazotizable diamine
M 1° Amine that couples twice
E
Z

Couplers The couplethat couples once

The couplethat 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. Secbad;dupling of diazonium
salt to coupling components (phenol, naphthol, aromatic amine) occuasli@ao coupling

reaction?® Figure 1.2 shows the reaction scheme of azo dye synthesis.
N NCI

pH >7

Aniline Diazonium salt 4-Hydroxy azo benzene

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 Cl Reactive Red 198 is synthesized by the reaction
of diazotizableamine (A and the coupler (E) which couples only once (Figure 13z8.
coupler in this reaction will only be activated near the hydroxyl group at alkali contfition.
another dye, CI Acid Black 1, the same coupler (d)ptes twice; it couples at thartho
position to araminogroup in weakly acidic condition followed by to tloetho to ahydroxyl

group in alkaline condition (Figure 1.3b).
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Figure 1.3: Due to different activated sites, teane coupler can form different dye$he
exampleshows two azo dyes: (jonoazdCl Reactive Red 198 and (BisazoCl Acid Black
1.

The structures of azo dyes can vary from azo to hydrazone tautomer. When azo dyes
are applied to the substrates or theyiarthe solution, these two tautomeise in different
colors. Depending on the solvent, temperature and substrate type (hydrophilic/hydrophobic),
either azo or hydrazone form is predominated. For example, egneinazo dyes are applied
to wool, the hydazone tautomer is mainly observ@drigure 1.4 shows an example of

azo/hydrazone tautomeric equilibrium.
H
A\Y \
N OH —~ N= o

Azo tautomer Hydrazone tautomer

Figure 1.4: The equilibrium of azo/hydrazone tautomerphenyl azo namthol dye.



1.2.12 Anthraquinone Dyes

Anthraquinone dyesre anthraquinone derivative (Figure 1.5) with one moore
electrons withdrawing or donating substitueiitSimple anthraquinongerivativeis yellow in
color, but theadditionof electron rich substituent leads to deeper shade (bathochromié%hift).
Anthraquinone dyes are genergllgdominated in thieed, violet, blue and green regioffiey
provide bright shadesith better light and wet fastne$5Eventhoughthey havethe lower
color depth (lower extinction coefficients) than azo dyes, they belong to most of the important
dye classes such as disperacid, basic, vat and rége dyes. The synthesis of anthraquinone
is carried out byFriedelCrafts acylation of phthalic anhydride and resulting a
cyclodehydration (Figure 1.5}:?*Some eamples of anthraquinone dyas shown in Figure
1.6.

fo) (o)
AICI
3 COZH
o o)
phthalic anhydride ortho benzoyl benzoic acid anthraquinone

Figure 15: Reaction scheme for tleynthesiof anthraquinone.

N303S
NHCOCgHs
NHCOC,Hs
Na03S
NHCH,
SO;Na
Je ‘O
NHCHZCHZCH N (CH3)3 (o] HN SOchchzoSO;;Na

Figure 1.6: Anthraquinone dyes belong to different classes of orgdyes: (a) Cl Disperse
Violet 1, (b)Cl Acid Green 25, (c) Cl Vat Red 42, (d) ClI Basic Blue 22, (e) Cl Reactive Blue
19.



1.2.1.3NC StateMax Weaver Dye Library Dyes

Recently a wide collection of ~98000 synthetic dyless beenreportedat NC State
Max Weaver Dye Library® This library has a wide variety chromophoric dyes. The major
chromophores arazo, anthraquinone, cyamoethine andnitro. The colors of the dyes cover
theentirevisible spectrum inading green, blue, purple, oranged rgellow, brownandblack
In a recent publicatioff, approximately 2700 dye structures weneported, and their
cheminformaticproperties were evaluated. This library is a treasure trove of organic dyes with

applications which are yet to bevealed

e O

NCSU-MWDL-X-[AZ]-[0]-12683-22C NCSU-MWDL-X-[CN]-[R]-12833-1-2

Figure 1.7: Two representativse(a) azo and (b) cyano dyes from NCSU Max Weaver Dye
Library.
1.2.1.4Interaction of Dyes toTextile Substrates

When dyes are applied to substratimey are taken up by theubstrates via four
important steps: exhaustion, diffusion, migratiand fixation. In exhaustion, the dye
molecules move from the dye baththe fiber surfaceNext in diffusion, they move from the
fiber surface to the amorph®uvegion 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
polymerchain via primary or secondary valency forées.

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 salidl solution (3., disperse dyes
on polyester)covalent (e.g., reactive dyes on cellulosic fabricderondary valency force/H
bond (direct dyes on cellulose fabri@jigure 18).222426 As dyes interact differently with
fibers, their solution properties and applicata@nditiors 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) andlirect(bottom, right) dyes with fibers.
1.2.1.4.1 lonic Interaction

lonic dyessuch as acid dyes form ionilateraction with substrates (Figure 1.9). For
example, eid dyes have one or more ionic sieg., sodium sulfonatacid graip, -SO:Na
which aid them to be more soluble in water. In solution, dye forms an aage80s". Acid
dyes are usually applied to nylon/polyamide fibers at low pH conditions (pH)= 2

Protein fibers have both carboxylic acid and amino groups. In sojtitie fiber reaches
at its isoelectric point where it contains egualamount of protonatedasic ({NHs") and
ionized acidic sitesCOQO). When the pH of the solution decreases below the isoelectric point,
the fiber acquires a net positive chargdHz") (Figure 1.9) and interacts with negatively
charged dye anion-$%QOz) via anionic bond. Genally, lowering the pH in the dye bath
increases the rate of adsorption of dye on fibersarbequentlythe exhaustion of thdye

molecule to the fiber occurtlsually, acid dyes are applied to substrates at a pFbGf2’

COOH

*H3N [Fiber] COO" + H* =<—= "H;)N [Fiber]

Figure 1.9: The protein fiber acquires a net positive charge when the solution pH d=screas
below the isoelectric point.



1.2.1.4.2Hydrophobic Interaction

Sparinglywatersolubledisperse dyes form hydrophobic interactioa a solidsolid
solution onfibers like cellulose acetate and polyester (Figure 1.8). Due to their low solubility,
thesedyes need to be milled to a very small particle siz2 (in) and need to be dispersed in
water using a dispersing agdat application?

Disperse dyes possessvale range of colors with good wash fastness andinmedo
goodlightfastnessThe common chromophores for disperse dyes are azo, anthraquinone, nitro,
methne,benzodifuranoneand quinolinebased structures (Tahle?).

1.2.1.4.3 Covalent Interaction

Reactive dyesorm covalent bonds primarily to celldiw fibers. These dyes are also
applied to wool or nylon fibers. Reactive dyes contain one or two reactive groups which form
acovalentoond with the cellulose$:?°Cellulose (GH100s) nis a polysadearide containing a
linear chain of p© 1 linkages?® 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). Themical 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., colondpganiups) and the
conjugated aromatic systems whadlow them to absorb light in thésible region (400700
nm). Widely used chromogens for reactive dyes are azo (monaargisnetatcomplex),
anthraquinone, phthalocyanine, copper formaaadfripherodioxazine

The lridging groupconnecs reactivegroups with chromophores and other conjugated
systems. It also influenceke reactivity of thedyes. Common bridging groups arsHo, -
SO, -NH-SO, -NHCO, -O-, -S- andi N-alkyl. Another important componeof reactive dyes
is the leaving grougror halotriazinedyes, thehalogenatom is the leaving group. Stability of
leaving groups is | > Br > Cl > F. Faulfatoethylsulfong(SES) dyes, hydrogesulfate (-
OSQH) is the leaving group. Additionally, reactidges have one or more solubilizing gosu
(-SOsH) whichmakedyes to be soluble in water throughbdnd?’



Table 12: Overview of important dye classes and their application propgftés’3°

Dye Solution Typical Methods of Bond type Typical
class properties substrates application with the chromogen
substrate systems
Acid Watersoluble, Polyamide and Acidic condition (pH lonic AZ, AQ,
anionic Protein fibers as  2-6) MC-AZ,
nylon, silk, wool TAM, AZN,
NR
Basic Watersoluble, Acrylic fibers Weakly acidic lonic AZ, MN,
Cationic in acidic condition (pH 4.5 TAM, ACR,
solution 5.5) AZN, OX,
XN
Direct Watersoluble, Cellulosic fibers Needs electrolytes as H-bonding, AZ (82%),
anionic NaCl, NaSQs during  dipolar force DOZ, SN,
thedying THZ, PhCN
Reactive Watersoluble, Mostly Cellulosic, Alkali or heat needed Covalent AZ, AQ, Ph
anionic others awool, saltneededor bond CN, FR, MC
nylon. affinity
Disperse Water insoluble Hydrophobic Needs dispersing SolidSolid  AZ (60%),
nor-ionic. fibers as acetate, agent during dyeing solution AQ (25%),
polyester NR, MN,
BNF, ON
Azoic Water insoluble Cotton Reaction inside the  Van Der AZ
nor-ionic. fiber (Coupler and Waals,
salt) Hydrophobic
interaction
Vat Water insoluble Cotton Reduction, Entrapped in  AQ (82%),
nortionic. absorption, re fiber with ID/TID (9%)
oxidation needed H20 soluble
forms
Sulfur Water insoluble  Cotton Reduction and Aggregation BTZ
norionic, solubilizaton needed with H-
macromoleclar. at high temp bonds

AZ, Azo; AQ, AnthraquinoneMC, Metal Complex FR, FormazanNR, Nitro; Ph-CN, PhthalocyaningTAM, TriarylmethaneMN,
Methine QP,QuinophthalongXN, Xanthene AZN, Azine; ACR, Acriding; OX, Oxazine SN, Stilbene; DOZ, Dioxazine THZ,
Thiazole;BNF, BenzodifuranoneQN, Quinoline;ID, Indigoid; TID, Thioindigoid; BTZ, Benzothiazole
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Cellulose
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Reactive dyed Cellulose

R—Dye

Figure 1.10: In presence of dye bath alkali, ionized cellulose covalently interacts with the
reactivedye, where R = reactive group.

The most important part of reactive dyehs reactivegroup which makes the dye to
be covalentlybonded to thesubstrate. Depending on the reaction mechanism with fibers,
reactve groups can be classified ascleophilic substitutionhalo-triazine) ornucleophilic
addition (vinyl sulfond.?* Besidesthese two, other reactive groups are halogenated

pyrimidines, phthalazines and quinoxaliriés.

Leaving Group
Cl

Reactive Group
Reactive Group N~ NN

NaO,;SO /
NN )l\ /)\
Leaving Group 0// OH HN N N
H
l I Bridging Group

Figure 1.11: Overview of the different components of reactive dyes: Cl ReactedelR8.

Halo-triazine reactive group
Halo-triazinereactive groupsonsistof 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 nucleophilecellulosae anion (CelO’). Commonhalotriazinereactive groups are
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monochlorotriazie(MCT) anddichlorotriazing DCT). The reactive groughalo-triazine dyes
form covalent bonds with cellulosic fibers througlcleophilic substitution reactioffrigure
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 wattlulosateanion (CellO) via
nucleophilic adition reaction(Figure 1.13)

The requirement of alkali duringpplication 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 wasta§ dyes which is a major concern for dye
chemists?

Bi- and polyfunctional reactive groups

Fixation efficiency to the fiber increases from 60% to 80% when therere than one
reactive group per molecule. Fbid reason, biandpolyfunctionalreactive dyes and dimeric
dyes are being synthesized nowaddy$.Figure 1.15 shows some example$ bi- and

polyfunctional reactive dyes

DHN N NH DHN N NH:  DpHN N NH
. I O (A g G

+ |0—Cell "N N .~ N N N
ﬁ)\r" Heat Qm Y
Cl Cell-O Cl O-Cell

Dye fixed with cellulose

Figure 112 Fixation reaction mechanism of MCT reactive dye with cellulose.
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Figure 1.13: Fixation reaction mechanism of vinyl sulfone (VS) dye veifiulose.
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o H
\ \\ /CQO
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Hydrolysis
(undesirable in dyeing)
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Figure 1.14: Side reaction hydrolysis leads to wastage of dye irdyledoath during fixation
of reactive dye with cellulose.

1.2.2Biodegradation of Textile Substrates and Organic Dyes
1.2.2.1What is Biodegradation?

Biodegradation is the process, which convertmgiex species into simpler ones via
microorganisms such as bacteria, fyragidviruses U.S. Geological Survey (2007) defined
biodegradation as the transformation process, whiaghsforns a substance into a new
compound through biochemical reactions witlcroorganisms (e.g., bacteria). On the other
hand, theU.S. Environmental Protection dency EPA, 2009) denoted biodegradation as a
process, which uses microorganism to transform or alter the structure of chemicals introduced

into the environment’ Figure 1.16 shows the schematidtug biodegradatiomprocess.
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Figure 1.15. Examples of polyfunctional reactive dyes: (a) Homo Hfhinctional di
sulfatoethylsulfone (d5ES) Cl Reactive Black 5; (b) Hetero bifunctional
monochlorotrazine-sulfatoethylsulfone (MCT/SE) Cl Reactive Yellow 176(c) Homo bt
functional disulfatoethylsulfone (d5ES) Cl Reactive Yellow 176 dimer.

NaO,;S

Organic molecules Inorganic nutrients
\ /
Biod dabl CO,, H,0 and other metabolic
'cl') tigra able Biodegradation by microbes bi-products such as methane,
s methanol and ethanol

Under suitable conditions (optimum
pH, temperature and oxygen)

Figure 1.16: The s£hematic diagram shamathe biodegradation proce'ss.
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1.2.2.2Biodegradation of Textile Substrates

As thetextile industry grows, approximately 85,81busandons of textile fibers are
producedvorldwidein 2012and the fiber produmn increased approximately fifty timeser
the last 50 year¥. Each yearmillions of tons of textilematerialsare producedrom these
textile fibers.Disposal of textilesnaterials (discarded clothes and sha®&r uses is a big
concern and challenginwvaste management issue. According taBheronmentaProtection
Agency (EPA), thegeneratiorof textile waste materials (discarded clothes and shoes) in the
USA increased approximately ten times over the lasye#ys. Currently, three methodse
being emplogdto manage these textile waste materials: recycling, combustion and landfilling.
Among these methods, the most commonly used method is landfilling. dogdo EPA,
approximatelytwo-thirds of all generged textile waste materials are landfilled in 2015.

During landfilling of textile substrates, biodegradation occurs which breaks down the
substrates into simpler substancéa biological mcroorganisms (bacteria, fungand
viruse9.1*® When the substrates are landfilled to the environment, particularly in soil,
enzymatic degradation occurs to the textile substrates especially to cellulosié¢®fibers.

Cellulosic fibersuch as cottors an importantype of textile substrateCottonfiber has
a high degee of polymerizationgpproximately6000to 10000repeating unitswith highly
reactive hydroxyl {OH) groups. Due to the presence bf p© 1 linkages of linear chain
polysaccharides iotton the crystalline regionis around 70%and the emaining30% is
amorphous regiorCottonfibersare hydrophilic in naturéue toi OH groups)andthey are
highly susceptible to hydrolytic and oxidat degadations bythe microorganism.During

biodegradation, the amorphous region is mainly attacked by the microorganism (Figure
1. 17) .16,1920,32,33

1.2.2.3Biodegradation of Organic Dyes

In each year, approximately -li%6% of the dyes in dye bath do not bind with fabrics
and go to the environment through wastew&feor the reactive dyingrocess, up to 50% of
dye is lost in dying effluert® These unbound dyes make unaesthetic as well as harmful effects
to the environmental soil, wateandair. After breaking down, theseg/els become colorless
toxic and mutagenic to &ving organism. Differentphysicochemicalmethods suchas

filtration, carbon activated, coagulation and chemical filtration have been used to treat the
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colored textile effluents. However, these methods prodtmecentrated sludge, hich
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 decoloratiahyes on textile efflants. In biodegradation
process, different microorganisms such as bacteria, fungi, y@as$talgae are used for

bioremediation of dyes on textile efflueritst!

Crystalline region

: Y T

— ‘“
il \J-f
Figure 1.17: The chemical structure of cellulosbowing linear chains: © linkages

(top) and the schematic showing amorphous and crystalline regions (bottom) (adapted from
Béguin et af®).
Biodegradation of azo dyes

Azo dyes arethe largest class afynthetic dyes. Azo dyesontainone or moreazo
chromophoric groups=N-) which rendercolorsto the dyesin biodegradation process, the
azo dyes are degrad/decolorized by either aerobic (in presence of oxygen) or anaerobic
conditions (in absence of oxygen). Both conditiattsik the azo chromophore ariteak
downthe dye® During biodegradation of azo dyes, enain microbial such as azoreductases
and laccases prove to have great potential to degrade the azo dyes.

Azoreductases deade the azo dyes to aromatic amines (colorless products) via
reductive cleavage. During reductive cleavage, catalysts: NADH (Niooitiga adenine
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dinucleotide), NADPH (Nicotinamide adenine dinucleotide phosphate) and E&Bd&vVin
adeninadinucleotid@ provide arelectronto breakdown azo bond iatra or extracellular sites

of the microorganism.Intracellular degradation of dyes occurs to lthe molecular weight
hydrophobic azo dyes. HoweverghiMW and sulfonated azo dyes cannot penetrate to the
cellmembrane, so their degradation is not effective through intracellular sites. Therefdire, sma
MW redox mediator is used to mediate tteeluctionof these dyes on thextracellular
environment.This redox mediatorworks as electron shuttles between azo dyes and the
catalysts and facilitates degradation of dyes (Figure 1.18).

Laccases are oxidoredtases, which contain multicopper oxidase. They degrade dyes
via nonspecific oxidation. They work witbr without aredoxmediator. Apart from azo dye
degradation, laccases are also used for the degradation of anthraquinone dyes. Laccases use
molecularoxygen as arelectronacceptor to catalyze the free radical oxidation reaction of
phenolic and noiphenoltc compounds. Therefore, they preventftirenationof toxic aromatic

amines during dye degradation process.

Direct Enzymatic Method Direct Chemical Method
Azo dye H,S Azo dye
Aromatic s Aromatic
amines o amines

Biological Method (Mediated)

RMy, Azo dye

Aromatic
amines

RMgp

Figure 1.18: Biodegradation of azo dyesa various methods (RM = Redox mediator; ED =
Electron donor; b = bacteria) (adapted from Singh 8t al.
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Biodegradation of anthraquinone dyes

Anthraquinone dyes atbhesecondargest group of dyes, which contain anthraquinone
derivatives. Anthraquinonedyes are moreesistahto degradation than azo dyes due to their
fused aromatic structutéYet, several studies reported biodegradation of anthraquinone dyes
via microorganisms>*° Itoh et al. studied biodegradation of hydrophobic saainone dye
Cl Disperse Rd 15 Using fungi named PanomalalAM 12210, the authors observed the
total disappearance of the dye within B4Degradation products were characterized as the
amino substituent is replaceg ahydroxyl group, removal of &dydroxyl group, theaddition
of methylene groups to the anthraquinone derivative. Overall, fungi efficiently degraded
hydrophobic anthraquinorayes?®

Biodegradation pathway of hydropihi anthraguinone dyeds different than
hydrophobic anthraquinone dyEDue to the presence of sulfonated groups, reactive dyes are
hydrophilic in nature>**Ren et al® studied biodegradation of anthraquinone dye Reactive
Blue 5 along with other azo and triphenylmethane dyes. Decolorization of thesgaiygs
to 85% within 36 h reaction time. During Biodadation, the anthraquinone reactive dyes
showed annterestingphenomenon. 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 flocculatertad into white'® Sugancet al. studied theameReactive
Blue 5 dye with detailed biodegradation pathwéyEhe author used enzyme, peroxidase, DyP
for decolorization of ie dye. The degradation products were characterized biighe
resolutiontime-of-flight massspectrometer antH NMR. One important degradation product
was characterized as the phthaad (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 produsylfdnated
azobenzenéproduct 4) was observed aftie dimerizationof these two sulfonated anilise
(intermediated products).

Parlatti et at? carried out biodegradation of anthraquinone @yReactive Blue 19 by
fungal strains over 80-day period. Phthalic acid was an important degradation product for
Reative Blue 19 dye (Figure 1.20). Overall, degradation product as phthalic acid resulted from

oxidative ringopening of anthraquinone derivative is an important biodegradation pathway of
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anthraquinone reactive dyes. Yet, the degradation pathway of dyedutiors could be

different than the dyes on the biodegraded fabrics.
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Figure 1.19: Degradation pathway of Reactive Blue 5 treated with enzyme peroxidase DyP
(adapted from Sugano et'4).
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Figure 1.20: Degradation pathway of Cl Reactive Blue 19 treated with fungal strains (adapted
from Perlatti et at?).

1.2.3 Analytical Techniques and Instrumentations
1.2.31 Mass Spectrometry
History of MassSpectrometry

The concept of mass spectrometry comes along with the discoveryalétt®nby
Sir John Joseph Thomson who was awarded Nobel prize in 1906 for this distdatey in
1912, he discovered another phenomenon: when applying electric and magnetafielus
which were produced by the residual gases in cathode ray tubes, the ions follow parabolic
trajectories which were proportional toassto-chargeratios. Thesetrajectories could be
detected and producedrmaassspectrum. 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 Thomsdh)tine help of electric and magnetic
field to focus the rays of uniform charg@mass on @hotographiglate which improved the
mass resolutionWhile Ast ondéds i nstrument provided accur
scientist, Arthur Jeffery Dempster, iEnteda 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 spectrometandcontributedto the improvement of mass spectrometry. Yet, three

scientists named above are considered the founders of mass specttbmetry.
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The Conceptuallllustration of MassSpectrometry

A mass spectrometer cape presented by four major components: a sample
introduction inlet,an ionizationsource, anassanalyzerandthe detection system. With the
help of magnetic and/or electric fields in ¥ecuumsystem, ionized molecules from than
source are separatadd isolated in the mass analyzer basetheim masgo-charge ratiand

detected by the detect$r>°>Figure 1.21 shows a simplified schematic of a mass specgnmet

Fixed gases or volatile ——
liquids by El, Cl, or FI Vacuum T~

Solids or // "\lv5 AN

solutions lon Source Mass \
by ESI [ IONS Detector }
ey Analyzer

e
apci, AP | LN -
MALDI Solids by MALDI or __—-X

LSIMS ———

Computer/data system

Figure 1.21: The conceptual illustration of the mass spectrometer shows the major components
of the system (adapted from Watson e¥¥l.
lonization Sources

lonizationsource playsinimportant role m mass spectrometry. It produces gas phase
ions® As mass spectrometer only analyzes ionized molecules, any neutral compounds
introduced to the mass spectrometer need to be ionized via ionization sbheeboce of
ionization sourceslepends on thapplications as well as the samples being analyzed
example, ionization source known as electron impact (El) is used for ionizinrgahem
volatile compounds and considered a hard ionization technique dues texténsive
fragmentation production. On the other hand, atmospheric pressure ionizatioesssuch as
electrospray ionization (ESI) is considered a soft ionization technique which is mostly used for
nonvolatile, thermally labile compounésAnother soft ionization techniquilatrix-assisted
laser desorpin ionization MALDI ) can poduce intact ions from large fragile moleculidse
proteins®’ Similarly, another atmospherjwressure ionization technique named atmospheric
pressure chemical ionization (APCI) is softhan electron impact (El) and it is used for

comparatively nofpolar compounds. Figure 1.22 shows a comparison of three common

ionization sources: ElI, APCAnNdES|1 based on their selectivity

molecular weight (MW
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Figure 1.22: The choice of ionization sources based on sample polarities and molecular weight
(adayter from Kind et aF®).
Electrospraylonization Source (ESI)

The arival of atmospheric ionization mass spectrometry introduced electrospray
ionization (ESI) source which launched a novel era of ionization in rpasgrametry?’-3%42
Before ESI, ionization source was mainly available for volatile and thermally stabihgses
analytes®* ESI introduced easy ioration of nonvolatile, thermally labile compourfdsn
ESI, the solution of thanalyteis sprayed through smallcapillary into an electcifield. 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 polafjtyand it reaches to Rayd limit (repulsive forces among like
charges overcome the surface tension of the solution), the droplets go thonugimbic
fission. After evaporation of all solvent, the charges remain on the surface of the analytes and
the ibnized analytes enter magsectrometer.

Two mechanisms have been proposed for the ion generation t+£$1The first
mechanism ithe Charged Residue Mod@CRM) whichwas proposed by Delin 1968 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 meckanemed
as lon Evaporatio Model (IEM), which was proposed by Iribarne &Thomson in 147fhis
model states that increased charged density (resulted from solvent evaporation) causes
coulombic repulsion and releasesscade of ions (no simgions)* Figure 1.24 shows the

schematic of these two models.
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Figure 1.23: The schematic of thelectrosprayonization source in negative mode.
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Figure 124: Two proposed mechanisms for gas phase ion generation in electrospray
ionization mass spectrometry: Charged Residue Model (left) and lon Evaporation Model

(right).

The selectiity of ESI response is dependent on the properties of analytes and solvents

The surface activity, proton affinity, solvation energgdthe solvent pH are the main factors

which could affect ESI responskhe surfaceactive analytes usually stay on the surface of the

ESI droplets, stheir ionization efficiency is higheif solvation energy of the analyte is high,

their ESI response will be lovincenon-polar analytes have less solvation enethgir ESI
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responsés usually high During ionization, they stay at the droplet air interfsmetheycould
enter the gas phase silg than the ions inside the droplet (high solvatienergy)*
Additionally, ESI responseotild be increased or decreased by using appropriates additives

and modifies.

Quadrupole Mass Analyzer

The second importamart of themassspectrometer is the mass analyzer. Among all
mass analyzers, quadrupole analyzer is widely used due to its low cost and simple operating
principles?**’ The quadrupole ass analyzeworks by filtering trajectories of ionswith
different masses bgmploying a combination of direct current (DC) and rdcBquency (RF)
electric fields.Themassanalyzer consists of four hyperbolic parallel rods where ofgposils
are conneted in pairs with theamemagnitude of potentials bopposite signs (Figure 1.2%).

= m/z (C)

DC and RF voltages } I

Figure 1.25: Schematic of a quadrupole mass analyzer: (a) a hypedvotesection (b) the
operational principle of a quadrupole mass filter by the isolation of parent ion (at a specific
m/2.
When ionsareaccelerated @5V) from the source, at a given value of DC and RF
potentials, onlyheions within a certaimm/zrange will have a stabltraje¢ory and will reach
to the detectoiThe ramping of the ratio of DC and RF potentialevali only the expectddns
to reach to the detectand othes tocollide on the rods (Figure 1.25The stability and motion
of the ions in quadrupecanbad e s cr i bed by t h égramd®Theidiagahs st al

is obtained from he Mat hi eug@wenbelgvwu ati ons as
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Wherea and care termselated to DC and RF voltages respectively andand/e are
the distances alonthe coordinate axes (x, y) andnter axis (z) (Figure 1.25). U ihe
magnitude of théme-independenbC potential and V is the magnitudetmhe-depenlentRF
angul ar or oscillation pot(e r’dfitadtantwi t h an ang
When ians are accelerated in theaxis, they also experience acceleration in x gnd
axis If the values of acceleration toward x apdxisareless tham,, the ions will be able to
reach the detector without touching the rods in quadrupole. This is called the bounded solution
of the Mathieu equatiorThe ions athe tip of the diagram in Figure 1.2@all have stable
trajectoriesand reach to the detecthen adjisting theoperating line DC/RF ratio), the
resolution of the instrument will increabeit sensitivity will decreaseSincedifferent ions
have different masses, adjustment ofdperatingine also filters ions. As thmassof the ion
is inversdy propational to the ratio of DC to RF potentials (from low thigh value), ions of
increasing mass will first take on the stable diagram and transmitted to the detector (Figure
1.26b).
If quadrupole operates #te RFonly modewhereno DC component is acte/(a=0),
the operating linbecomes horizontal adiés onthex-axis, which indicates all ions will have
stable trajectories and will pass to the detettdn a quadrupoletime-of-flight (Q-TOF)
instrument atdll scan analysis, the quadrupole is set t&R&ronly mode where all ions pass
the quadrupole without filtering and these ions are directly analyzed bynfenith high-
resolutionTOF analyzer.

Linear Time-of-Fli ght (TOF) MassAnalyzer

Another imporant analyzer in mass spectrometryaigimeof-flight (TOF) mass
analyzer. Although TOF analyzer has been commercially available sintedti®50s it was
rediscovered during thastdecade or mor®. The TOF aalyzer separates ions based on the
time required for the ions to travel from ion source to detééfSrinitially, all ions are
accelerateavith the same kinetic energy. As different idnavedifferent masgo-charggm/2

ratio, their corresponding velocities and thus their flight times are different (Figure 1.27a).
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Figure 1.26: lon transmission in quadrupole analyzer: (a) The Mathieu stability diagrans show

the 1 onds stability based on the appl-qed DC
space; (b) The slope of the scan line can be adjusted for higher transmiseiws (adapted

from Sudakov et &8).

During ion acceleration, the kinetic energy (kinetic energyi® , here, m and v are

mass and velocity of the ion respectively) gained by the ion is equal to theigiaastgy
(potential energy = zeV, where, V= acceleration potential, e = electron mass and z = charge of
the ion)
QG Qw-av
EEL
a
Then, the flight timep  =-, L = length of the flight tube and v = velocity of the
ion
5
p g2
o) O — ~ &— ~ &Amassto-chargeratio
Although the resolving power of thEOF analyzer is very improved now, there were
some problems associated with linear TOF analyzer. The resolving power of linearaSOF
affected by four different phenomena (Figure 1.27b). The spread in flight times of ions in linear
TOF was due to the dirences instating 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 impresm

were made in linear TOF.

/ \ ﬂ)iﬁerent startingtimes Differentinitial kinetic energ@

V'

! o O O | QO

——| | l@ie> o | &4 6~

: O>O>O Different startinglocations Differentinitial directions

' Or@> O @* (65
lon source Detector G‘)"! @—> G)" "@i@"@+ (O

\ (a) N (b) J

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 timkg focusing is an
important impovement in linear TOF instrument and it is mainly used in MAIDIF2® The
ion source is divided into two acceleration stages instead of one. During desorptioioim the
source, the extraction region is kept filde and after femanosecondshe 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 veagnitial velocity spread and spatial
dispersion for ions with the samm/zare reduced and achieved better resolution.

Reflectron TOF: Another important improvement the TOF analyzer is thaddition
of the reflectronusing anion mirror3* The ion mirra in ReflectronTOF compensates the
initial velocity spread of the ions with sam@zratios. The faster ions penetrate deeper into
the reflectronand have longer flight paths than slower ions and eventually all ions with the
samem/zreach to the detectat the same time (Figure 1.28 (right)). The main optimization
parameters are the acceleration ratio and reflectron voltages.

TOF Analyzer with Continuous lon Sources (Orthogonal Acceleration): TOF
analyzers work in pulsed mode, e best match with theulsed ion sources like MALDI
For coupling the TOF mass analyzer with a continuous ionization source (e.g., ESI), an
orthogonal acceleratio& TOF) is needed (Figure 1.2%)In oaTOF, there is a little tmo
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 TORsinganion mirror (right).
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Figure 1.29: Orthogonal acceleration of TOF analyzer for coupling withdbtinuousion
source.
Detectors in Mass Spectrometry

The detectors in MS convert the energy of the incoming signatterttiby 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 bylighencot the
incoming particles to the detector. The efficiencythed 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 mihiragations in the transit time.

In Q-TOF mass spectrometry, tineultichannel plate (MCP) detector is used. In the
MCP detector, an array of $.0" miniature electron multipliers are oriented in a lead glass,
where all multipliers are parallel to eacther and each multiplier amplifies the incoming
signal. When ionsihthe front surface of the MEplate, an electron escapes amdoducethe
process of electrical signal amplificatiddext, the multiplier amplifies the signal by emitting

secondary elémns. Figure 1.30 shoves MCP detector withmulti-channelgplate®
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Figure 1.30: The schematic of multichanneplate detector (adapted from Wiza et%l.

1.2.3.2Tandem Mass Spectrometry

Tandem mass spectrome{iMS/MS) is a technique whialses the combination of two
or moremassanalyzersalong with collision cell. Initially, the tandem mass spectrometry was
only used for distinguishing isomeric compounds. Mixture analysis was also anqibetant
area for early tandem MS. Nowadays, the application of tandem mass spectrometry is
widespread including structure analysis, tdrgetedanalysis in complex matrix eté.

In tandem mass spectrometry lWwiQ-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 fragmothact
ionsare analyze byhigh-resolutiontime-of-flight (TOF) analyzefFigure 1.31).

Different types of dissociations can happen indbiéision cell, but in QTOF andem
mass spectrometry, the ions of interest undeddiisionaly-activated dissociation (CAD). In
CAD expeiment, the part of the kinetic enerd® ( ) of the precursor ion is converted to the

internal energy®@ ) of the ions whichinduced the dissociation (Figure 1.32).
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Figure 131 The conceptual representation of tandem mass spectrometry-TI@FQ
instrument. The precursor ion is selected in MS1 #@J with the help of collision gas,
dissociation happens, and the decomposed product ions are analyzed in MSZa@EPEA
from Watson et al?).
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Figure 1.32: The part of th&inetic energy is converted to internal energy of the ions which
induces dissociation.

The effective dissociation of thens depends on better conversion of the kinetic energy
to internal energy. The availability of the internal energy for the dissogiae#in be calculated

from the equation below

TA - A . [T W

Cort T m

Where,i =.i she mass of tiRgy4ikep nt hoef manstse roefs tt,h e

atoms used as c oA iissthe &imeticeermesy of theaiocargl Aty is tha s )
internal energy available for the ioAccording to the above equation, when the mass of the
ion isincreased, the available internal energy for dissociation is decreased. On the other hand,

increasing mass of the targgs(i - - Jy@increasing kinetic energy of the ion of interest
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(A | ywould increase the available energy for collisibor example, if argon (40 Da) is used
instead of nitrogen (28 Da) as target gas, the available collision energy would increase two
times® Therefore, this equation is helpful to theoretically calculate the available internal
energy based on the ions of interest and the target gases.

SurvivalSYNnetdndem mass spectrometry, sur
t he di str inkuwttinoenn eafgrye mdostdireand t o explain t
pat tFrronms .t he equation described above, i f th
the available internal energy for gyktdfesi on
i ons. The i (defined as calisian ergrgy, CEAn 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 oé thtensity of the precursor ioi4) to the sum of
the intensity of the precursor iogd and fragments ions £).

.
€ &

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, ti@Esovalueis used to differemdte structures. The
CEso value is defineds the collision energy at which the surviyild of theprecursor ion is
50%. CkoVvalues are distinct and used as the identifiers for different compounds. Experimental
CEso values are usually correlated to thteuctures of the compounds and these values are

mostly used for differentiating isomets

Different Modes ofScanningOperationin Tandem MS

In tandem MS$S especially tandenrin-space instrumentsavefour different modes of
the scanningoperation. Figure 1.34 shows the schematic of these maafescanning
operations.
I. Product lon Scan:In product ionscan mode, ajproduct ionsare scanned from the
precursor ionSinceno product ionis selected, this mode has low sensitivity. One
example ofproduct ionscan is in @TOF instrument where, thggh-resolutiontime-
of-flight (TOF, MS1) analyzer scans all the products coming from quadrupole (Q,
MS2) analyzer.
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Il. Precursor lon Scan: In this mode, a common type pfoduct ionis selected in
MS2 which comes from all the precursor ions in MS1 (MSkcanned).

[ll. Neutral Loss lon Scan: MS1 and MS2 are scanned at specific rrtassharge
(m/2 ratio offset. This scan mode can separditéoas which loss thesameneutral
fragment ions.

IV. Selected Reaction Monitoring:Herea particulaproduct is targted from specific
precursor ion, which means both MS1 and MS2 are at fixed mode.

Survival Yield
o
3

CE (eV)

Figure 1.33 The survival yield curves differentiate different structures by analyzing the
stability of the precursor ions during collisionafigtivated dissociation (CAD) in tandem
mass spectrometry (adapted from Kertesz & al.
Important Terms andDefinitionsin Mass Spectrometry

Monoisotopic Mass(M): Monoisotopic mass is the linear combioat of lightest
stable isotopes of each element in the molecules. The monoisotopic mass (M) along with other
isotopic masses in the isotopic distribution dentitesnasgo-charge(m/2 of the ion. Figure
1.35 pravides an example of calculating thr@noitopicmass of dye CI Acid Red 266.

Mass Measurement Accuracy (MMA). MMA calculates the closeness of
experimentalmassto-charge(m/2 ratio to theoretical one on scaleof parts per million
(ppm)?153 The MMA (ppm) of the monoisotopic peak can kacalated from the formula

below: A s s g e s Lo s
ODAOEIdAd OAEAT OAQEAAI

- 1 S
+ bbl IEAT OMODEAA] b T
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Figure 1.34: Different scanning modes in Tandem Mass Spectrometry.

Mass Resolution and Mass Resolving PowerMassresoluion is the smallesin/z
difference km) for which two adjacent peaks m and rknt areresolved 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).

Ontheoter hand, ng
power instrument can resolve adjacent peaks with high mass accur#uy.difterentvalley,

mass resol vi power i S an
resolving power of the same instrument can be different from each other. From Figure 1.3

the resolving power can be calculated at 10% or 50% valley as below:

2 A0I |005<|Aq.§/i—

v
20 b p—monnc
puTmp
20 p o8t puTp
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Cl Acid Red 266 Mass of atoms
(lonized) cl (Dalton) (M)

o] 444.0033 . .. .
oMl OH C= 12.0000 100 " Isotopic distributions

f? N= H=1.0078
o =N Cl = 34.9686 (M+2)
E F F =_ 18.9984 50 (M+1) 446.0033
F N =14.0031 s (M+3)
NH _ 445.0055 M+5
2 0 =15.9949 447.0058 (M+5)

Chemical Formula §=31.9721 0 —
a4z 444

446 448
C17H1 UC|F3N304S Counts vs. Mass-to-Charge (m/z)

450

Monoisotopic mass (M) = (17x12.0000) + (10x1.0078) + (1x34.9686) + (3x18.9984) +
(3x14.0031) + (4x15.9949) + (1x31.9721) = 444.0033

Figure 1.35: The calculation of monoisotopic mass which leads to the M peak in the isotopic
distributions in mass spectrometry.
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Figure 1.36. Mass spectrum showing tltkfferent percentage of thealley for calculating
mass resolution and resolving power.

Isotopic Distribution : Most of the elemestin nature area mixture of isotopes.
Isotopes are the atomic speamth thesamechanical element butifferent massegtiesame
number of protons and electrons but have a different number of neutrons). The natural
abundance of théghtestisotope is most abundanthe common heaviest isotopes of atoms
are as’C = 1.1%,%S = 4.4%,°'Cl = 32.4%,%'Br = 97.5%. Mass spectrum prades the
lighteststable 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 isot#i8e& 00%) and*S
(4.4%) where®?s will participate in M peak antfS will participate in anM+2 peak in mass
spectrum (Figure 1.37f. Since, molecules usually contamultiple numbes of atoms
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(isotopic mixture), both most and less abundant nsassdesotopic distributionsn themass

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

1.2.3.3 Lliquid Chromatography

Liguid Chromatography isreanalytical technique/here the separatiorof the samples

is obtaned by distributing the samplestwo phases: stationaand mobile phase®°¢When

samples from the mixture partitioned into two phases, depgmadirtheir interaction between

mobile and stationary phases, different analytes elute at different times which is called the

retention time of the sampleBhe etentiontime of noninteracting compound is the void time

or dead time. Figure 1.38 shows tleehnical 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). Whtrese compounds are detected by a detector, the peaks in

the chromsgram are formed (Figure 1.38, right).
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Figure 1.38 A fundamentabverview of liquid chromatography: The compounds from the
mixture are eluted at the endaflumn (right) which are detected by the detector and created

a chomatogram (left).

Void time in liquid chromatographys usedto calculatethe retention factorof the
compounds Retention timeusually varies if experimental conditions and instruments are
changed, but theetentionfactor is constant for a specific salmpCalculation of retention
factor,0 is displayedelow

Void time= 0 , Retentheion timeof compoundX = 0
Then retention facton) =—=—
Here,0 is the adjusted rention time of compoun.
Column Efficiency can be expressed as thember oftheoreticalplates (N). The

number otheoreticaplates (N) is proportional to the length (L) and inversely proportional to
the plate height (H) of the column. Plate heightaofolumn can be derived from than

Deemter Equation as below
- . 4
A HD T WigTH= o [ andy 1
Here, A, B, C and u are threeldy-diffusion or multiple-paths,the bngitudinaldiffusion, the

masstrarsfer,andthe linear flow rate respectively.
ReverseePhaseliquid Chromatography
The reverse-phase liquid chromatograpifRPC)is mainly used for separating nen

ionized neutral compound&®” The stationary phase of RPC is a hydrophobic octadecyl
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carbon chair{Cig) bonded to silica. A normal phase column has silica particles with many

OH groups on the surface but for RPC column-@id groups arendcappedvith octadecyl
siloxane. This is necessary for the retention ofpolar and neutral compounds. Figur.®

shows the octadecyl siloxane system (ODS) whereQktgroup was endapped 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 ietemill be very low in

RPC.

Uncharged molecule  Ionized molecule
(Acids) HA & A=+ H*
(Base) B+ HY & BH™
Hydrophobic (more retained in RPC)  Hydrophilic (less retained in RPC)

™ e

W 16

E:SI/ \SIIAM?5\§ Reversed Phase

= g

@|__OHCH; = Q OH Mobile Stationary
g1 CH; 5 phase phase

El fo) | o Samples

ElSi/ ~si 15 5 Polar Non-polar
o o] (0

ISi CH;

Figure 1.39: The overview of reversephase liquid chromatography (RPC): interaction gf C
column with samples.

Hydrophilic Interaction Liquid Chromatography (HILIC)

Hydrophilic interaction ljuid chromatography (HILIC) is separatiormode of liquid
chromatography (LC) where the highly polar and hydrophilic compounds are separated in a
polar stationary phase andhanpolarmobile phas&®>° A specific ornon-specificinteraction
occurs during the separation of compounds on HILIC. These interactions could be a partition,
adsorption, ion exchange or size exclusfohike, normalphase LC, HILIC utilizes polar
stationary phses such as silica, amino or cyano. However, HILIC uses hydrophobic mobile
phases similar teeverseegphasd.C. HILIC separation is carried out in an isocratic mode with
a high concentration of organic phasewith a gradient mode starting with a highrgentage
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 watlraqueous layer on the surface of
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the stationarphase. This aqueous layer vs. Weterdeficientmobile phase act as the liquid
liquid extraction system and analytes distributed in these two layers which help them achieved

separation (Figure 1.40).

75 SILICA

d— et

Figure 140: During s@aration of compounds in HILIC, an aqueous layer is formed on the
stationary phase which helps retainandto separatéhe polar compounds (adapted from
Buszewski et l®).

Since HILIC uses highlyorganic mobile phase, it is best suited to electrospray
ionization (ESI) in mass spectrometry. High organic phase enhances the ionization of ESI.
Moreover, HILIGMS eliminates usig ion-pairing reagents for the retention of charged
analytes. Extensive iguairing reagents suppress the ionization of ESI inMS.

Nowadays, the popularity of HILIC is increasing day by day. Evengihaii thanitial
stage, HILIC was only used for the separation of carbohydrates, amino auigseptides,
currently it is widely used for different fields of application. For exampBkIC is being
utilized for trace residue analysis of dicyandiamidgromazine, melamine in animal tissue;
dicyandiamide in infant formula or in wasteater®®%? The aplication of HILIC to dye
analysis is a novel concept. Yet, it hatslof potentialsSinceorganic dyes have different

classesSome of them (e.g., acid and reactive dyes) are highly polar, hyiticophd ionic in
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solution, HILIC would provide interestg and promising results for the separation of these

dyes from diffeentmatrixes (chapter 4).

1.2.3.4Liquid Chromatography -Mass Spectrometry

Coupling of liquid chromatography to mass spectrometry was possible due to the
arrival of atmospheric pressurenization source such as E83f* From then, liquid
chromatographynass spectrometry (L-®1S) has been a very promising instrumentation for
analytical method development. In this reseaecltommercial LEMS instrument (Agilent
6520 AccurateMassQ-TOF LC/MS) was mostly used for analytical method development.
Figure 1.42 shows the schematic of this instrument.

The frontend of the of the JOF mass spectrometer starts with a capillary. The
desolvation gas flows through the ions via tagillary. The functions of capillary include
focusing, desolvation and declustering of ions with the help of drying gas. After capillary, the
instrumentconsistsof a skimmer which prevents the loss of ions. The octupole stays after the
skimmer which guides the ions toagirypole. The octupole contains eight rods (adjacent rods
with opposite polarity) with RF and DC offset voltages. During MS/MS ntlassfiltering
operation is carried out in guadrupolemass analyzer with the aid of nitrogen gas from
collision cell. Afte cdlision cell, the ions are cooled and compressed by the ion beam
compressor and then they go through the slicertlagulserassembly. From the igoulser
to the detector, the ions need to be accelerated with high voltage pulse orthogonal tbtthe flig
tube in TOF analyzer. Next, the ions are analyzed igh-resolutionTOF and they finally

go to the detector.
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Figure 141: Schematic of an Agilent 6520 Accurditass QTOF LC/MS instrument: ESI
source (top) an@-TOF analyze (bottom). (adapted from Dow et%).

1.3 Thesis Overview

A brief overview of the thesis is given below, which can be dividedwo main aims.

Aim 1. Developboth Qualitative and Quantitative Analytical Methods to Study Dyes

from Complex Mixtures

(1) Developed a qualitative and diredhigh-resolutionquadrupolgime-of-flight (QTOF)
mass spectrometnypethod to characterize polysulfonated reactive dyes and their in

situ dimericreaction products (Chapter 2).

guantitative method via hydrophilic interaction liquid

(2) Devdoped a novel
chromatography (HILIC) coupled tphotadiode array detector (DAD) ankigh-

resolutionMS to retain and separate polysulfonated reactive dyes, theiridiarel

hydrolyzed reaction produe{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 teffects of substituents dfydrophilicanthraquinonelyes
on retentionbehaviorin liquid chromatography and identification in tandem mass

spectrometryChapter 5).
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Aim 2. Develop Methods to Study the Degradation of Dyes on Biodegraded Cellulosic
Fabrics

(5) Developedphysical, chemical and biological methoids studydifferent functional
reactive dyes (mono, homand hetero) and their degradation products from
laboratorycontrolled biodegraded cellulosic fabrics (Chapter 6).

(6) Developed a quantitative degradation assesit methodfor sulfatoethylsulfone

reactive dye o biodegraded cellulosic fabrics (Chapter 7).

Chapter 8 encloses the thesis vatnclusios and future recommendations
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CHAPTER 2

Qualitative Characterization of Polysulfonated Reactive Dyes and Their ksitu
Dimerized Products Using Quadrupole Timeof-Flight Mass Spectrometry

(Adapted fromSultana, Nadia, et alDimerised heterobifunctional reactive dyes. Part 1:
characterisation usi ng guadrupol e ti me olf Coldratianh t ma :
Technology2018 https://doi.org/10.1111/cote.12368

Abstract

This work utilized high-resolution quadrupole timef-flight (Q-TOF) mass
spectrometry to characterize a group of polysulfonated heterobifunctional MCT/VS reactive
dyes(CI Reactive Yellow 176, Cl Reactive Red 239, Cl Reactive Blue 22Re@ttive Red
194,and CI Reactive Blue 222) andethdimeric analogs. The dimerization wasrted 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 (HMA) as a linking group. During charactetimsm of in-situ
products, dimeric dye ions of different charged states were observed using HRMS negative
electrosprayonization in QTOF mass spectrometry. For example, HRMS showed that the
HMDA-linked reaction products were mixtures of the target -{foydrolyzed) dimers
hydrolyzed dimersmonoreactegbroducts, andhydrolyzed unreacted dyes, with Cl Reactive
Yellow 176 and CReactive Red 19groducing the desired timydrolyzed dimers.

2.1Introduction

Reactive dyes are invaluable colorants, due to theesistance to removal from
cellulosic fibers during laundering cyclesaking them ideal for frequently washed textiles.
This family of anionic (sulfonated) dyes undergoes covalent bond formation with the ylydrox
groups of cellulose, enabling the apption of a wide variety of chromogens to cotton.
Unfortunately, reactive dyes also often require the use of large quaotigtctrolytes (e.g.
70g/L salt dyebath) during tlteingprocess, to promote dye transfer from the dyebath to the
substraté? Becausethe resultant highly saline dyebath can be harmful to aquatic life if
released as aeffluent approaches to re@ve dyes requiring low to no salt in tliyeing
proces$aslong beerof interest. In particular, the ability to usmnoazaeactive dyes having

a7
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good brightness as well as high permanenoé ¢é®ntinued interestlence, out lalindertook
a studypertaning to the dimerization of certamonoazareactive dyes foenhanceaffinity
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 goahadytical
method having high sensitivity and accuribwas needed.

Liguid ChromatographyMassSpectrometry (LEMS) is a very sensitive technique for
the analysis of anionic dyesidnegative electrospray ionization (ESI) is considered the best
method of ioniation®>’ In liquid chromatography, a reversptiase medium with an ion
pairing reagent is mainly used for the retention and separatsufohateddyes. Due to the
nonvdatile nature ofion-pairing reagents such as tetraalkylammonium salts, they are
incompatible with MS analysis. Comparatively, volatile reagents suchadg/lammonium
acetatedrialkylammoniumacetates give @asonableompromise between retention da8l
ionization performanceyut they are unable to retain dyes containing more than sockem
sulfonategroups’8

High-resolutionelectrospray ionization quadrupole tirokflight (ESI-Q-TOF) mass
spectrometry is natinely used for the elemental analysis of organic compounds through
accurate mass andotopic distribution analysis. Both TOF andTQF instruments can
provide subppm or ppm mass accuracy for exact mass andl@isipling of negative ESI
ionization with high-resolution MS easily provides moleculaweight information for
sulfonated compounds via the deprotonated peak ai][Micompound contains one sulfonic
group), [MxH]*(contains polysulfonic groups) and sodiated peak at(@/+ y)H + yNaJ*
(adduct formation with sodiunty:** Apart from MW informationjt also provideslemental
analysis, with the aid of gh mass measurement accuracies (MMA), charged states and
isotopicdistribution!?1° In MS, the MMA calculates the closeness of #x@erimerdl mass
to-charge ratigm/2) to theoretical one gpartsper million scalé® Additionally, high resolving
power instrumentike Q-TOF provi de accurate i1 sotopic dis
by resolving the adjant peaks along with accurate height due to the isotopically enriched
atoms such as carbosylfur, and chlorine. For exampl#je relative height or abundance of
M+1 and M+2 peaks can be used to predict the number of carbon and sulfur/chlorine atoms

respetively in the analyté®
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In this study, @TOF mass spectrometry was used to analyzpritducts producebly
combining commercidbireactivemonochlorotriazinevinyl sulfone (MCT/VS) type dyes (CI
ReactiveYellow 176 (RY176), Cl Reactive Red 23RR239, Cl Reactive Blue 221 (RB221),

Cl Reactive Red 194 (RR194) and’l Reactive Blue 222 (RB22P with
hexamethylenediamine to confirm achievement of the dimerization reaction illustrated in
Figure 2.1} The structures of the parent dyes in their sulfatoethylsulfone (SES) forms are

shown in Figue 2.2.

Nao::,SOHchzCOZS
NH
NaO;SOH,CH,CO,S N //k N NN
a03SOH,;CH,CO; \H N N,ﬁs\/ \'// \Ir ~p
H NS N
4%000
NH WO HN

A
@ N |)§N
ok,

(D = Dye chromophore)

NaO3SOHch2COZS

+

NH
1) O M2

(HMDA)

Figure 2.1: Reaction scheme for dimerization of commercial MCT/Mé&ctive dyes with
hexamethylenediamine (HMDA) as a linking group®
2.2 Experimental
2.2.1 Materials andReagents

All of the parent dyes (Cl Reactive Yellow 176 (RY176), R¥active Red 194
(RR194) CI Reactive Red 239 (RR239), Cl Reactive Blue 221 (RB22H)C| Reactive Blue
222 (RB222) were obtained from Everlight Chemic@USA). Hexamethylenediamine
(HMDA) was obtaind from TCI, Ltd. USA and.C-MS grade methanol was purchagesin
JT.BakeUSA)wi t h a purity O 99. 9%
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2.2.2 ReactiveDye Dimer Formation
HMDA (2.5 mmol) in deionized water (1ML) was heated to 80C and aded toa
stirred solution ofcommercial dye (® mmol) indeionized water (5@nL) at 80 C. The

resultant solution was maintained at pH 10 usingdXa (20% w/\) and at 80 C for 1h. The

pH was then reduced to 6 using dilute H&1 room temperaturélhe lution was kept
overnight, and dye was salted out using 10% (w/v) Ne@lected by filtrationand air dried

for MS analysis

2.2.3 MassSpectrometry

For MS analysis, stock dye solutions were prepard®@® pg/mL in methanol/water
(50:50) and dilted to 10 pg/mL (commercial dyes) 800-300 pug/mL (dimeric products)
Before analysis, all the solutions were filtered using a PVDF syringe filter (0.2um, Sigma
Aldrich, USA).

Dye solutions were directly injemd irto the ESI source using a HarvatHD 2000
Infusion Syringe PumpAll samples were analyzed using an Agilent Technologies 6520
AccurateMass QTOF LC/MS instrument(Agilent, Santa Barbara, CA) consigj of an
electrospray source, operated in negativemode. The ' OF instrument was carriedibin
high-resolutionrmode (4GHz) with a resolving power frd@@00for 100m/zto 18000 for 1600
m/zand high masat full scan analysisAll data were analyzed by Agilent B.06 MassHunter
Qualitative software.

SyringePump was set atflow rate of 6 pL/mn with 1-min injection time'® The MS
operating conditions were optimized for highest ion intgresstdrying gas temperature 350
°C and flow rate 12 L/min, nebulizer pressure (88, fragmentorvoltage 110V, Skimmer
voltage 65V octupolevoltage 750V, Vcap voltage 3500V and capillary current 0.029 pA.
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Figure 2.2: Structures of the commercial MCT/VS (parent) dyes used in this $tudy.
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2.3 Results and Discussion
2.3.1 Characterization ofParent Dyes
2.3.1.1 The M+2PeaksAnalysis

As monochlorotriazinesinyl sulfone (MCT/VS) dyes, each contains one chlorine atom
and at least four sulfur atoms (Cl Reactive Blue 221 has four, Cl Redefiogv 176 and CI
Reactive Red 194 have five, Cl Reactive Red 239 has six and C| R&laiv222 has seven)
(Figure2.2). In addition, CI Reactive Blue 221 has a Cu atom in its structure. When analyzing
the parent dyes by-@QOF in full scan mode, the egpted isotopic patterns were generated
along with high mass accuracy for elemental conmrsiand the relative abundance of the
M+2 peak was monitored in each mass spectrum. In addition, we searched for
sulfatoethylsulfone (SES) and vinyl sulfone (V8)riis in each parent dye.

Figure 23ashows results from the full scan analysis of dye Cl Reactive Yellow 176,
with both SES and VS forms iniple- and tetracharged ions observed. Moreover, the tetra
charged ion atn/z 228.9768 was characterized as tHeSSform with water loss-20).
Additionally, zoomed in spectra3b and 23c show the isotopic distribution of tetcharged
ion [M-4H]* (SES form) and triply charged ion f8H]3 (VS) of the dye. Here, the M+2 peaks
for both SES and VS forms were ~65%da~60% of the M peaksespectively, 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 suchHisudgally is
absent even in soft ESinization modeinstead multiply charged ions in sodium adduct form
are mainly observetf. Our analysis also shows the same tendency. Tallg@rdvides a
summary of results from trenalysisof the parent dyes, with one ion from edaim shown.

Regarding Cu(ll) complex in Cl Reactive Blue 221 (FeR2), the relative abundance
of theM+2 peak was distinctly higher than the M peak. Along with Cu, S#B8YS, 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 gefak SES and VS forms weapproximatel07%
and 101% of the M peaks (FiguretR Even for divalent metaduchasCu?*, which is present
in the dye CI Reactive Blue 22We observed the same phenomemaithecharged stateias

one morehan the number o$ulfonategrougs (Figure 24).
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Figure 2.3: Mass spectra of Cl Reactivellow 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.
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Figure 24: HRMS spectra showing threlative abundance of M+2 peaks for the (a) SES form
and (b) VS form in Cl Reactive Blue 221.

During charge states deconvolution, molecular weight Was getermined from the
formula [M - xH]* (contains x number of sulfonic groups) and {Nx + y)H + yNaJ“ (as
sodium adducts) where M is the exact mass of the monoisotopic peak in mass spectrum.
Molecular weight is the linear combination of average nsmasseall the isotopes in the
molecule, whereas exact mass is defined as the linear combination ajhtiestlisotopic

masses of atoms in the molectile.
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Table 21: Summary of theccurate mass analysis of the parent reactive dyes.

Name lons formed Peakm/z  Peakm/z  ppm Charged Deprotonated Structures
(theo.) (exp.) error states or sodiated identified

exp. mass (Da)

Cl Reactive Yellow [M-2H]? 4674738 467.4734 -0.93 2 934.958 Dye (SES) (a)
176 [M-2H]2 418.4901 418.4903 0.37 2 836.9806  Dye (VS) (b)
ClReactive Red 239 [M+2Na-4H]?  533.4311 533.4313 0.35 2 1066.8630  Dye (SES) (a)
ClReactive Blue 221 [M-2H]? 506.9707 506.9702 -1.07 2 1013.9404  Dye (SES) (a)
[M-3H] 3049888  304.9892  1.45 -3 914.9676  Dye (VS) (b)
ClReactive Red 194  [M-4H]* 2227276 222.7283 3.37 -4 890.9132  Dye (SES) (a)
[M-3H] 264.6502 264.6506 1.48 -3 793.9518  Dye (VS) (b)
ClReactive Blue 222 [M-5H]® 2437759 2437759 -0.39 5 12188795  Dye (SES) (a)
[M-3H]2 3743094 374.3098  1.03 -3 1122.9290  Dye (VS) (b)

thea Theoretical exp, experimentaldeprotonated or sodiated expass peak (exp.) x absolute charged staBBS sulfatcethylsufone;
VS, vinyl suffone; (a) and(b) notations argarent dye forms
2.3.2 Characterization ofDimeric Structures

The starting parent dyes are heterobifunctional (MCT/VS) capable of combining with
HMDA to produce high MWhomobifunctionalbis(sulfatoethysulfone SES)type dimeric
structures. In this regard was anticipated that a mixture of products would form having dyes
with vinyl sulfone and théydroxyvinylsulfonegroups. Tables 2.and 23 show results from
using HRMS to determine the molecular natufdalme parent dyes and thegactionproducts

and the associated chemistry is illustrated for Cl Reactive Yellow 176 (Figure 2.5).

2.3.2.1Cl Reactive Yellow 176 Dimerization

Cl Reactive Yellow 176 produced a dinteavingtwo vinyl sulfone ¥S) groups a
dimer havingone VS andone hydrolyzed VS grop, and a mono reacted producom a
reaction with one end 6fMDA (Figure 25). Figure 26 shows the mass spectrum arising from
the two types of Cl Reactive Yellow 176 dimers havmgtiple-chargeddeprotonated sodium
adduct. In addition, Tabl22 provides a summary of the analysis of the parent dyes and their

reaction products.
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Table 22: Molecular nature of the parent reactive dyes and their reaction products.

_MCT _MCT _triazine—HMDA _triazine—HMDA
Dye_ Dye Dye_ Dye_
Yo sEs Ye-vs Ye-vs Ye-hvs
Dye (SES)a) Dye (VS)(b) Mono-reacted (VS)C) Mono-reacted (HVSYd)
VS. , VS tri HVS.
tri. . iy, e Figx; .
AZin,. tna . /Dye Win. fr,a . Dy Zlne_ fr;a . de
DJ/e/ e HMDA“ z,ne Dyg"e HMDA' 2”)9/ ° Dy e/\ HMDA_ Zlne
VS “HVS HVS
Dimer (di-VS) (€) Dimer (VSHVS) (f) Dimer (di-HVS) (Q)
Dye Name Parent dye Reaction products of parent dyes Number of forms in
forms reaction products
Cl Reactive Yellow 176 a, b Dimerse andf; monoreactedd 3
Cl Reactive Re@39 a Dimersf andg; moncreactedd 3
Cl Reactive Blug21 a,b Mono-reactedd 1
Cl Reactive Red 94 a,b Dimer e, moncreactedc 2
Cl Reactive Blueg22 a,b Mono-reactedd 1

SES sulfateethylsufone; VS, vinyl sufone; HVS, hydroxyvinylsulfone MCT, monochlorotriazineHMDA, hexamethylenediamine, d, e,
f, andg are the reaction products of parent dyes a and b.

For the dimeric prodtt mixture, we observedistinct differencesn the relative
abundance of M+1 and M+2 peaks compared to the parent dyes. Since, in dimers or in
monoreactegroducts, the chlorine atom is replaced by an HMDA group, the M+2 peak is
lower in abundance comparéo M+1, except for Cl Reactive Blue 221 products whichehav
a Copper atom. Moreover, dimeric products hatigh numbeof carbon atoms (both-4S
and VSHVS have 62 carbon atoms in Cl Reactive Yellow 176 dimers), so the M+1 peak was
~82% of the M peakAdditionally, dimers also have a higher number of sulfionas (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??
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Figure 25: Reaction scheme showing products identified from the dimerization of Cl Reactive
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Table 23: Accurate MS analysis @fter-reaction products of reactive dyes.

Dye name lons formed Peak Peak ppm Charged Deprotonated or sodiated Structures
m/z(theo.) m/z (exp.) error states exp. mass (Da) identified
Cl Reactive Yellowl76 [M+Na-5H]* 435.0301 435.0313 2.69 -4 1740.1252 Dimer (diVS) (e)
after reaction products (3) [M+2Na-6H]* 440.5256 440.5262 1.36 -4 1762.1048
[M-5H]*® 343.4262 343.4268 1.74 -5 1717.139
[M+Na-6H]*® 347.8226 347.8238 3.45 -5 1739.119
[M-6H]*® 286.0205 286.0217 4.19 -6 1716.1302
[M-4H]* 434.0372 434.0366 -1.57 -4 1736.1464 Dimer (VSHVS)
[M+Na-5H]* 439.5327 439.533 0.52 -4 1758.13D ®
[M-5H]® 347.0282 347.0294 3.28 -5 1735.14D
[M+Na-6H]® 351.4246 351.4257 2.98 -5 1757.1285
[M-6H]® 289.0222 289.0235 4.49 -6 1734.14D
[M-2H]? 467.5727 467.5727 -0.13 -2 935.1454 Monoreacted
(HVS) (d)
Cl Reactive Re@39 after [M-6H]® 318.3391 318.3385 -2.01 -6 1910.03D Dimer (VSHVS)
reaction products (3) [M+3Na-8H]* 395.3976 395.3992 3.84 -5 1976.996 ®
[M-6H]*® 321.3408 321.343 1.25 -6 1928.0478 Dimer (dirHVS)
[M+2Na-7H]* 394.6034 394.6052 451 -5 1973.026 ()]
[M+Na-4H] 3 348.0234 348.0246 3.34 -3 1044.0738 Monoreacted
[M-3H]3 340.6961 340.6974 3.75 -3 1022.0922 (HVS) (d)
[M-2H]? 511.5481 511.5486 0.97 -2 1023.092
[M+Na-3H]? 522.5391 522.5395 0.76 -2 1045.079
Cl Reactive Blue21 after [M-2H]2 507.0697 507.0718 4.14 -2 1014.1402 Monoreacted
reaction product (1) (HVS) (d)
Cl Reactive Red94 after  [M+Na-6H]® 331.0138 331.0153 -1.29 -5 1655.0765 Dimer (diVS) (e)
reactionproducts (2) [M+2Na-6H]* 419.5147 419.5153 0.14 -4 1678.0612
[M+Na-5H]* 414.0192 414.0D0 0.95 -4 1656.080
[M+2Na-5H]3 559.6889 559.6886 -0.54 -3 1679.0658
[M+3Na-6H]? 567.01622 567.0166 0.67 -3 1701.0498
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Table 2.3: Cortinued.

[M-3H]? 291.3684 291.3702 -3.15 -3 874.1106 Monoreacted (VS)
[M-2H]? 437.5566 437.5575 211 -2 875.119 (©)
[M+Na-3H]? 448.5475 448.5482 1.56 -2 897.0964
Cl Reactive Blu@22 after [M-2H]2 611.0507 611.0521 2.33 -2 1222.1042 Monoreacted
reaction product (1) [M+Na-3H]? 622.0416 622.0438 3.46 -2 1244.0876 (HVS) d)
[M+2Na-4H]2 633.0326 633.03® 3.76 -2 1266.000
[M+2Na-5H] 2 421.684 421.6878 3.32 -3 1265.0634
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Figure 2.6: Mass spectnm of Cl Reactive Yellow 176 afteeactionproduct showing peaks
for the diVS dimer and a dimer having one VS and one hydrolyzed VS group.

(a) Dimer (VS-HVS) (b) . Dimer (dLVS)
Dimer (di-HVS) e 6 *x10 imer (di-
x109 M+Na-TH
10 [M-6H] S 3220008 | ! a4 [M+2Na-5H] 3 567.0166
1.5 321.3413 :
\ 322.1706 567.3502

559.6886 Dimer (di-V$)

322.3359
[M+3Na-6H]~>

2.2
0.7 \‘ 568.0173
0.0 0.0
321.0 3215 322.0 3225 323.0 559.5 561.5 563.5 565.5 567.5
Counts vs. m/z Counts vs. m/z

Figure 2.7: Mass spectra showing (a) thexacharged ions of two types of hydrolyzdithers
of Cl Reactive Red 239 and (b) ttrply charged ions of Cl Reactive Red 194u$ dimer.
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Figure 2.8: Mass spectra showing (a) the doubleargednonoreacteddye + HMDA, HVS)
ion of Cl Reactive Blue 221 after atteted dimerization and (b) the triphargel ions from
mono reacted products of Cl Reactive Blue 222 (dye + HMBMS).
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2.3.2.2CI Reactive Red239 andCl Reactive Red194 Dimerization

MS analysis revealed that Cl Reactive Red 239 did not produce-bpdwolyzed
dimer; instead it produceddimers havingone or two hydrolyzed VS groups and a product
(HVS) in whichHMDA reactednone end onlyFigure 27g Table 2.2 and 2.3Dn the other
hand, Cl Reactive Red 194 produced arhydrolyzed dimer. Figure Zb shows the mass
spectum of sodiated triply charged ions of\dE dimers. This dye also produced a product

having HMDA reacted on one end with a VS group (Tables 2.2 and 2.3).

2.3.2.3CI Reactive Blue221 andCl Reactive Blue222 Dimerization

Neither d the blue dyes produced dimers.nktead they formed amonoreacted
hydrolyzed product having HMDA reacted on one end only (Figu8a &xd 2.8b). The
structures comprising the various reaction products of Cl Reactive Blue 221, Cl Reactive Red
239 Cl Reative Red P4, and Cl Reactive Blue 222 are shown in Figure-A(Bppendix A)
and Table & shows a summary of the associated accurate mass results. The results§Table 2.
column 7) shows that dimers havenalecularweight (MW) ofupto ~2000 Daand up ® six
negative charged ions, which were successfully characterized higimgesolutionQ-TOF

mass spectrometry.

2.4 Conclusion

This study demonstrated that the characterizatiomifinctional poly-sulfonated
MCT/VS reactive dyes (Cl Reactive Yellow 178l Reactive Red 1941 Reactive Red 239,
Cl Reactive Blue 221, and CIl Reactive Blue 222) and their dimeric analogs can be achieved
using ESIQ-TOF mass spectrometry. All of these pslyfonded compounds formed
multiply charged ions by using electroap ionization. They als@ave distinct isotopic
distributionsasfingerprintsfor data analysis, like their dimeric analogsloreover Q-TOF
measurements provided elemental analyses havingnimagis accuracy. -QOF experiments
were then extended to thearacterization of products from dimerizingpnoazoMCT/VS
reactive dyes using hexamethylenediamine (HMBA the linking agent. Irhis regard, it
was found that CReactive Yellow 176 and QRReactive Red 19g8roduced a dimer having/o
vinyl sulfone (VS groups, € Reactive Red 239 produced a dimer having one VS and one

hydrolyzed VS group along with a mono reacted product from a reagiib one end of
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HMDA, while CI Reactive Blue 221, and ®Reactive Blue 222 did not undergo dimerization,

giving onlya monomeric product from linking to one end of HMDA.
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CHAPTER 3

Quantitative Analyses of Polysulfonated Reactive Dyes and their termediate Reaction
Products by Hydrophilic Interaction Liquid Chromatography -Photodiode Array
Detector (HILIC -DAD) coupled to QTOF Mass Spectrometer

Abstract

This study developed a novahalyticalmethod by coupling hydrophilic interaction
liquid chromaography (HILIC) withphotadiode array detector (DAD) anugh-resolution
mass spectrometry (MS$pr quantitative analyses of polysulfonated reactive dyes and their
reaction intermediates. HILKDAD-MS successfully retained and separated twelve
polysulfondaed dyes containingp to fivesodium sulfonatgroups. These dyes had varieties
of reactive graps like moncfunctional as sulfatoethylsulfongSES), vinyl sulfone (VS)
monochlorotriazindMCT) or bifunctional as MCT3ES, MCT/VS, SES/SES, and VS/VS.
During HILIC-DAD-MS analysis, different dy@orms with a combinationof these reactive
groups were observed. Additionally, HILABAD -MS quantified two dye forms of Cl Reactive
Red 239 (dyeMOH/SES and dyMCT/SES), two dye forms of Cl Reactive Red 198 (dye
MCT/SES and dydCT/VS) and one dye form of Cl Reactive Blue 22¢#1CT/SES) with
good sensitivity (lower limit of quantitation, LLOQ as low as 0.41 pg/mL) and linearA®(R
0.99). Apart from native polysulfonated dye analysis, HHOSD-MS was used for
monitoring hydrolysis kinetics and dimer (has eiglodium sulfoate groups) synthesis
reactions. In thigegards HILIC-DAD-MS indicatedthat during hydrolysis reaction oflC
Reactive Red 198, hydrolysis kineticstbé vinyl sulfone (VS) reactive group is faster than
the monochlorotriazine(MCT) reactive group. Finall during dime synthesisfrom CI
Reactive Yellow 176 with linkehexamethylenediamineHILIC-DAD-MS provided the

optimum reaction timéor dimerformation

3.1lIntroduction

As expected, plysulfonated dyesre verypolar and hydrophilicl? These dyes are
ionic in nature and form deprotonated iimsolution® Reverseephasdiquid chromatography
(RPLC) is a commonly used technique for separation and characterization of theserdyes

different matrice$® The commonly used stationary phase for RPLC is a hydrophobic
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octadecyl carbon chairC{s) bonded to silica. In a normal phase column, the hydrophobic
carbon chain is absent insteafias many polatOH groups on the surface sifica. However,
these polar groups aendcappedwith octadecyl siloxane in theversegphase column for
the retention of nopolar and neutral compound¥’

The retention of plysulfonated dyeis low on aCig column.As the number a$odium
sulfonategroup is increased in the dye structuhe, retention of polysulfonated dyes oz (S
reducedTo increase the retention of these dyeslyéinal chemists have been using inorganic
salts onon-pairingreagents. However, inorganic salts aodvolatileion pairing reagents are
not compatible with post column mass spectrometry (MS) characteriZaGamparatively,
volatile ion pairing reagents such as dialkylammonium acetategiatkylammoniumacetates
provide a reasonable compromise between LC retention and MS ionization. Yet, they are
unable to retain the ég containing more than threedium sulfonatgroups®1%12

In the study reportedin chapter 2,it has beendemonstrated thatigh-resolution
guadrupole timef-flight (QTOF) mass spectrometry is an ideal tool for a qualitative
characterization opolysulfonated dyes and their wsitu dimeric mixtures without prior
separatiort? Upon, accure mass and isotopicsdiibution analysesnethods wereeveloped
to characterize dyes and their dimeailogscontaining up to 8.0 sodiumsulfonategroups
and molecular weights ~2000 Da. These analyses methods could be useful for characterizing
and deconvoluting of otherpgs of organic compounds from complex matrices. Even though,
for qualitative purposesthis method utilized HRMS for wsitu mixtuure analysis; for
guantitative purposes,chromatographimethodprior to theHRMS would be necessary

Hydrophilic InteractiorLiquid Chromatography (HILIC) is a type egparation mode
of LC which retains and separatesne polar andydrophilic compoundby utilizing a polar
stationary phase andn@npolarmobile phasé**®Initial uses of HILIC were in limited areas
suchas carbohydrates, amino acids or peptidas, currently it is widely used for various
applications. For example, tkeuplingof HILIIC with MS has beensedfor food adulterated
residueanalysisyesidue analysis in animal tissues, and/aste watet®!® The application of
HILIC to dye analysis imot yet expored Therefore,this idea introduces a neera of
analytical solutions for the dye chemists.

In this work, HILIC coupling with photodiode array detector (DAD) amdh

resolution Q-TOF mass spectrometrywas utilized for the retentionand separation of
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polysulfonatedeadive dyes and their reactiontermediates for quantitative purposes. First,
a HILIC-DAD-MS gradient method was developed for the retention, separadimnh,
characterization of twelve polysulfonated dyesntainsup to five sodiunsulfonategroups.
Second, a quantitative method wieveloped for dye Cl Reactive Red 239, Cl Reactive Red
198 and CI Reactive Blue 221, witbncentrationsranged fron0.5-50 pg/mL. Different dye
forms were quantified with good linearity and sensitivity. Third, the |l @iDAD-MS was
used for monitoring th hydrolysigeactionkinetics of different forms of dye Cl Reactive Red
198. Finally, aeattime dime synthesis reaction was monitored via HIEDAD-MS. In this

reaction, Cl Reactive Yellow 176 was used asaomemwith a linker hexamethylenediamine.

3.2Experimental
3.2.1 Materials and Reagents
Figure 3.1 shows the chemical structures ohative polysulfonated dye3able 3.1
shows the dye sources and their chemical information. Wide ranges of reactive groups are
present in the dyes (Table 3.1).cetonitrile LC-MS grade, 99.9%)ammonium formate
(HPLC grade099.9%)and formic acidACS grade, 8®1%) werepurchased from Sigma
Aldrich. Purified water was generated-house using MiliQ System (18Mq) (PU
Ultra from VWR).

3.2.2 Sample Prepeation for Polysulfonated Dyes

All dye samples were analyzed without prior purificatiéior qualitative sample
preparation, the dye powders were dissolved iifipdrwater(1 8 Mat a concentration of
1000 eg/ mL and di |l ut el/dl dsing aeectomtdeinater80:28.ttaron o f
guantitation sample preparatian]l 0 0 0  stgck solution was prepared in gied water.
Next, the stock solution was dilutedd300 € g/ mL i n acetonit rthel e/ wat
calibration curves were gpaed in the same solveint the following concentration€.5. 1.0,
5.0, 10, 20,. 30, 40, 50 g/ mL

3.2.3 Sample Preparation for Hydrolysis Kinetics of Cl Reactive Red 198
The hydrolysis kinetic solutions of dye were prepared in phosphate buffer
(NaHPQ,.H20, 1x103M buffer solutior). A 1x10*M dye stock solution was prepared in the
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buffer solution(pH 4). Next, 1 mL of stock solution waaddedtio 5 mL Fisherbrand glass vial
and 26f0.1N NaOH solution was added to each \kahally, the vials werglaced in
PIERCE ReactiTherm Heating module and the solutions were heated®°@t\gh 400 rpm.
The solutions were heated for 0, 0.5, 1.0, 1.5, 2.0, 2.5 artd Bffer each time irgrval, the
vials were removed from thmodule cooled to room temperatirNext, the solutions were
neutralized with 250¢ Lof 0.1 N HCI solution, filtered with a 0.21im PTFE filter
(Phenomenexpand placed in an HPL@ial for HILIC-DAD-MS analysis

Table 3.1: The chemical information of the polysulfonatdgesanalyzed in this study.

Cl Name CAS Commercial Chemical Reactive  Chemical MW  ama> SONa
number sources class groups formula (Da)  nm group
Reactive Blue 19 2580781 Huntsman Anthraqui  SES CoH1gN2011Ss 58 590 2
none
Reactive Blue 49 1223692-9 Huntsman Anthraqui  MCT C32H26CIN/O11S; 816 586 3
none
Reactive Orange 35 1227076-7 Huntsman Monoazo MCT C27H22CINgOSs 748 400 3
Reactive Red 198 145017987 DyStar Monoazo MCT/SES  CyH2CIN7O16Ss 896 520 4
Reactive Black 5 1709524-8 Huntsman Disazo SES/SES  CueH2sN5016Ss 904 598 4
Reactive Yelbw 174  10635991-5 Huntsman Monoazo MFT/SES  CyeH2gFNgO17Ss 918 430 4
Reactive Blue 21 1223686-1 DyStar Phthalocy SES CaoH25CUNyO17Ss 1160 614 4
anine
Reactive Blue 220 128416193 DyStar Monoazo, SES CoH1gCUNsO15S, 770 620 3
Cu
formazan
Reactive Red 23 1276907-2 DyStar Monoazo SES
Reactive Yellow 176 140876159 Everlight Monoazo MCT/SES  CugH24CINgO16Ss 938 417 4
Reactive Red 239 89157039 Everlight Monoazo MCT/SES  Cg3H24CIN7O16Ss 1026 542 5
Reactive Blue 221 9305%41-3  Everlight Monoazo MCT/SES CgHxCICuNOisS: 1017 610 3

CAS, chemical abstract service; €tlor index Da, Dalton SES, sulfatoethysulfone MCT, monochlorotriazineMFT, monofluorotrazine
MW, molecular weight (average atomic mass of all elements inghtalmolecule) a nma theoretical absorption maximum wavelength.

3.2.4 SamplePreparation for Dimeric Reaction Products of Cl Reactive Yellow 176

The dimeric reaction solutions werellected from the synthesis bath at the following
timeintervals: 1, 5, 10, 20, 25, 35na 45 min Next, the collected solutions wereeutralized
to pH 7 usinghedilutedHCI solution.For HILIC-DAD-MS analysis, 00 pL ofthereaction
solutionwas taken t@a 5 mL Fisherbrandjlassandan 800 pL of acetonitrilewasadded to
make the final slution, acetortirile/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-PhotodiodeArray Detector-Mass Spectrometry

Dye sampleswere analyzed using liquid chromatographyith photodiode array
coupled to electrospray ionization and to a 6520 accuratequadsupole timef-flight mass
spectroneter(LC-DAD-ESFQTOF-MS) (Agilent Technologies).

The hydrophilic interaction liquid chromatography (HILIC) separation was cartied
with an ACQUITY UPLC BEH Amide column (2.1x12.5m 1.7 € h from Waters
Corporation.The mobile phases used for the separatmsistef an aqueous phase (A) 20
mM ammonium formate with formic acid in water (pH = 4), amdorganic phase (B)
acetoiitrile. The flow rateand the injection volume were set toQnL/min and1 0 ¢ L
respectivelyusingthe following gradient: 95% B from 0 to 1 min,-88% B from 1 to 5nin,
holding 50% B from 5 to 6 min, 595% B from 6 to 6.01 min, holding 95% B from 6.1al
10 min. The gradient method had anth postrun 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% acetonitrildlowed through the column for 10 min for storage of the column.

Along with HILIC, a Gs column was used to compaitee retention and separation
behaviors. The column wagorbax Eclipse Plus€( 2. 11 50 mm, 3.5 &em) w
Eclipse Plus @ narow bore guard column (2.1x12.5m 5 ¢ AQ). Tharhobilk phases
used for the separatiopmsisted an agueous phase (A) 20 mM ammonium formate with formic
acid in water (pH = 4), andn organicphase (B) a ratio of 70 methanol/acetonitrile. The
flow rate of the mobile phase was O0Th& mL/ m
following gradent method was used: 3% B fromid1 min, 360% B from 1 to 1.5 min, 60
90% B from 1.5 to 7 min, holding0% B from 7 to 9 min and returns to 3% B @09.5 min.

4 min post runof 3% Bwas used toe-equilibrae the column.

The DAD detectoranalyzed a spectral range of 2600 nm. The main wavelengths
were set to 254nd the maximum absorbances of thesdfeable 3.1). The area under the
photodiodearray detector (DAD) was monitored and plotted against concentration to create a
calibration cirve for quantitation method\dditionally, the area under DAD chromatogram
was plotted against time for hydrolysesaction kinetic analysis.

The QTOF mass spectrometaras operated in negative electrospray ionization (ESI)
mode athigh-resolution(4 GH2 with a resolving power ranging from 9700 to 18000 for the
m/z 100 and 1600 respectively. The parameters of the M wptimized for the highest
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intensity of the ions as follows: drying gas flow rate 12 L/min at®85ebulizer pressure 35

psi, fragmertor voltage110V with the Vcap voltage 3500 V.

3.3Results and Discussion
3.3.1HILIC -DAD-MS Separated and Characteazed Dye Formsof Polysulfonated Dyes
Dyes ContainingSodium Sulfonatg-SO:Na) Groups

Among twelve dyes, Cl Reactive Red 239 (RR239) hasbdeum sulfonatéSO:Na)
groups which made it more hydrophilic than otleévendyes. It is anonoazodye with
monochlorotriazinesulfatoethylsulfong MCT/SES) reactive groups (Figure 3.1 and Table
3.1). During HILIGDAD-MS analysis, four different compounds were detected which were
successfully retained, separated via HILIC and characterizenighyesolutionMS. The
retention and separation of these fouooed compounds at 520 nm (DAD detectmgshown

in Figure 3.2a and their absorbance spectra are provided in Figure 3.2b.

(a) DAD chromatogram 5.86

at 520 nm

5.51

5.21 6.03

Respnse Uriss ve. Acisiion_Time {min)

5.86

(b) Absorbance spectraat 520 nm

5.51

5.21
— I,

6.03 ~

¥ 0 W W 40 40 40 a0 sk &0 0 40 a0 40 W0 50 29 SN S0 ®0 %0 S0 M1 S0 600 60 & 6N 60 60 6N &0 W ed W 70 @ 7R
AL vz, Wasederight (o}

Figure 3.2: HILIC-DAD-MS successfully retained and separated four colored comizsonien
polysulfonated dye Cl Reactive Red 23%t@oning five sodium sulfonatgroups. (a) The
DAD chromatogram at 520 nm shows tjmodretention and separation of these components
at different retention times with (b) their absorbance spectra.

After theabsorbance analysiga DAD at 520 nm (Figure.3a and b)high-resolution

mass spectrometry was utilized to characterize these comp@uwsuilsate mass and isotopic
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distribution were key to this analysidmigure 3.3 shows the characterization of all four
compounds via HILIEDAD-MS.

Like all MCT/SES dyes, Cl 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) fonveresearchedn all SES type dyes?
Moreover,the hydrolyzedorm of dye ions ( both hydrolyzed MCT and VS or any one of
them) were also searched herefore, during HILIEDAD-MS, several dye forms with a
differentcombination of hydrolyzed and/or unhydrolyzed reactive growgre characterized

SinceHILIC separated and retained different dye forthgsedye ions of different
formswere extracteffom total ion chromatogram in MS. These extracted ionroatogrars
(EIC) corresponding to DAD chromatographic peak identified these compounds (Figure 3.3).
In theHILIC column, the more hydrophobic compoursdistefaster than hydrophilic onés.
Therefore, the fitspeak at@retentiontime (RT) 5.21 min (Figure 3.3a) and its corresponding
EIC atm/z453.4830 (Figure 3.3Bhowsthe dye form containsydroxymonochlootriazine
and vinyl sulfone group (dy®IOH/VS). The ®£condpeak at RT 5.51 min and its EICratz
5114492 (Figure 3.3c)correspondto the dye form with monochlgotriazine and
sulfatoethylsulfone groups ((WdCT/SES). The third peak at RT 5.86 min corresponds to
dye-MOH/SES which is the most hydrophile@anongthese three forms (Figure 3.2a and d).
Apart from these dye forms, tHeR239dye had a colorednknown componerat RT 6.03
min (Figure 3.3a) and its corresponding mass was/aB70.9700, doubly charged (Figure
3.3e). Table 3.2 shows the characterizatietaits of these forms of RR239 dye.

DyesContaining Four Sodium Sulfonatg-SOsNa) Groups
Among twelve dyes, five of them contained faadium sulfonat¢-SOsNa) groups.
They were CI Reactive Red 198 (RR198), Cl Reactive Black 5 (RBIkFpe@ttive Yellow
176 (RY176)Cl Reactive Yellow 174 (RY24) and Cl 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 componentsefdies.
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Figure 3.3: HILIC-DAD-MS characterizatiorof Cl 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 thémeiatspecific mas$o-

charge {n/2 ratio.

Table 32: The HILIC-DAD-MS successfully retained, separated and characterized different
forms of polysulfonated dye Cl Reactive Red 239 containingsipekum sulfonatgroups.

Dye DAD detector Mass Spectrometry Structures

name identified
RT Absorbance lons Charged Peakm/z Peakm/z  ppm

(DAD) at 520 nm formed states (theo.) (exp.) error
min
RR239 5.21 Y [M-2H]* -2 453.4830 453.484 221 DyeMOH/VS

551 Y [M-2H]* -2 511.4492 5114476 -3.13 DyeMCT/SES
5.86 Y [M-2H]* -2 502.4667 502.46@ -0.60 Dye-MOH/SES
6.03 Y -2 370.9700 Unknown

Y, yes RT, retention time; DAD, photodiode array detectofz massto-charge ratiotheo, theoretical; exp., experimentdMCT,
monochlorotriazineMOH, hydroxymonochlorotrézineg SES sulfatoethylsifone; VS, vinyl sulfone

HILIC-DAD-MS confirmed that the MCBES dye RR198 had three types of dye
forms: dyeMCT/VS, dyeMCT/SES and dy@MOH/SES (Figure 3.4). Among these forms,
dye-MCT/SES was the major form (RT 5.02 min). The -4§®H/SES was a mindiorm at
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RT 5.7 min which was formed after hydrolysis of MCT graupambination with SES (Figure
3.4a and d). The inset shows the absorbance spectra of these three forms.

In disulfatoethylsulfon€di-SES) dye RBIk5, the major dye form appeared at RT 5.11
min (Figure 3.5a) which had a-8ES group (dWSES/SES) (Figure 3.5¢). 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,andRB21 were etained, separated and characterized by HIRKD-MS.

Their chromatograms and spectra are provided in Figur8 BJppendix B). Among these
dyes, RB21 had highernumber ofunknownimpurity peaks with one dye form, dyévS.
This dye component appearedrat 4.26 and 4.46 min respectively (isomeric dyes). a3
shows the overview of the HILKDAD-MS analysis of all five dyes containing foswdium

sulfonategroups.

.1 Absorbance spectraat 520 nm

1 7
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Figure 34: HILIC-DAD-MS successfully separated and characterized all three dye forms of
Cl Reactive Red 198. (a) The DAD chromatogram sheggarated compounds at different
retention times where EIC in (b), (c) and (d) characterized them at their sp@eifihe irset
shows the absorbance spectra at 520 nm.
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Figure 35: Different forms of Cl Reactive Black Svere successfully separated and
characterized via HILIEDAD-MS. (a) The DAD and EIC chromatogram characterized two
dye forms: (b) dyeSES/VS (minor form, RT 42 min) and dy&SES/SES (major form, RT
5.11 min).The insesshows the absorbance spectra of these two forms at 600 nm.

DyesContaining Three Sodium Sulfonatg-SO:Na) Groups

Four dyes contained thresedium sulfonatgroups: Cl Reactive Blue 49 (RB49), CI
Reactive Orange 35 (RO35), Cl Reactive Blue 220 (RB220) and CI Reactive Blue 221
(RB221). Among these dyes, only RB221 was tetobifunctionaldye (MCT/SES). Others
weremono functionatontained one reactive grotplLIC -DAD-MS demonstrated that RB49
contained only one dye form (DY4CT). Yet, this dye had an isomer. They appeared at a
retentiontime (RT) 4.13 and 4.23 min. Bo#tbbsorbed at 600 nm (blue region) (Figure 3.6).

The RO35 was a monofunctional MCT dye.t Yiaultiple 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 dtarezed as dyCT and its isomers
(Figure 3.7a and b). Another form as ey®H was alsoobserved (Figure 3.7a and c).
Moreover, multiple compounds with dyOH at RT 4.79, 5.03 and 5.27 min resulted from
the hydrolysis of initial dyeMCT isomers (Table .3).
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Table 33: HILIC-DAD-MS identified, separated and characterized different dye forms of
polysulfonated dyes containing foswdium sulfonatgroups.

Dye DAD detector Mass Spectrometry Structures
name identified

RT Absorbance lons Charged Peakm/z Peakm/z ppm

(DAD) formed state (theo.) (exp.) error

min
RR198 4.33 Y [M-2H])* -2 397.4792 397.4802 2.52 Dye-MCT/VS

5.02 Y [M-2H]* -2 446.4629 446.4628 -0.22  Dye-MCT/SES

5.7 Y [M-2H]* -2 437.4804 437.4825 480 DyeMOH/SES
RBIK5 4.42 Y [M-2H])* -2 401.4819 401.4827 1.99 Dye-SES/VS

5.11 Y [M-2H)* -2 450.4656 450.467 3.11 Dye-SES/SES
RY174 4.74 Y [M-2H)* -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]% -2 537.9637 537.9630 -1.30  DyeHVS

4.46 Y [M-2H)? 2 537.9637 537.9646 167 DyeHVS

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])* -2 418.4901 418.4900 -0.24 Dye-MCT/VS

5.26 Y [M-2H)* -2 467.4738 467.4735 -0.64 Dye-MCT/SES

5.85 Y [M-2H]* -2 458.4913 458.4895 -3.93  Dye-MOH/SES

MFT, monofluorotriazineHVS, hydroxyvinylsulfone other abbreviationaresame as Table 3.2

x10" (a) DAD Chromatogram 413 “"f Absorbance spectraat 600 nm
1259 4.23 )

o . 413
-0.22 R

xw; (b)

EIC at m/z 406.5192
. -2
dye-MCT o~ M-2H]

= R
(R

3 31 323334 353637 3839 4 4142 43 44 45 46 47 48 49 b 51 52 653 54 55 56 657 53 659 6 61 62 63 64 65 66 6.7
Response vs. Acquisition Time (min)
Figure 3.6: HILIC-DAD-MS demonstrated th&l Reactie Blue49 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 ah/z406.5192 verified their same masses. Inset spectra
show absobanceat 600 nm.
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During RB220 SES dye) characterization, two dye forms were observed where the
majorform was dyeSES at RT 5.04 min and a miform atRT 4.13 min was dy¥S form.
For dye RB221 (MCT/VS dye), the major form was the-M@T/SES.This dye also had an
unknownimpurity atRT 5.27 min (Table 3.4). The Figures associated with these compounds
of RB220 and RB221 are provided in Figures®B@ppendix B).

X102 (g “=| Absorbance spectra
(a) 3.97 “  at 430 nm gg;
151 DAD Chromatogram I .
1 at430 nm - :;g
05 5.03 B 527 ——
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ol e 4.79 5.27 . e
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Dye-MOH
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Figure 3.7: (a) The DAD chromatogram separated multiple compoun@s Beactive Orange
35dye at 430 nm. The EIC shows the mass of the major dye form (eyiCT) and its isomer
at m/z372.5117 and (c) the mass of the minor form {M@H) and its isomers am/z
3635292. The inset spectsiiowthe absorbance of these compounds at 430 nm.
DyesContaining Two Sodium Sulfonage (-SO:Na) Groups

Only Cl Reactive Blue 19RB19) hagwo sodium sulfonatgroups. It was SES type
dyes. Due to the lower numbersafdium sulfonatgroups, this dye showed poor retention and
separation in HILIC (Figure 3.8). Since it has fewer hydrapkites than other dyes, it could
not interact well with the colummesultingin its poor retation. Both SES and VS forneduted
at void retention times with no separation.

For comparison purposes, this dye was also retained and separategtoiai@n The
Cig column retained and separated well of both SES and VS forms (Figure 3.9). Sthee, in
Cigcolumn, the hydrophobic interaction is prominent, fesagtium sulfonatgroups of RB19

facilitates better retention on&
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Table 34. Different dye forns of dyescontaining threesodium sulfonategroups were
separated and characterized via HLDBD-MS.

Dye DAD detector Mass Spectrometry Structures
name identified

RT Absorbance lons Charged  Peakm/z Peakm/z ppm

(DAD) formed states (theo.) (exp.) error
min
RB49 4.13 Y [M-2H])* -2 406.5192 406.5201 2.15 Dye-MCT
RO35 3.97 Y [M-2H]* -2 3725117 3725128  2.89 Dye-MCT
5.03 Y [M-2H]* -2 363.5292  363.5305  3.58 Dye-MOH
RB220 4.13 Y [M-2H])* -2 334.4559 334.4564 1.49 Dye-VS
5.04 Y [M-2H])* -2 383.435 383.4406  2.87 Dye-SES
5.63 Y [M-2H]* -2 329.4479 unknown
RB221 4.63 Y [M-2H])* -2 506.9707 506.9706 -0.20 Dye-MCT/SES
5.27 Y [M-2H)*> -2 497.9865 unknown
x0’ - (a) 0.46 DAD Chromatogram Absorbance spectraat 600 nm
25+ 0.33 at 600 nm ] /(;k
0 —— — - - - -
x10 177 (b)
0.75
054 } EIC at m/z 289.9958
o] dye-SES A< [M-2H]2
0
x10 6 c
N (c)
EIC at m/z 483.0320
054 dye-VS / [M-1H]'1

Response vs_Acquisition Time (min)
Figure 3.8: HILIC-DAD-MS showed poor retention and separation oR€&active Blue 2
dye containing twaodium sulfonatgroups. This dye had less hydrophilic interaction (due to
lessno. of sodium sulfonatgroups) with the HILIC column, so both SES and VS forms of
dyeelutedat the void retention times with poor sepanas
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Figure 3.9: The Ggcolumn retained and separated well two forms of Cl Reactive Blue 19 dye
containing twosodium sulfonatgroups. Due to lesso. of sodium sulfonatgroups, more
hydrophobic interaction occurs between dyes and the column which facilitategoretard
separation of the dye forms.

Among these dyes, the chemical structure of Cl Reactive Red 23 (RR23) was unknown.
Yet, HILIC-DAD-MS was carried out teeparate different components of this dye. During
analysisfour colored componentsere observedhich alsoabsorbed in 520 nm (red region)
in DAD detector (Figure B.6, Appendix B). Overall, HILIDAD-MS successfully retained,

separated and characterizbifferent forms of polysulfonated dyes.

3.3.2HILIC -DAD quantifies Dye Forms of Polysulfonated Dyes

In this section, HILIGDAD was utilized to quantify different dye forms of dye CI
Reactive Red 239 (RR239), Cl Reactive Red 198 (RR198) and Cl Reactyv2ABI({RB221).
These dyes contained five, four and thsedium sulfonatgroups {SO:Na) respectiely. As
discussed in section 3.3.1, two major forms of RR239 werdyEl/SES and dy&ICT/SES;
for dye RR198, they were dWdCT/SES and dyeMCT/VS and finally the dyeMCT/SES was
the major dye form of RB221. Using HILIDAD, reliable quantitabn was acheved for he
major dye forms of these dyes down to Qu&§/mL. For all components, quantitation
parameters: linearity, limit of detection (LODRMe lower limit of quantitation (LLOQ) were
assessed (Table 3.5). TheOQ and LOD were calculateddm the lin@ar regressios of the
calibration curves using the following equations L ODban & Gl L O @, wherelt 0 i
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the standarebrror of the yintercept of the linear regression anmds the slope of théinear
regressiort®2°

Quantitation of RR239 was performed from working range 1 tpgéL. The dye
concentration below jug/mL, the DAD response was irregular. Therefdhes range was
selected. Both dye forms (dy¢OH/SES and dydICT/SES) provided good linearity with?R
values 0.9998 and 0.9973 respectively (Figure 3.10@.LOD and LLOQ for dydorms
dyeMCT/SES and dy8MOH/SES were determined to be 1.07 pg/mL, 3.59 pg/mL and 0.12
pg/mL, 0.41pg/mL respectively (Table 3.5).
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Figure 310: HILIC-DAD quantifies different dye forms of heterobifunctional (MSEE)
dye (a) Cl Reactive Red 239 (RR239), (b) CI Reactive Red 198 (RR198) and (c) Cl Reactive
Blue 221 (RB221) containing five, four and threedium sifonate groups {SO:Na)

respectively.
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Table 34: HILIC-DAD quantifies diffeent dye forms of polysulfonated reactive dyes

Dye name Dyeforms Linearity LOD LLOQ
R? pg/mL pg/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 sensitidibyvn to
0.5ug/mL (working range: 0.5 to 5@g/mL). Good linearity was achieved for both dye forms:
dye-MCT/SES (R = 0.9992) and dy®dICT/VS (R = 0.9999). (Figure 3.10b and Tabl&)g.
HILIC-DAD also provided good sensitivity with LOD and LLOQ values teloug/mL for
both forms (Table 3.5). Lastly, HILKDAD was utilized to quantify different dye forms of
RB221. The dye RB221 had only one major form {M@T/SES) and HILIGDAD provided
goodlinearity (R = 0.9957) withLOD and LLOQ 0.39 and 1.8g/mL resgectively (Figure
3.10c and Table 3.5). Overall, HILIDAD not only retained and separated different dye forms
of polysulfonated dyes; it also quantified them with good quantitativenpeters.

3.3.3Hydrolysis Kinetic Study of Cl Reactive Red 198 by HILIC-DAD

In this section, HILIGDAD was utilized to monitor thaydrolysiskinetic products of
Cl Reactive Red 198 (RR198). In section 3.3.1, HHOAD demonstrated that RR19&tive
dye had three dy&orms dyeMCT/SES, dyeMCT/VS, and dyeMOH/VS. Among thee
forms dyeMCT/SES was the major one (Figure 3.4). Yet, during hydislreaction, major
form dyeeMCT/SESwas absent & h. In presence of alkali, the dy&¢CT/SES converted to
dye-MCT/VS at room temperatur&éhe major dye form at Bwas d/e-MCT/VS form (Figure
3.11). At 0.5 h, most of dyeMCT/VS form wasconverted to moo hydrolyzed MCTAVS
(hydraxyvinylsulfone) form. After1 h, mono hydrolyzed dy&CT/HVS form was decreasing
as well as dhydrolyzed dyeMOH/HVS form was increasing. The graph in RigiB.11 was
plotted againshormalizedDAD area of the kinetic products vs reaction tirAdditionally,
Table 3.6 shows the detad kinetics dateof each point Apart from DAD, high-resolution
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MS was used to confirnthe mass of eacproduct From HILIC-DAD-MS analysis of
hydrolysis kinetic of MCTSES dye RR198t is concludel that the hydrolysis kinetics of vinyl
sulfone (VS)reactivegroup is faster than thmonochlorotriazindMCT) reactivegroup

100

80
——MCT/VS
——MCT/HVS
—e—MOH/HVS

60

40

20

Normalized DAD area

0 0.5 1 1.5 2 25 3
Reaction time (hour)

Figure 3.11: HILIC-DAD monitored the hydrolysis ketics of heterobifunctional (MCSES)
dye Cl Reactive Red 198 (RR198) and its different dye forms. InrelgerdHILIC -DAD
demonstrated that the hydrolysis kinetics of VS gneapfaster than th&1CT group.

Table 35: HILIC-DAD-MS study of hydrolysis kinetics of Cl Reactive Red 198.

Dye forms lons Oh 05h 1.0h 15h 20h 25h 3.0h
[M-2H]* Normalized DAD area
Dye-MCT/VS 397.4792 97.23 0 0 0 0 0 0

Dye-MCT/HVS  406.4845 2.7/ 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 Roductsin SynthesisBath

In this part, HILIGDAD-MS was utilized to monitor dimesynthesis reaction and the
product formation from the monomeric dye Cl Reactielow 176 and linking group
hexamethylenediamine (HMDAY.In chapter 2it wasalready demonstratettie application
of direct highresolution QTOF mass spectrometry for the confirmation of the dimer
reaction products via accurate mass and isotopic distribution anélysignis work, HILIC -
DAD-MS was used teestimatethe optimumreaction time for the formation of different
products in the syhesis dye bath (Figure 3.12).
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DAD chromatograms at 430 nm
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Figure 3.22: HILIC-DAD monitors dimeric synthesis reaction from dyeR&8active Yellow
176 dye with linker hexamethylenediamine (HMDA). The numerical shows the number of
products formed at differg reaction times.

At the beginning of the synthesis reaction (1 min), the compounds in the reaction bath
were: dyeMCT/VS (1), unknown compound?), dyeMCT/SES @) (main compound) and
dye-MOH/SES @). After adding the hexamethylenediamine and alkdlitsmn to the dye bath,
the reactiorbegan After 5 min, six compounds were observed. Among these compounéds, dye
MCT/VS (1) and dyeMCT/SES B) were theanitial dye forms. Other compounds shown3s (
and @) were the intermediate unknown compounds (Figut@ and Table 3.7). Besides these
four compounds, two high molecular weight dimeric compouBiisrid 6) were observed.

At 10 min reaction time, only three compounds were obseri@@nd @) were two unknown
compounds andj was the dimericompound6) observed a min reaction time. At 15 min,

no new compound was observed. At 20, 25 and 35 min, only one low MW unknown

84



compounls atm/z458.5664, (doubly charged) was prominent (Figure 3.12 and Table 3.7). At

45 min, no prominent peak was observedD8D chromatogram (Figure 3.12). After the

analysisof reaction productdt was concludel that the most efficient reaction time is 5 min

becausef the highestnumber of products formed at this stage of reaction with two starting

forms of dye. However, a0 min, no starting dye was observed, so 10 min would be the

optimum reaction time for dier synthesis.

Table 36: HILIC-DAD-MS separated and characterized dimeric after reaction products of ClI

Reactive Yellow 176 at differengaction times

Reaction Peak RT lon Peak Peak ppm Charged Deprotonated  Structures
time no. (DAD) formed m/z m/z error states or sodiated identified
min (exp.) (theo.) exp. mass (Da)
1 min 1 4,62 [M-2H]? 418.4895 418.4901 -1.54 -2 836.979 dyeMCT/VS
2 493 [M-2H]? 476.5550 -2 953.1100 unknown
3 5.17 [M-2H]-2 467.4730 467.4738 -1.79 -2 934.9460 dyeMCT/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 dyeMCT/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 dyeMCT/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
1 5.25 458.5662 -2 917.1324 unknown
2 5.67 467.5722 -2 935.1444 unknown
10 min 3 6.15 585.0391 -3 1755.1173 dimeric product
1 5.25 458.5664 -2 917.1328 unknown
15 min 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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3.4Conclusion

In this study, hgrophilic interaction liquid chromatography (HILIC) coupled with
photodiodearray detector (DAD) anldigh-resolutionQ-TOF mass spectrometwas usedor
solving a critical retention and separation problem of polysulfonated dyes and their reaction
intermedates. HILICeliminated the need foaon-pairingreagentsn the retention of these dyes
on a Cig Column. This seems to be thirst time, HLIC was used for the retention and
separation of polysulfonated reactive dyes.

HILIC-DAD-MS wasused tocharacterie the dye form®f twelve dyes containingp
to five sodium sulfonatgroups Additionally, HILIC-DAD wasutilized to quantifydye forms
of same dyesdn thisregardHILIC -DAD quantified two majodye formsof Cl Reactive Red
239 and Cl Reactive Red 198kmnedye formof Cl Reactive Blue 221 with higher sensitivity.
Moreover, HILIGDAD was used to monitahe hydrolysis reactiorkineticsof Cl Reactive
Red 198 where the analyses demonstrated that the hydrolysis kinetidayfsulfone group
was fastethana monochorotriazinegroup. Lastly, HILIGDAD-MS characterizedeaction
time for the dimerizatiorof Cl Reactive Yellow 176 with hexamethylehi@minelinker. This

analysisndicatedthatareaction time of 10 m is the optimum time for dimeiormation.
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CHAPTER 4

Tandem Mass Spectrometry Elucidates and Differentiates Hydrophobic Dyes
Containing Different Substituents at theAzobenzeneCore

Abstract

This study carried out a systematic tanderass spectrometric approach to assess the
effects of substituents on thdentification and characterization of tanvel disperse dyes
containing different substituents on the same azobenzene corBldRRPh2,where Ph is the
phenyl group and &N is theazogroupfunctionality). These dyes were the representative of
~98000 costumed made synthetic dyes from the Max Weaver Dye Library (MWDL), NC State
University. First, liquid chromatograpiphotodiode array detector coupled #ohigh
resolutionquadrupoldime-of-flight mass spetrometer (C-DAD-QTOFRMS) was utilized to
assess the purity and molecular weight of the dyesdydswere pure except dye MWDL6
which had a colored component apart from dye itself and this component was successfully
characterize@s the degradation proct 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 collisiozatiiyated dissociain (CAD)
for structurecharacterization. The similarity of substituents oreth@enzeneore, protonated
dye molecules provided similar fragmentation patterns. For example, dyes containing di
halogen atoms provided different fragmentation patternsttigadyes containing ndargroups
in Phl. On the other hand, dyes containing acetamide in Ph2 provided pirodact ions
after losing the acetyl group. Other substituents on Ph2 also provided distinct fragmentation
patterns. Moreover, two positional isent dyes were succes#ifu characterized and
differentiated by survival yield and G&characteristic collision energy at which survival yield
is 50%) analyses on E®MS/MS.

4.1 Introduction

From food chemistry twvastewatetreatment to forensics fib@analysis, identificatin
of unknown dyes in @omplex mixture is a critical research interéStAmong synhetic
colorants, th@zodye is the largest group (~ 65%A\zo dyes contain diazotized amine coupled

to an amine or phenol, which are distinguished by one or more azo boRbisKRR,).?
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Hydrophobic dyesazo disperse dyes are applied to hydrophobic substesétate or polyester
fibers® Due to thehydrophobicnatures of these dyes, they could be toxic and mutagenic to
living animals’/® Moreover, continuous development of new azo disperse dyes with improved
dyeability (e.g., lightfastnessjashfastnegsdlemands the better analytical chaeazationof
these new dyes, their synthesized byproducts and/or degradation pfobniesalyze these
compounds, an analytical technique with high sensitivity and accuracy is needed.

High-resolution quadrupoletime-of-flight (Q-TOF) mass spectrometry is routinely
used for the elementalnalysis of organic congunds through high mass accuracfes.
Development of atmospheric pressure ionization techredgrospray inization (ESI) aids
coupling of liquid chromatography (LC) to mass spectrometry (MS) which appears to be a
powerful hyphenated tool for complex mixture analysi€.Moreover, adding a photodiode
array cetector (DAD) to LEMS system provides complementary compound identificati@n
absorbance analysi® Yet, for structural analysis of theompounds, tandem mass
spectrometryESFMS/MS) is necessary With the aid of collisionallyactivated dissociation
(CAD), ESFMS/MS provides the fragmentation pathway aldcidaes the structure of the
ion of interest®

In this work,ESFMS/MS in combination with LEDAD-MS was usedo analyze ten
novel hydrophobic disperse dyesfrom the uniqgue NC State Max Weaver Dye
library,*>containing different substituents at the similar azobenzene coreDAGGMS
assessed the purity addtermined thenolecularweightof the dyedy generating protonated
moleculeswhere ESIMS/MS provided structural insights rbugh collisionallyactivated
dissociation(CAD). In addition, ESIMS/MS investigated the effectd gubstituents on the
fragmentation patterns agdtegorized dyes based on the similar fragment ions. These analyses
were the first attempt to build thegh-resolutionmass spectra dye database of ~98000 custom

made dyesf the Weaver library®

4.2 Experimental
4.2.1 Materials and Reagents

All dyes were obtained froNC State MaxWeaver Dye Library® The structures of
the dyes are shown in Figure 4.1 and the@natcal information is provided in Table 4.1. The

core structure oflyes is denoted as PRI=N-Ph2 where Ph is the phenyl group andNNis
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the azogroup functionality. Amongten dyes, seveof them (1, 3, 4, 5, 8, 9 and 1B6ad di
halogen atoms (dichloror @ibromo)in the ortho, metaor para positiors of Phl, and other
three dyes (2, 6 and Tad nitro groups i para position of Phl. The subst&ats:amino
acetatealkyl or aryl substitted amino groups were present in drého or para position of
Ph2(Figure 4.1)

Acetonitrile (LC-MS grade, 99.9%pand formic acid (ACS grade, 881%) were
purchased from Sigmaldrich. Purified water waggenerated ihouse using MiliQ System
(18Mq) (PURELAB UIAll dya safples mereVanaR/zed without prior
purification. The dyestock solutions were prepared at 1Q@@mL in acetonitrile and diluted
to 30ug/mL in acetonitrile/water (50:50Before analysis, all samples were filtered using 0.2

pm PTFE syringe filter (Phenomenex).

MWDL1 MWDL2 OH
cl N —
“ " = OZNON“ ~ N N
N N N N \__,
cl \—pnh \_ph cl Ph
MWDL4 o MWDLS >=0 MWDLS6 z

HN
" o o) r~
Cl N Ph 2 \
e o \ . =)
N N \
Ph

el AN [o] X
R >= o]
Hh{ N MWDLS o) MWDL9 o
MWDL7 N= HN
HN
s cl N, /—Ph o " on
N N W\ /
OzN N __ N
AN cl Ph
N NH; Br \—ph
MWDL10
Br N\\ Yo
N N
Br \—ph

Figure 4.1: The nolecularstructureof studied Max Weaver Dye Library (MWDL) dyes
containing similar azobenzene core with different substituents.
4.2.2 Liquid Chromatography-Photodiode Array Detector-M assSpectrometry

The sampleswere analyzed using ligd chromatographywith photodiode amy
detector coupled to electrospray ionization and to a 6520 accurateuaasspoldime-of-
flight mass spectroater(LC-DAD-ESFQTORMS) from Agilent Technologies.
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Table 41: The chemickinformation of the dyeanalyzed in this study.

Serial Dye name  Dye Library Source Chemical Chemical MW
no. notation class formula (Da)
1 MWDL1 X-1268322A NCSU-MWDL Azo Ca7H23Cl2N3 460
2 MWDL2 X-1268333A NCSUMWDL Azo C21H20N4O3 376
3 MWDL3 X-1268324A NCSU-MWDL Azo C21H19Ci2N3 384
4 MWDL4 X-1268322B NCSU-MWDL Azo C23H22CI2N4O 441
5 MWDL5 X-1268322C NCSU-MWDL Azo C28H24CI2N4O 503
6 MWDL6 X-1268325 NCSU-MWDL Azo C20H22N406 414
7 MWDL7 X-12516134 NCSU-MWDL Azo C14H11N7O02S 341
8 MWDLS8 X-1268321C NCSU-MWDL Azo C28H24CI2N4O 503
9 MWDL9 X-1268323C NCSU-MWDL Azo CasH24Br2N4O 592
10 MWDL10 X-1268323A NCSU-MWDL Azo C21H19BraNs 473

NCSU, North Carolina State University; MWDL, Max Weaver Dye Libra#yy/, molecular weight (average atomic masslbelements
in theneutralmolecule);Da, Dalton

Chromatographic separation was achiebgdising a Zorbax SEig (2.1x150 mm,
3.5

phase (A) water and arganicpha® (B) acetonitrile. A 0.1% formic acid was addedoth

€ m) c eCl Thhemmobila phasdsSused for the separatmsistecof an aqueous
of phases.The flow rate of the mobile phase was thb/min with an injection volume of 1
¢ LThree gradient methods were developed f#DAD-MS analysis of individual dye runs
The gradient methadare provided in Table 4.Each methodonsistedf 7.5 minrun with 2
min post runto re-equilibrate the calimn.

TheDAD detectoranalyzedat a spectral range of 25I60nm. The dyes were analyzed
atawavelengthof 254nm and other variable wavelengtischas 410, 460 and 540m. The
Q-TOF mass spectrometer was operatgubsitiveelectrospray ionization (ESI) moderagh-
resolution(4 GHz) with a resolving power ranging from 9700 to 18000 fomtfe100 and
1600 respectively. The following MS paratars were optimized for the highéstensity of
the ions: drymg gas flow rate 12 L/min at 353CQ, nebulizer pressure 35 psggmentowvoltage
110V with the Vcapvoltage 40@0 V.

92



Table 42: The three gradient methods fadividual dye run.
Method 1 Method 2 Method 3 %B Flow rate

Time (min) (mL min-Y)
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 (ESMS/MS)

In theESFMS/MS experimentthe individual dye solutions were injected into the ESI
source using the HPLC ausampler with the column bypassed. An injection volume jaf 1
was used with a mobile phase of acetonitrile/water (50:50) at a flow rate of 0.5 mL/min. An
injection time & 1 min was used. The protonated dye molecules were selected at a narrow
isolation window (~1.3n/2 and they were subjected to collisionadigtivated dissociation
(CAD) at the collision cell of the QOF. The ionsvere collidedwith highly pure nitrogergas
(99.9995%) with collisionenergis ranged from20-40 eV as defined by the Agilent
MassHunter LC/MS Data Acquisition Workstation Software Version BD%or the 6200
series interface. The mass spectra obtained from fi®@K)were analyzedh profile male

using MassHunter Qualitative Analysis Workstation Software Version B.06.00 interface.

4.3 Results and Discussion
4.3.1 Individual Dye Analysis by LGDAD-MS

Initially, LC-DAD-MS gradient methods were used for retention, separation ary puri
assessmerdf all dyes. In LEGDAD-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 thesevadyes
ranged from 39@o 473 nm, indicating that the dye colors were limited to yellow to orange
(Figure 4.2).

Coupling of highresolution Q-TOF mass spectrometry to HQAD provided
elemental analysis of the dyes through accurate mass and isotopic distranaipsis. The
Q-TOF instrument can provide syipm to ppm mass accuracy for exact mass anafysis.
Moreover, theresencef isotopically enriched atoms such as sulfur, chloamelbromine in

molecules provide isotoje distributions in mass spectra. These isotopic distributions are used
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as an additional identification of the molecules along with accurate'i"8gdl t hese criteria
were applied to characterize these individual dyekigiresolutionfull scan MS.

For example, during analysis of dye MWDL10, single peak at the DAD
chromatogram (retention time, RT 4.74 min) indicated a single colored component which ha
an absorbanamaximumat 442 nm at the same retention time (Figure 4.3a, b). The protonated
dye molecule hadtheoretical masgo-chargeratio (m/2 of 472.0024. Thereforéye response
at m/z472.0024was monitoredn the mass chromatogram, which provided a singl& pea
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), thmolecularformula was generated from the mass spetiffeigure 4.3d).

As known,the bromineatom has two stable isotopé®Br and®!Br. The relative abundances

of these isotopes are 100% (M peak) and 98% (M+2 peak) respecti&ilycethis dye
contained two ibomine 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!’

All dyes showeda single peak in chroratogram except MWD& This dye had a
coloredcomponenbther than dye itsefMWDLS6, purity = 87%, Table 4.3High-resolution
mass spectrometry along with DAD successfully characterized both dye and its colored
componentBoth compounds absorbed in DAD 460 nmand their absorbance maxima was
463 nm (Figured.2, (6), right). The coloredomponenappeared earlier (R3.72 min)than
the dye molecule (RT 4.41 min) in DAD chromatogram (Figure 4.4a).

The protonatedn/z of MWDL6 dye was 415.1621 and its maléar formula was
generated with high mass accuracy (ppm error 0.72) (Figure 4.4d). The chemical structure of
the dye containedwo ethyl acetate substituents on tw@ino group of benzene. Due to
degradation, one of treubstituera was deacetylated. Thee-acetylated dye molecule had
m/z 373.1506. Whethe total ion chromatogramasscreeedat m/z373.1506, a sharp peak
wasfound as extracted ion chromatogragi&) which also absorbed in DAD (at 460 nm) at
RT 3.72 min. Thereforahe structure of theolored componemwas proposedlrhe molecular
formula of the colored component was generated at high mass accuracy (ppm error 1.6) (Figure
4.4e). The LEDAD-MS not only characterizes azo disperse dyes and it also characterizes

degradation products or impties. In the same manner, ather 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 LEDAD coupled to QTOF in full scan analysis.
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Figure 42: The DAD chromatograms (withretention 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 seri
number in Table 4.1.
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Figure 4.3: The LGDAD-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 colatéorange) information. (c) The EIC and its correspondindnigh-
resolutionmass spectrum shows the elemental analysis of the protonated dye molecule.
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Figure 4 4: LC-DAD-MS characterizes dye MWDLG6 and its colored compor{apThe DAD
chromatogram at 460 nm indicates that diye and thecolored component appeared at RT
4.41 and 3.72 min respectively. (b, ¢) The EIC dmgh-resolutionmass spectra (d, e)
adequately characterized these two compounds with high mass acuracie
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Table 43: The LGDAD-MS characterigs all dyes through purity, retention, absorbance and
high mass accuracies.

Dye name Purity DAD detector Mass spectrometry
% RT i 'Ho RT lons Peak Peak Ppm
(DAD) (nm) (EIC) formed m/z m/z error
min min (theo.) (exp.)

MWDL1 100 4.91 437 5.00 [M+HI*  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
MWDLS8 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, photaliode array detectpRT, retention time 11 A f@bsorbance maxiom wavelengthEIC, extracted ion chromatogram/z
massto-charge ratiptheo., theoretical; exp., experimentgim parts per million.

4.3.2 Structure Analysis of Dyes by ESMS/MS
4.3.2.1 The CADAnalysis of Dyescontaining di Halogenatomsin Phl

Amongtheten dyes, avenof them (1, 3, 4, 5, 8, 9, 1@pntaireddi-halogenatomsin
the Phlof azobenzeneore. In positive ESI, all of them formed protonated molecules. Upon
CAD of these molecules, the structures of these wgesverified by analyzing CAD spectra,
fragmentation patternandproduct ionsThese dyes formed most abundant fragment: cleaved
Phl group contains ehalogen atoms. For example, the fragmentation pattern of a
representative dye containingltlogen groups Phl (dye MWDL4) is shown in Figure 4.5a.
Its most abundant fragment ion: dichlorobenzena/atl45 was formed after cleavagéthe
C-N bond between Phl and azo group functionality. Same way, for dyes viitbrdine at

Ph1, fragment ion ah/z232 (dibromobenzene) was the most abundant (not shown

4.3.2.2 The CADAnalysis of Dyes containing Nitro Group in Phl

Threeof tendyes(2, 6 and 7)ontaired nitro group in Phlof azobenzeneore. For
these dyes, themostabundant fragment was observedréz 122 due to the cleavage of Phl
with anitro group from the azo group functionality. Figure 4.5b shows the CAD spcira
representative dye containingnéro group in Phl (dye MWDL2).
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Figure 45: The CAD analyses elucidathe structures of both representative and isomeric
dyes. Representative dyes: (a) dye MWDL4, containing di halogens at Ph1l; (b) dye MWDLZ2,
containing nitro group in Phl azobenzeneore; Isomeric dyes: (c) dye MWDLS5 and (d) dye
MWDLS8 respectively.

4.32.3 Effects of Substituents of Ph2 on CAD Analysis

In four of ten dyes (4, 5, 8, 9) contained acetamide substiatiém ortho position of
Ph2. For these dyes, a characteristic fragment was observed after losing the acefybigroup
acetamide with hyargen addition. For example, the fragment iom&399 in dye MWDL4
was formed due to this type of cleavage (Figure 4.5a).

In eight of ten dyes contained either-bEnzylethanamine(3, 4, 10), N
benzylethanolaming) ordibenzylanine (1, 5, 8, 9) on th@ara position of Ph2 (Figure 4.6
and 4.7). Dyes containirdjbenzylamineon Ph2 showed distinct fragmentation patterns than
the dyes containing other two substituents on Ph2. Wilbemzylamineresent on Ph2, alpha
cleavage regarding amino functionalitgsvobserved along with-8 cleavage (bond of azo
and Ph2) (Figure 4.5md 4.5d). For thethertwo substituents (Menzylethanaminand N
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benzylethanolamineon Ph2, bet&leavage regarding amino functionality was prominent
along with the cleavage mentied above (Figure 4.5a and 4.5b). Even though dye MWDL1
had dibenzylami® on Ph2, it showed similar betdeavage instead of alpltdeavage
regardingaminofunctionality (Figure 4.6). The reason could be due to the additional presence
of methyl instead ohcetamideroup inortho position of the azo functionality in Ph2. Oviéra
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 substit{iis{2-(acetyloxy) eliyl] amine]
on the Ph2 group. The dye MWDL7 had two substituents: an amino grpaggtosition and
al, 2, 4triazole 3 thiol at themetaposition of Ph2. These two dyes also shoalearacteristic
fragmentation patterns based on their substituentsrg~&u, Table 4.4).

In our previous studyt wasproved that cleavages on either sidéhefazogroup were
characteristic fragmeationfor sulfonated azoyks?® However,in this work, thehydrophobic
azo d/es also followedhe similartrend (Figure 4.5, 4.6, 4.7 and Table)4 @verall, the
substituents on Ph1l and PhZaabbenzeneore (PhiN=N-Ph2) have important effects on the

CAD fragmenation, which successfully etidated the structes of theselyes.
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Figure 4.6. The CAD dissociation pathways of the seven dyes containing di halogens in Phl
of theazobenzeneore.
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Figure 4.7: The CAD dissociation pathways of the three dyes containing nitro group in Phl
of theazobenzeneore.

Table 44: The ions formation in (+) ESWS and theiproduct ionsn ESFMS/MS.

Dye types Dye name MS (m/2) MS/MS (m/2)
Dyes containing di MWDL1 [M+H]* 460.1347 460-C21H21N3 (145)
halogens in Phl 460-CsH4Cl2N2CsHs (209)
MWDL3 [M+H]* 384.1034 384-C15H17N3 (145)
384-C7HsCl2N2 (196)
384CsH10(278)
MWDL4 [M+H]* 441.1249 441-C17H20N40O (145)
441-C7HeCl2N2 (253)

441-C17H20N20 (173)
441-C;H20 (399)

MWDL5 [M+H]* 503.1405 503 C22H22N40 (145)
503 C13H10CI2N2 (239)
503-C22H22N20 (173)
503C2H20 (461)

MWDLS8 [M+H]* 503.1405 503 C22H22N40 (145)
503 Ci3H10CI2N2 (239)
503 C22H22N20 (173)
503 CzH20 (461)

MWDL9 [M+H]* 591.0395 591-CaaH22N4O (233)
591-C22H22N20 (261)
591-CeH3Bra2Nz2 (330)
591-C13H10Brz2N2 (239)
591-C2H20 (549)

MWDL10 [M+H]* 472.0024  472CisHiNs (233)
472-C7HsBrz2N2 (196)
472-C1sH17N (261)
472-CgH10 (366)

Dyes containing MWDL2 [M+H]* 377.1614 377-CisH17N30O (122)
nitro group in Phl 377-C7H7N303 (196)
377-CsHaNOz2 (255)

MWDL6 [M+H]* 415.1618  415CuH10NsO4 (122)
415 Ci2H15N206 (132)
415Ci12H16NOg (145)

MWDL7 [M+H]* 342.0773 342-CaHsNeS (122)
342CgHsN4S (150)
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4.3.2.4 Differentiation of Isomeric Dyes by ESMS/MS

Dye MWDL5 and MWDL8 were twopositionalisomeric dyesiln MWDL5, two
chlorine atoms were at tlietho andparapositions (Figure 4.5ayhere inMWDLS, they were
in themetaandpara positions (Figure 4.5d) at Phl. Duethe similartype of substituents at
Phl1 and Ph2, these dyes followed similar fragmentation pathways same as the dyes in Figure
4.5a and 4.5b. Yetat same CAD energy (30 eV), the relative abundance olimer and
fragment ions of these dyes were different (Figure 4.5c and d). For dye MWDIBpthect
ionatm/z173 was second highest abundant (Figure 4.5c), ygdirtbasict iorwas third highes
abundant in dye MWDLS8 (Figure 4.5d). The second highast@aniroduct ionof MWDLS8
was atm/z 239 (yet, it was third highest abundant for MWDL5). Moreover, the stability of
precursornion atm/z503 was higher in dye MWDLS8 than in MWDL5. Even, at sao#eD
energy, these isomeric dyes showed different relatiwm@ances of product and precursor
ions which indicates that due to different positionshef substituenthalogen atoms in Ph1l),
the dye molecules internal stabilities have changed. That boongshew concept: survival

yield analysis, which assesses #tability of precursor ions at different CAD enerdfes.

4.3.2.5 CAD Survival Yield CurvesDifferentiate Isomeric Dyes
Survival yield (SY)determines the distribution of internal energy of the precursor
ions!®191t is calculated by the ratio of intensities of the precursor ion to the sum of the

intensities of the precursasn and all fragments ions.

SY =

B

Here,bi s t he intensity of the pr evwasthesumr i on
of intensities of fragment ion&§incea single CAD energy (30 eV in Figure 4.8) provided
different abundant precursor apbduct iondor both dye MWDL5 and MWDLS, a series of
CAD energiesvould provide the overview dhe stabilites of bothdye precursor ionslhis
would provide the survad yield curves. Fromsurvival yield curves, the GEenergy could be
calculated wher€Eso energy: tle characteristic collisional energy at which survival yield of
precursor ion is 50%. Even if two compounds are positional isomers, thgie@gies cdd
differ from one anothet® Figure 4.8 shows the suval yield curves of the two isomeric dyes:
dye MWDL5 and MWDL8.TheCAD energies from 0 to 30 eV airiervakwere selecteds

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 stabilisavere differentExperimental Clp values can be calculated
by the sigmoidal curve fittingas Kertesz et af An example of MVDL5 dyeis shown asthe
detailed procedure of calculatiaaf CEso in Appendix C. These values wel& 33 eV
(MWDL5) and 1529 eV (MWDLS8) respectively. Higher Cdg energy of MWDL8compaed

to MWDL5 indicates that MWDL8 dye ion was more stable tB&DL5 ion under tandem
mass spectrometryrhe survival yield curves and egenergies analyses differentiated two

position isomeric dyes.
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Figure 4.8: The survival yieldcurves and Cig values differentiated two positional isomeric
dyes: dye MWDL5 and MWDLS.

4.4 Conclusion

This study successfully utilized tandem mass spectrometryNESAVIS) along with
LC-DAD-MS for analyzing temydrophobic disperse dyes containing dif@ substituents at
the same azobenzene core (NFN-Ph2). All these dyes wetaken from theMax Weaver
Dye Library (MWDL) at NC State University. The LOAD method coupled withigh
resoluton MS provided purity and molecular weight information the dyes via protonated
dye molecules in positive ESI mode. Moreovegh-resolutionMS successfully characterized
and proposed the structure of the colored component of dye MWDL6. Additiciaaithem
mass spectrometry (EMS/MS) categorized dyes with silar substituents. Via
fragmentation patterns analyses by CAD, dyes containing different substituents (either
dihalogenatomsor nitro groups) on Phl aizobenzeneore were differentiated. Distt

substituents on the Ph2 also provided diverse fragmemgadittierns. CAD analysis provided
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identification fingerprints for thetructual analyses of these dyes. Moreover, isomeric dyes
were successfully characterized and differentiated based amctistllision energies (Glg)
and survival yield analyses. O, these analyses methodology could be a fingerprint for the

analysis of unknown dyes containing similar chemical structures.
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CHAPTER 5

Assessment oSubstituent Effects of Hydrophilic Anthraquinone Dyes on Retention
Behavior in Liquid Chromatography and Identification in Tandem Mass Spectrometry

Abstract

Analysis of unknown dyes iacomplexmixture isof greatresearch interest. Yet few
systematic studies are available which correlate the chemical structures and substituents of the
dyes for their identifications in aomplex mixture. In this study, a systematic analytical
approachwas conductedo assess theffects of substituents on thdentification of ten
hydrophilic (sulfonated) anthraquinone dyes in complex mixtures. These dyes coatained
amino anthraquinong-sulfonatebase structuravith different substituents. First, individual
dyes were analyzdaly liquid chromatographyphotodiode array detectiemass spectrometry
(LC-DAD-MS) to generatepurity, absorbance and molecular weight information. Next, an
artificial dye mixture was created by mixitgndye stock solutions. A 14 min LDAD-MS
isocraticmethod successfully eluted and separated all dyes from the artificial mixture. During
elution of dyes from thmixture, chemical substituentgere correlatedith theretention times
on LC. For example, subsequent additiomethylgroups on the dye striures increaskdye
retention times. Moreover, thibeoreticahydrophobicity of the dye was correlated with their
retention times which provided a correlatiooeffiaent of 0.75. In addition, tandem mass
spectrometry (ESMS/MS) viacollisiondly-activaed dissociation (CAD) was carried out for
structure analysis of these dyes. In this regandvival yield analysis in CAD assessed the
internal energies of the similacored dyes with the addition dfie methyl group as the
substituents. This analysis ped that increasing the numbertbé methylgroup to the dye
structure increases their internal stabilities as well as their percentage of survival yields.
Overall, he systematic analyses carried out here would be useftihdadentification of

unknowndyes in acomplexmixture.

5.1Introduction
Characterization of unknown dyesarcomplexmixture is a critical research interest
due to the extensivases of dyes in forensics, food technologgstewaterpaints and inks,

pharmaceuticals and so 60 Over the year, T0different types of dyes have been produced
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where 1502000 are commercially availatfi@ Among textile dyes, anthraquinone chemical
classis the second largest grofipAnthraquinone chemical class comprised all types of dyes:
acid, disperse,at and reactive dyésimong them, sulfonated anthragane dyes are mostly
related to acid or reactive dyes. Due to the presence of sulfossdeN6) groups, dy
hydrophilicity increases whicfacilitate dyeability during thedyeingprocess. Eventhougha
hugeamount ofsynthetic dyes are currently available, continuous development of new dyes
with improved dyeing properties (e.gvashfastnesdightfastness, fixation, exhausti@tc)
demandshigh-resolutionand better analytical techniques to characterize new dyes, their
biproducts impurities,anddegradation products'©

The application ofiquid chromatography (LC)ot dye characterization has broadly
studied!! Reverseephaseliquid chromatography (RPLC) is predominantly used for the
separation and characterization of small organic molecules fsorplex mixtureg? Coupling
of LC to high-resolutionmass spectrometry (HRMS) provides molecular level information of
the analyte$?!® Moreover, adding a photodioderay detector (DAD) to LEMS system
provides supplementary compound identity absorbance analysis

Eventhoughdye characterization by LC system has broadly studied, no systematic
study has assessed the efffeof the chemical substituents on the retention behaviors of dyes
onan LC system. In this study, a systematic analytical appreashcarried outo assesthe
LC retention behaviors of similar cored tégdrophilic anthraquinone dyesThesedyes
contaned a core structure of-amino anthraquinon2-sulfonate with different substituents.
Five of these dyes {&) were collected from NC State Max Weaver dyealip!® and five of
them (610) were commerciallywailable (Figure 5.1 and Table 5.1). First, individual dyes
were analyzed by liquid chromatograpplyotodiode array detectienass spectrometry (L-C
DAD-MS) to assess the purity, absorbance and molecular weight information. Next, an
artificial dye mixture vas 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. I n this regard, t he
correlded with their retention times. Additionally, during structure analysis via CAD in ESI
MS/MS, interestingphenomenn was observed. Addition othe methyl groupin the dye
structureincreases their internal energy and stability which can be accessedwvalsyield

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 dyavereobtainedand the chemical information is shown in Table 5.1.
Acetonitrile LC-MS grade, 99.9%)ammonium formate (HPLC grad®99.9%)and formic
acid (ACS grade, 881%) werepurchased from Sigmaldrich. Purifiedwater was generated
in-house usingvilli -Q System1 8 Mq) ( PURELAB Ul tra from VWR).
All dye samples wer analyzed without prior purification. For individual dye analysis,
the dye powders were dissolved in methanol /v
and diluted to a concentratianf 20 e g/ mL wusi ng t drtéicialsdigeme s ol
mixtureanal ysi s, 100 €L of each dye stock sol ut
Fisherbrandglassv i a | where the individual dyan conce
additional4 mL of the samesolvent was added to the vial to make the final concentration 20

eg/ mL fdger each

5.2.2 Liquid Chromatography-Photodiode Array Detector-Mass Spectrometry

The sampleswere analyzed using liquid chromatograpiwith photodiode array
detector coupletb electrospray ionization and to an Agilent 6520 accurate qas$rupole
time-of-flight mass spectroater(LC-DAD-ESFQTORMS).

Chromatographic separation was achieusthga Zorbax Eclipse Plus £ (2.1x50
mm, 3.5 em) with asnarevbtreaguardecaoldmin @4>d2.8 us &£m)
at 40°C. The mobile phases used for the separation consisted an aqueous phase (A) 20 mM
ammonium formate with formic acid in water (pH = 4), amdrganicphase (B) a ratio of
70/30 methanol/acetonitrile. The Worate of the mobile phase was 0.5 mL/min with an
i njection v hilividoakdyes fverelafalyzed using thBowing gradient: 3% B
from 0 to 1 min, 360% B from 1 to 1.8nin, 60-90% B from 15 to 7min, holding 90% B from
7 to 9min and returngo 3% B at 99.5min. The gradient method had anépost runwith
3% B for reequilibrating the columnlhe artificial dye mixture was analyzed by an isocratic

method (mobile phases A and B = 50:60itaining 14min run with 3min post run.
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Thephotodbdearray detector (DAD) analyzed at a sfval range of 20@B00 nm.All
dyeswere absorbed itheblueregion and the main wavelengths were set to 254, 590, 620 and
660 nm in DAD detector.

The QTOF mass spectrometer was operated in negative electraameagion (ESI)
mode athigh-resolution(4 GHz) with a resolving power ranging from 9700 to 18000Her t
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/atir855°C, nebulizer pressure 35
psi, fragmentorvoltage 110 V with the Vcap voltage 3500 V.

5.2.3 Tardem Mass Spectrometry (ESIMS/MS)

In theESFMS/MS experiment, the individual dye solutions were injected into the ESI
source using the HPLC ausamplemwith the column bypassed. An injection volumebqfL
was used with a mobile phaseméthanowater (50:50) at a flow rate of 0.5 mL/min. An
injection time of50 secsvas used. Thdeprotonated dye molecules were selected at a narrow
isolation window (4.3 m/2 and they were subjected to collisionadigtivated dissociation
(CAD) at the collisioncell of the QTOF. During ESIMS/MS, all precursor dye ionsere
collided with highly pure nitrogen gas (99.9995%) wiétlcollision energy of 40 eV. For the
suwival yield analysis, CAD energies were selected from 0 to 50 eV with 10 intefveds.
mass spctra obtained from the -QOF were analyzed in profile mode using MassHunter
Qualitative Analysis Workstation Software Version B.06.00 interface.

Table 51: The similar cored anthraquinone dyes analyzed in this study.

Dye Chemical class MWDL and/or Cl name Sources Chemical MW
no. formula (Da)
1 Anthraquinone [AQ]-[B]-X-168451251 NCSU-MWDL C21H1eN20sS 408
2 Anthraquinone [AQ]-[B]-X-168451252 NCSU-MWDL C22H1eN20eS 436
3 Anthraquinone [AQ]-[B]-X-168451253 NCSU-MWDL Ca2H1sN20sS 422
4 Anthraquinone [AQ]-[B]-X-16845124-2 NCSUMWDL CooH1eN2OeS 438
5 Anthraquinone [AQ]-[B]-X-16845124-4 NCSUMWDL CH1aN2O/S 438
6 Anthraquinone Acid Blue 25 Aakash Chemicals  CzoH14aN20sS 394
7 Anthraquinone Acid Blue 62 ICI Americas. Ca0H20N20sS 400
8 Anthraquinone Acid Blue 277 CIBA- GEIGY C24H23N30sS, 546
9 Anthraquinone Acid Blue 40 Mobay Chemicals = Cz2Hi7N3O0sS 451
10  Anthraquinone Acid Blue 1D Sandoz Chemicals  CazsH20N20sS 436

MWDL, Max Weaver Dye Library; Cl, Colour Index; NCSU, North Carolina State Univefgity; molecular weight (average atomic
mass of all elements in the neutral molecule); Dalfdn
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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 LOAD-MS gradient method to assess
their purities, maximum absorbane&dmolecular weights. The visual appearance of all dye
solutions was blue in color. The purities gfed were assessed at 620 nm andysk were
pure. Themaximum absorbancé i( A)of all dyes wereranged from 5950 640 nm. In
negative electrospray ionization of MS, all dyes formed deprotonated molecules. The chemical
formula all dyes were generatedwn hi gh mass accuraci ©8D-( ppm
MS successfully characterized all ten dyes through pualtgorbance along with high mass

accuracies viaigh-resolutionMS (Table 5.2).

5.3.2 Atrtificial Dye Mixture Analysis
5.3.2.1 LGDAD-MS Isoaatic Retention and Separation of Ten Dyes

In this work,an optimized 14nin 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 elutedthin 6 min and their separations were not sufficient. After
equilibratingthe column, a 40%B was employed for the elution, but late eluted dyes did not
elute even within 20min of the method Therefore, 50%B was applied which provided
satisfactory sepation of all dyesFigure5.2 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 hydi@pasb
of these two compounds. Allyeshad similar substituents except dye 8 (AB277). This dye
had a unique substituent named(2hydroxyethyl) sulfonic amide on the benzene ring
attached to anthraquinone derivative. Due to this substituent, d etute on LC at same
retention time as dye no. 2 (peak 4). All other dyesaveluted and separated well with a good
resolution (>1).Table 5.3 shows the identification of all peaks with their reterttiops. It
shows the averagetention times (RT) wit 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 52: The LGDAD-MS characterizes all ten dmaquinone dyes through purity,
absorbancegndhigh mass accuracies.

Dye DAD detector Mass Spectrometry
no. Purity i 'Ho lons Peakm/z  Peakm/z  Ppm
% (nm) formed (theo.) (exp.) error
1 100 630 [M-H] 407.0707  407.0699 -1.97
2 100 630 [M-H] 435.06% 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-HJ 435.102 435.1009 -2.53

max absorbance maximan/z massto-charge ratipppm, parts per milliontheo. theoretical; exp., experimental.

x1ﬂ%
(1)
1.2;
0] 3) (4) (5)
] () (7
1 6
] ©) (8)
] ]\ (9)
u.u:—. —— VAN
T I A

Response Units vs. Acquisition Time (min)

Figure 52: The LGDAD chromatogram at 620 nm shows the elution and separation of all
dyes in a single isoctia method. Numerical peak nhumber follows thee numberas(1) dye

no. 5; (2) dye no. 9; (3) dye on. 4; (4) dye no. 2 and 8; (5) dye no. 6; (6) dye nadye ().

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. 1,8and 10 had major substituents similariti€bese
dyes had similar structures except thenbes of methyl groups on the aniline ring attached
to l-amino anthraquinone derivative. For example, dye no. 10 had three wikene.dy 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, 5.08nd 3.55 mins respectively (Table 5.3). Addition of methyl group
increases the structural hydrophobicity of the compoundsedisaw their retention times on
LC.

Due to small structural differences in substituents, retention times could change. For
example due to acetaldehyde (dye no. 2) insteadloy@oxy ethane (dye no. 4) on the aniline
ring attached to-amino anthraquinanderivative, theetentiontime 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 mixtureeparated by LDAD method.

Peak Dyeno. Average RT  SD of

no. (n=3) 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 deviatian

5.3.2.3 Correlation of Theoretical Hydrophobicity and Retention Times

In this work, the theoretical hydrophobigit (XlogP) of the dyeswas correlatedvith
their experimentaletention timegRT) on liquid chromatography (LCHanai et al. carried
out an analytical approach to calculate the hydrophobicity of theomired conpounds and
predicted their retention timéSIn this work, the theoretical hydrophatity (XlogP) of the
hydrophilic anthraquinone dyesas calculatediia KNIME Analytics Platform Softwaré’
Next, the dyesXlogP valueswere correlateavith their experimental retention times (Figure
5.3). The RT anlogP trends provided a correlati@oefficientof 0.75. From Figure 5.3,
some deviations between the correlation of these two trgedsobservedrhese deviations
could be due to the more hydrophilic and ietinature of these dyes in solution. Dugitese
characteristics, the experimental hydrophobicity could be different than the theoretical
hydrophobicity. The dye no. 8 (AB277ath themostdeviation between RT and XlogBue
to the presence of unique substituent, this dye could be more hydrophilic than other dyes which

decreasés XlogP valuegFigure 5.3) Overall, these analyses could provide important insight
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into the predidon of compound retention times in LC viagheir hydrophobicity. In another

way, these analyses could also be usefulifetinknown chemical structure analysis.

12

10
—e—RT —e—XlogP

CorrelationCoefficient=0.75

RT, XlogP values

5 9 4 2 8 6 7 1 3 10
Dye Number

Figure 5.3: The theoreticahydrophobicity KlogP) of the dyesvere correlated well with the
experimental retention times (RT) on {@AD method.
5.3.3 Tandem MassSpectromdry (ESI-MS/MS) for Structure Analysis

In this section, tandem MS (EMS/MS) via collisionally activated dissociation
(CAD) was carried out fostructure analysis of all anttaquinone dyes. Previouslihis
laboratory carried out the E®MS/MS for similar structureccommecial acid dyes and
observed an interestimghenomeaon. During, CAD analysisthe -SO, loss wascommon for
all comnercial anthaquinone acid dyes containing -dmino anthraquinong-sulfonate
backboné? This study alsdvas some of these commercial anthraquinone dyes along with Max
Weaver Dye Library dyes. Therefore, it is expected that, during @Adyss, these dyes
would also show similatSO, loss. Figure 5.4 depicesrepresentationf -SO, loss from all
hydrophilic anthraquionedyes. UponSQ; loss, dye ion formed a phenoxide anion (Figure
5.4).

Table 5.4 shows the summary of the ions fornresegative ESI mode and their
prominentproduct ionsupon CAD in ESIMS/MS mode.Here themain product ionswere
formed due teSO, loss from the dye anions. Along wHBO: loss, other groups such 430,

-H20, -COCHs lossswerealsoobserved dependinon the substituents of the dyes.
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Table 54: The ion formation in negative E®IS and ESIMS/MS.

Dye No. MS (m/2) MS/MS (m/2)

1 [M-HI- 407.0707 407-SO» (343)
407-SOp-CeH11CHs (252)

2 [M-H]- 435.0656 435S0 (371)
435-S0,-COCHs (328)

3 [M-H] 421.0864 421-S0; (357)
421-SG-CeH10o(CHs)2 (252)

4 [M-H] 437.0813 437-SO, (373)
437 SO-CO; (329)

5 [M-H] 437.0449 437-SO-CO, (329)
437-SOr+H2 (375)
437 CO»(393)
437 SOz COsH2 (311)

6 [M-H]- 393.0551 39350, (329)
393.SO»-CsHi2 (252)
393NHCsH12 (301)

7 [M-H]- 399.1020 399 CsHa (316)
399-SO» (335)
399S0O-CsH11(252)

8 [M-H] 544.0854 544 SONHC2H4OH (420)
544 SO, (480)
544 SO SONHC2H.OH (356)

9 [M-H]- 450.0765 450- SO, (386)
450 SO-COCHs (343)
450 COCHs (407)

10 [M-H]" 435.1020 435 SO (371)
435 SOpi CeHa(CHa)3 (252)

NH;
O‘O O‘O
\
Y =R or Ar Y

Representative dye

Phenoxide anion

Figure 54: The formation of phenoxide anion after losing-80, group was prominerfor
all hydrophilic anthraquinone dyes upon CAD in B86$/MS.

5.3.4 Assessment Gubstituent Effectsvia Survival Yield Analysis

In this part, survival yield analysis via EBIS/MS was carried out for the systematic

assessment of the substituent effectgthe identification and differentiation of similar cored

anthraqunone dyes.Suwival y i e | d

analysis is used for
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stability and their internal energiéSlt is calculated fom the ratio of intensities of the

precursor ion to the sum of the intensities of trecprsor anghroduct ions

_ .
SY=17y

Here,pi s the intensity of the precgwastheor i on

sum of the intensities athe fragment ions Survival yield curves are also used for the
differentiation of positional isomeric compounds tbe compoundwith close structural
similarities!® In this study, four dyes such as dye no. 6, 1, 3 and 10 had closeurstruct
similarities with the addition of the methyl group on the aniline derivativattached to the
anthraquinone (Figure 5.5Therefore, the survival yield curves and thes€C¥#alues: the
characteristic collision energy at which surviyadld is 50%were calculatedAn interesting
phenomenorwas observedhat the addtion of methyl group inaase their Cko values
(Figure 5.5) The CEko values were calculated from experimergatvival yield sigmoidal

curve fitting as chapter four and appendix C.

CEs =29.22 eV CE5, =31.04 eV CE5, =32.38 eV CE;, = 33.66 eV

2

o) NH, (o) NH o} NH, 0 NH,
] I SosNal ! SO;Na ] I SO3Na l I I SO3Na
' CH; ! CH;
O HN O HN O HN O HN
Jao L In CHELS o WL
HiC CH H;C CH

3
Figure 55: The hydrophilic anthraquinone dye no. 6, 1, 3 and 4@ tme close strigral
similaritieswhere 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 antimaguihich
increases their Gzvalues in tandem mass specteiry.

3

During survival yield analysisf these four dyeshe additionof methyl group to the
structure increases the precursor dye ionods
survival yield islowestf or t he dye no. 6 methiyh grough Ordtteeothen 6t h a
hand, it wasighest 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 Cf valuescould differentiate and identify dyesith close

strudural differences.
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Figure 56: The surwal yield curves depicted that atdn of methylgroup to the dye
structures increases their internal stability (Dye 10 > Dyd&§e>1 > Dye 6).

5.4 Conclusion

A systematic analytical approachas conductedo assess the effects of dyes
substituents on LC retentiandidentificationin tandem mass spectrome(gSFMS/MS).
LC-DAD-MS gradient method successfubigsaesedthe purity absorbance and molecular
weight of all hydrophilic anthraquinone dyes Vigh-resolutionQTOF mass spectrometry.
An artificial mixture of the ten dyeswas eluted and separated by a 14 min-DED-MS
isocratic method. During mixture analysitsyas foundthatthe substituents have important
effects on the retentioimes of the dyes. Addition of methyl group to the dye structures
increases their retentionntes. Moreover, the theoretical hydrophobicity of the dyes
correlatedwith their retention timegcorrelation coefficient 0.75). In addition, structure
analysis of all dyes was carried via collisionalgtivated dissociation (CAD) in ESIS/MS.
All anthraquinone dye ions formed prominent fragment ions after leS§i@g groups upon
CAD. This result greed with the previous wi done bythis laboratory during commercial
anthraquinone acid dye analysis via CAD. Moreover, a systematic survival yield analysis via
CAD was carried out for four dyes containiagdifferentnumber of methyl groups. Addition
of methyl group in the staiure 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 complgtures.
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CHAPTER 6

Physical, Chemical and Biological Method Bvelopment to Study Biodegraded
Cellulosic Fabrics Containing Homo, Hetero andMono Functional Reactive Dyes

Abstract

The biodegradation of reactive dyes bonded to cellulfadidcs in landfillsis na
completely understood. Severakearch teantsave esearchednthebiodegradtion of dyes
or biodegradation afellulosc fabricsindividually, but no systematic studies aneailalle for
the biodegradation of reactive dyes on cellddabricsafter landfill disposal. In this work,
the dyed cellulosicabrics were biodegradedtimesoil in alaboratorycontrolled environment
for 45 and 9eday time intervals For studying biodegradah of dyes on fabric samples,
systematic analyticappioachvia physical, chemical and biological methaass carried ot.
Physical method via spectrophotometry calculated cstl@ngh (K/S values) of the fabric
samples andhdicateal the dye degradatiomccurenceon the biodegraded samples based on
the lower K/Svaluescompared to undegradedmples. Additionally, ahemical method with
alow concentration of alkali (0.15% NaOH) wdseveloped forthe isolation of dyes and their
biodegradegroducts from thebiodegradedcaind undegradedamples. The chemical method
isolates the intact dye as the hydrolyzed form, so hyeolyzed dye standardswvere
synthesizedThe synthesized standards were used for the comparison purposes of isolated dyes
anddegradtion products. Lastly, a biological method via enzymatic digedtiestmet was
developed to digest dymolecdes from the &llulosic fabrics. Dye attached toghier mass
sugar molecules (e.g., glucose, cellobiose, cellotrioseglttibiose, dicellotriose) were
digested from the undegraded and degraded samples and these were compared with the
synthesized digestion standardslizing chemical and biological miedds to undegraded and
degraded samples, dye degradation products were identifiextraddreswere proposed by

high-resolutionmass spectrometry.

6.1 Introduction
Landfill disposal of textile substratés a challeging waste managemeissuesince
textile dyes can be edoxic causingenvironmental pollutiod Biodegradation provides a

solution to this issue by breaking down the substraie® environmentally friendly

120



degralation productsvia biological microorganismse(g. baderia, fungi, viruses) already
found in soil>® Among textile substrates, cellulosic fabriese more susceptible to
biodegradation thannoncellulosic fabrics due to their 30635% amorphous regioh
Unfortunately, the biodegradation fate of the most commonly used cellulosig dsastive
dye® remains unstudiedreactive dyes form a covalent bond witlulosic fibers, which
renders excellentvashfastnesdut complicates biodegradation and makes dye isolation
difficult.* Therefore, the assessment of the biodegradationfatese dyes on fabrics during
landfill disposal has yet to be explored.

Biodegradation of cellulosic fabric in soil has been investigatelétermine the factors
that are correlated to the rate of degradatioiVeight loss of the fabric is an important
indicator ofthe degradatiorprocess In alaboratorycontrolled environment, the emission of
carbon dioxide also indicate¢he rate of biodegradatiofabric ®fteners ad resin finishing
also affecthedegradation procesgith softenes accelerang andresin finishing deceleriag
the degradatiomate® Evidence suggests thablorantcould be an important factor ithe
biodegradatiomf fabrics® Studiesshowthatundyed fabrics exhibinorphological disruption
during microbial degradation of historical cotton mtrandyed fabrics® but no study has
discussed the fate of the colorants during biodegradalibe. question remainsrexdyes
degradd along with the fabrics ato they remain unaffected by the proce$g?answer this
guestion laboratorycontrolled biodegradedetiulosic fabrics were studiedthat contained
three different types of reactive dyesmano functionalinyl sulfone Cl Reactive Blue 19,
homo bifunctional Cl Reactive Black 5 and a heterdubictional Cl Reactive Red 198.

Three different analytical methods were developed to stuapitdegradation of dyes
on both biodegraded and undegraded fabric gsnp physical method via spectrophotometry
indicated biodegradation of dyes by calculating the color strength of the degraded fabrics. A
chemical method witla low concentration of &kli (0.15% NaOH) was developed to isolate
both intactdyes as hydrolyed 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 whigher mass sugar molecules. For the ease of identification
of chemicdly and biologically isolated products, both chemical and biological standards were
synthesized. These developed methods could be used as the baseline for studying

biodegradation of redive dyes on celluloses. Utilizing theseethods,the degradation of
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reactive dyes on biodegraded celludd®brics was studiedndthe chemical structures of the

degradation productsere proposed

6.2 Experimental
6.2.1 Materials and Reagents
Cl Reacive Red 19§ RR198),Cl Reactive Black §RBIk5) and CIReactive Blue 19
(RB19) wee obtained fronHuntsmanCorporation RR198 is anonoazcdheterobi-functional
monochlorotrazine-sulfatoethylsulfone (MCT/S&) dye, RBIK5 is adisazo homo bi-
functional di-sulfatoethylsulfone (SES/SES) dyand RB19 is an anthraquinormaono
functionalsulfatoethylsulfone (S&) dye (Figure 6.1). Glucose and cellobiose were purchased
from SigmaAldrich. The enzymeellulase(Trichodermaviride) waspurchased from EMD
Millipore Corporation Sodiumhydroxide (eagent graded7%) acetonitrile (C-MS grade,
99.9%) ammonium formatd HPL C gr ade, 099. 0%) an®1%) or mi ¢
were purchased from Sigasddrich. Hydrochloricacid (1N solution) was obtainedrom
VWR Analytical. Methanol L.GMS gr ade, O 99. 9%) wa Purifiedr chase
water( 1 8 .waggenerated ihouse using MiliQ System (PURELAB Ultra from VWR).
For the biodegradation procesthe soil was purchasedrom Lowes (Garden Scape Cow
Manure). Tk soi |l was sieved to O2 mm particle siz
The colored fabrics were obtained thyeing a singléknit 28 cut jersey fabri¢€100%
cotton ring spun yarn) with 2% on weight of goodw/g). The dyeing was performed thie
Dyeingand Finishing Application Laboraty at Cotton Incorporated. The evenness of color
on fabrics (based on the BMg color differences) was measured by theit€ color i7
spectrophotometer aniflatch color formulation softwareThe dyeing procedureliows as
below:
A 1370 g of fabric wasdaded to OptiLab dyeing machine at 15:1 liquor ratio. The salt
(sodium sulfate) was added at a rate of 55 §l30g salt for aotal of 21 liters) and circulated
for 5 min at 37.8C. Next, a 27.4 g of dye at 2.0 %wg (on weight goods) was added and
circulated for 15min to 6(°C. Afterthat a total of 267 g of soda ash (sodium carbonate) at a
rate of 13 g/L was added and circulated fomdif. The temperature was reduced to 48.9

and a 1@ of acetic acid at a rate of 0.5 g/L was addedrend it wascirculated for 1dmin.
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The temperature was then increased to°@3ahd circulated for 16in. Again, it was cooled

to 82.2C and drained the solution, filled with cold water and circulated forr2

Cl Reactive Red 198 ClI

wy
= J\ SOZCH2CH20503N6
NaO;S H N NH OH
SO;Na

NaO;S

S0,CH;CH,0503Na
Qg JJ
N

NaO3S SO;Na

Cl Reactive Black 5

NBO3SOH2CHQCOQS

Cl Reactive Blue 19
O NH,
O HN : _S0,CH,CH,0S0ONa

Figure 6.1: The chemicastructures of dyes analyzed in this work.

SO;Na

6.2.2 Biodegradation of Dyed Fabric Samples

The biodegradation of fabrimaterials was performed under controlled laboratory
conditions according to ASTM D 59482° The dyed farics were cut into 2x2 cm fabric
strips. For each dyed sample, three strips were biodegradeddary4md three 8ps for 96
day (RB19 only) Additionally, three strips were kept as undegraded samples. The soil in the
desiccator (150 mm) was prepargadiixing 380.2 g soil, a 72.6 g (NHHP Qs solution (4.72
g/L in water), and a 47.2 g pure water. The mixture was tllaced on a perforated plate in
the desiccator. The fabric samples (strips) were plactt soil. Additionally, aeration was
provided. After their respective time intervals, the fabric strips were taken from the desiccator,
rinsed with pure water,na airdried. The samples were stored in tiefrigeratorpending

further analysis. The biodegradation experiment was carried out at gagtident of Fiber
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Science and Apparel Design, Cornell University. Figure 6.2 shows the photographs of
biodegraded alg with undegraded samples of RR198, RB&IRB19.

Before analysis, thiiodegraded samples were washed withl2of purewater, 2 mL
methanol| and 2 mL of acetonitrile and geypghake to removeny soil which could interfere

with the dyeisolationprocess The washed samples werie-driedat room temperature.

Figure 6.2: Biodegraded along with undegradedbric samples. Here, (a), (b) and (c) are the
undegraded samplesd@y) of RR198, RBIk5 and RB19 and théb daybiodegraded samples
are shown in (d), (e) and (f) respectively. Here, (g) show9@h#gaybiodegraded saphte of
RB19.
6.2.3 Physical Methd by Spectrophotometry

In general, spectrophotometry measures the reflection/transmittance properties of the
samples as a function of wavelength. Wherlitite goes through the solution of the samples,
the spectrophotometry measures the change of intesfsimcidentand tranmitted light®1°
Spectrophotometry follows the Bekambert Law for measuring theoncentrationof the
samples in solution.Similar way, photodiode array detectin liquid chromatogaphy uses
this law for measuring dye concentration in solution. The Beaetbert Law states that the
concentration of the sample is directly proportional to the absorbance.

— i H

WhereA isthe absorbancaf the sample at a specific wavelengtis the concentration
of the samplg is themolarabsorptivty andl is the length of the path through the solution
BeerLambert Law does not consider scattering of thet ligh if theparticleis present on the
solution, the concentration measurement will be erroneous. In that cageibi&aMunk
equation is used which considered both absorption and scaftdiiregefore, mesuring the
concentratiorof dyes on fabrics, théubelkaMunk equation is applicable.

€ n
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WhereK 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 transmiissing).
work, K/S valueswere calculatedor both the undegraded and biodegraded samples and
compared their intensities. Due to extensive degradations and holes on the biodegraded
samplesall samples werenountedon microscopic slides. This step easedhhadlingof the
samples and providembnsistehmeasirement throughout the whole process. tbrimetric

experiment was performegsing software Datacolor iControl fromixte spectrophotometer

6.2.4 Chemical Method of Dye Isolation

The hydroxyl groups in the cellulosic backbone of cotimeweakly acdic in nature,
so an alkaline solution could cleave the gluedge link and isolate the hydrolyzed form of
dyes from the cellulos€ Yet, a high concentration of alkali (326 NaOH) could partially
dissole the fiber and discolor the dyEThereforein this work, a chemical treatment of dye
isolation containing a low concentration of alkali (0.15% NaG#fs developedThe
procedure follows as below:

A 3 mg of fabric strip was cut fromthe 2x2 cm fabricsamplesand placed in a 5 mL
Fisherbrandylassvial. A 1 mL of 0.15% NaOH solution was added. The vial was placed in
PIERCE Reactrherm Heating module and heated for 1 h &C8@ith closed lid. Afted hr,
the val was removed from the module, cooled to room temperature, neutralized with 30 pL of
1N HCI solution, filtered with a 0.2 um PTFE filter (Phenomenex), and placed in an-HPLC
vial for LC-DAD-MS analysis

6.2.5 Biological Method of Dydsolation

Besides chemical treatment, a biological treatment via enzymatic digestion was carried
out to isolate and digest reactive dyes from cotton fabtitsThe original method was
proposed byiggins!4 Herethe modified method as below:

A 3 mg of fabric strip was cut fronthe 2x2 cm fabricsamplesand placedn a 5 mL
Fisherbrand glass vial. A 100 pL of 3M NaOH solution was added to theT¥ialvid was
placed n a grip seal bag to an icecontainer Temp 0°C, 4h) (Figure 6.3a)Next, he NaOH
solution was removed and a 500 pL of M&cetic acid was added (incubated for 1 miline

acetic acid was removed and a 1 mL of buffer solution (0.1Mad¢date, pH 5 wh acetic
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acid) was added ariidwasincubatedor 1 min.Subsequentlyhie buffer solution was removed
and a 1 mL of enzyme solution (& cellulasein 50 mL buffer) was @ded. Next, he vial
wassealed and placed in a shaking bath foh24 50C (Figure 6.3b) Finally, the vialwas
removed from the shaker, filetand put in HPLC vial for LEDAD-MS analysis

(a)

Figure 6.3: Experiment setup for biological treatment via enzymatic digestion. (a) The
samples were incubated atkali and placed in ice for swelling the fabrics. (b) The samples
were incubated in aenzymesolution and digested for oweght in shaking bath.
6.2.6 Chemical or Hydrolyzed Standards Synthesis

Chemical standards as the hydrolyzed forms of dyes wathesized for Cl Reactive
Black 5 (RBIKk5), Cl Reactive Red 198 (RR198) and CI Reactive Blue 19 (RB19) dyes. In this
chaptey the synthesis of RR198 and RBIkGemical standards will be presentt in the
nextchapter, the synthesis tife RB19 chemicalstandard will be showfor the quantitation
of biodegradation. Here, the synthesis procedure follows as:

A 0.0507 g of RBIk5dye powderwasweighedand put inan 80-mL beaker. A 50 mL
of 0.15% NaOHsolution wasadded to the beakevhich resultedin a 0.00IM dye solution.
The solution was gently stirred, and the beaker was put on a reaction heating plate. The heating
temperature was held to ®Dfor 3 h with continuous stirring. The hydrolyzed product was
monitored by thin layer chromatography (TLC) and aonéd by mass spectrometry (MS).
After reaction completion, the bath was cooled to room temperature, neutralized to pH 7 with
1N HCI, filtered using Buchner funnel, dried and collected fofRAD-MS analysis. Similar
way, for RR198 hydrolyzed standard dyegis, same 0.001M dye solution was prepared by
weighing0.049 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 RBIk5 except the reaction temperature for RR198 was held
to 8C°C for 3h. Figure 6.4 shws the synthesis reaction of hydrolyzed standards from both
homo (RBIk5) and hetero (RR198)}inctional reactive dyes.

/SO2CH,_CHZOSO3Na S0,CH,CH,OH
Dye\ Dy
502CH2CH20303N3 SOZCHZCHZOH
0.15% NaOH
or = or
T =60%0r 80°C
SO,CH,CH,0S0;Na  Time =3 hr S0,CH,CH,OH
4 Dy/e
Dye N ol /N OH
\r/ Y | m/
N e
Homo or hetero bi- Hydrolyzed dye
functional reactive dyes standards

Figure 64: The synthesis reaction of hydrolyzed dye standards fromo (up) and hetero
(bottom) bifunctional reactive dyes.

6.2.7 Biological or Enzymatic Digestion Standards Synthesis

The biological or enzymatic digestion standards were also synthesized fareall th
dyes. The synthesis procedure follaagsthe dye (0.01 mol) and cellobiose (0.05 maijvder
wereindividually dissolved in 50 and 20 mL ptirewater, respectively. Th@H was of the
cellobiose solution was adjusteddy adding @.375 MNaOH solution. The initial pHof
thedye solution wa3.75and it was adjusted to pH 7 by addB@ul of 1.5% NaOHsolution
The dye solution was then heated t8@@ndthe neutralizeaellobiose solution was added
dropwise. The reactiowas held at 6(°C for 2 h with constant stirringA total of 1.20 ¢
cellobiose powdewasaddedio complete the reéion. The final molar ratio between the dye
and cellobiose was tb 15. The reactiomvasmonitoredby TLC. The reaction was cooled to
room temperature and neutralizedpH 7 by 1IN HCI. The final products were analyzed by
LC-DAD-MS. Figure 6.5 shows a same of the synthesis of biological/enzymatic digestion

standards from native dyes.
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SO,CHCH,080;Na  SO;CH,CH,0C Hy1 016

Dye\ Dye\
NH, NH,
or or
SO,CH,CH,080;Na C12H2201s /SOZCHZCH20C12H21010
Dye/ (Cellobiose) Dyé
SO,CH,CH,0S0;Na T=680°C SO,CH,CH,0C 12H,101
Time =2 hr
or or
S$0,CH,CH,0S0;Na X502CH2CH20C12H21010

/
Dye o Dye
Cl = OC3H3104p
N g
NN NN
Y Y

NH, NH,
Mono, homo or hetero bi- Enzymatic digestion standards as
functional reactive dyes dyes with cellobiose moieties

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

reacted to dyes containing mono (up), homo (midathel hetero (bottom) functional groups.

6.2.8 Liquid Chromatography-Photodiode Array Detector-Mass Spectrometry

All samples including isolated and synthesized prodwete analyzed using liquid
chromatography witlphotaliode array coupled to electpyay ionization and toraAgilent
6520 accurate mass quadruptitee-of-flight massspectrometerl{C-DAD-ESFQTORMS).

Chromatographic separation was achieved using a Zorbax Eclipse RI(& 1350
mm, 3.5 e€m) col umn wighdmrowdoreZgoardzaurmn (B.tx1L2.5mme
5 & m) °C.a'he méhile phases used for the safpan consisted an aqueous phase (A) 20
mM ammonium formate with formic acid in water (pH = 4), andeganicphase (B) a ratio
of 70:30 methanol/acetonitrile. The flowteaof the mobile phase was 0.5 mL/min with an
i njection vol ume ngogfadiehtOmethod was Uiskecefor allcahalysssw3d% B
from O to 1 min, 860% B from 1 to 1.5 min, 600% B from 1.5 to 7 min, holding 90% B
from 7 to 9 min and returns to 3%aB9 to 9.5 min. A 4 mipost runof 3% B was used to e
equilibrate the column.

TheDAD detectoranalyzed at a spectral range of 2800 nm. The main wavelengths
for absorbance analgswere set to 25415, 610620, and 660 nnilrhe absorbance analyses

were used as the complementary identification via measuring maxwvam e | engt hs
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The QTOF mass spectrometer was operated in negative electrospray ionization (ESI)
mode athigh-resolution(4 GHz) with a resolving power ranging from 9700 to 18000 for the
m/z100 and 1600 respectively. The following MS parameters otienized for the highest
intensity of the ions: drying gas flow rate 12 L/min at ®55nebulizer pressure 35 psi,

fragmentowoltage 110 V with the Vcap voltage 3500 V.

6.3 Results and Discussion
6.3.1 Biodegradation Study via The Physical Method

Phystal 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 the
variation of intensitiesSinceK/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 wavelengglr&6.6 shows the representation of
K/'S values of dyes vs their wavelengths. Th.
the fabrics were calculatesRR198, 540 nm; RRBIk5 and RB19, 610 nm. The reduction of
K/I'S values of t he sogegddgdesamplesscomparedaoxundegoaded bnhse b
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 theedegradation as well as leachingt of dyes from
the surface of the fabric to the surrounding soil. Sitlee K/S valuesvere calculated foin-
situ biodegraded samples without altering or washing off the samples, the soil and dart attached
to the samples couldnterfere with the K/S values.Yet, the physical method via
spectrophotometry carried out here provides an important insigithe cegradation of dyes

on the biodegraded cellulosic fabrics.

6.3.2 Biodegradation Study via The Chemical Method
The chemical method consisted of two stepsst: the dye isolation method
development vialemical treatmenéand second: the synthesizing chemhistandards. Here,

chemical treatmenisolates dyes as the hydrolyzed form. Therefore, before appligag
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chemicaltreatment to the biodegraded andlegraded sampleBist, the chemical standards

(ahydrolyzedform of dyes)were synthesized

(a) RR198_K/S values (b) RBIk5_KI/S values
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Figure 6.6: The K/S values of undegraded (0D) and biodegraded (45D and/or 90D) samples
of (a) Cl Reactive Red 198 (RR198), (b) R¢active Black 5 (RBIk5) and (c) Cl Reactive

Blue 19 (RB19) respectively. The gradual decreaséd®ivalues on biodegraded compared

to undegraded samples indicate the degradation of dyes on the fabric samples after

biodegradation.

6.3.2.1 Characterizaton of Synthesized Chemical Standards

For both RR198 and RBIk5, the chemical standards were sizdetleas the di
hydrolyzed forms of dyesThese synthesizechydrolyzedstandards were characterized by
high-resolutionmass spectrometry (HRMSAdditionally, thin layer chromatography (TLC)
was used for monitoring the synthesis. In TLC (SH%; 0.25 mm)two solvent systems were
developed for the elution of the synthesized products. The solvent system 1 composed of 1
Butanol/Ethanol/NEHOH/Pyridine/H20 = 8:2:81:3 which was used forRL98where solvent
system 2 consisted of IPARutanol/Ethyl acetate/Wate 2:4:1:3 and it was used foBIk5.

Figure 6.7 shows the characterization of 8ymthesizedhydrolyzed standard of

RR198. TLC analysis indicated thataftreaction completion, only one spot was observed
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(Figure 6.7a and 6.7biHigh-resolutionmass spectrum confirmed the final product as the di
hydrolyzed RR198 dye (Figure 6.7c).

Similarly, Figure 6.8 shows the reaction monitoring and characterizatiomeof t
synthesizedli-hydrolyzed form of dydrRBIk5. After reaction completion, only one spot was
observed in TLC (Figure 6.8a and 6.8b) amgh-resolutionmass spectrum confirmed the final

product as the enydrolyzed form of RBIK5 (Figure 6.8c).

(a) (b)
RRT!B Cross“ R;!;M
spots  -diOH

TLC Identification

1 Starting RR198 dye (Rf =

0.31,0.36)

2 Cross spots of RR198 and
final product (Rf = 0.24,
0.31,0.36)

3 Final product: di-

hydrolyzed RR198
(RR198-diOH) (Rf = 0.24)

3
x10 397.5004

OH

(c) .
HOH,CH,C0,S [ 2
OH HN N N SO3;H
3 N H
Nes
SOy

048
0 L L N “LA " J

m/z: 397.5020
m
350 375 400 425 450

Counts vs.m/z

Figure 6.7: The characterization of synthesized chemical standard as-tyelmilyzed form
of the dye RR198. (a) and (b) The TLC analysis shows a single final product formation and (c)
high-resolutionmass spectra identified the finabguct as the elnydrolyzed RR28.

6.3.2.2 Comparison of Chemical Standards with Isolated Products

The chemical treatment developed in sec6d@¥ was first applied to thendegraded
dyed sampled-or all dyed samples, chemical treatment successfalbtéxl intact hydrolyzed
dyes.For bifunctional dyes RR198 and RBIK5, it isolateehgdrolyzed form of dye and for
mono functionatlye RB19, it removed a mono hydrolyzed form. The isolated hydrolyzed dyes
were characterized based on retention times indlSorbance analysis (in DARt@ction)
andhigh-resolutionmass spectrometry. After successful application of chemical treatment to
undegraded samples, it was applied to biodegraded samptés. lspective hydrolyzed form
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of these dyesverealready sythesizedthey were thewompaed 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.

(a) (b)

b B N - s

TLC Identification
sample
no.

RBIk5 Cross RBIk5-
| spots diOH

B 1 Starting RBIK5 dye (Rf =

0.15,0.30, 0.45)

2 Cross spots of RBIk5 and
final product (Rf = 0.15,
0.30,0.39, 0.45)

3 Final product: di-hydrolyzed

RBIk5 (RBIK5-diOH) (Rf =
0.39)

3
x10 370.4941

(C) HOH,CH,C0,S SO,CH,CH,0H
QL il“ il i
N N NQN
038

©

3 SOy
m/z: 370.5093
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Figure 6.8: The characterization of synthesized chemical standard as-tyelmilyzed form
of dye RBIk5. (a) and (b) The TLC analysis shows a single final product amdltalesolution
mass spectrum shows the detection and identdicalf the final product as thai-hydrolyzed

RBIK5 ion.

6.3.3 Biodegradation Study vialhe Biological Method
In the biologicalmethod, thecellulaseenzyme digestdthe cellulog fibers and mde

the covalently bonded dyes available for analysis. During bicdbgiethod developmerihe
sameprocedural steps wefellowed as the chemicamethod. Firstthe biological standards
were synthesizednd then comparedith thebiologically treated isol@d products fronboth

biodegraded and undegraded samples.
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Table 61: Chemical treatment isolated the reactive dyes and their degradation products from
biodegraded samples and these ions were successfully detected and identifiggh- by
resolutionMS. Additionally, synthesized standards wased for comparison purposes.

Dye Sample Peakm/z Charge Exp.exact Structures identified
type (exp) states mass

RR198  Synthesized| 397.5M4 -2 795.0@8 | dyedi OH
standards
Fiber 397.5040 -2 795.0080 | dye-di OH
sample 0D | 411.0241 -2 822.0482 | degradatiomproduct*
Fiber ND ND ND ND
sample 45D

RBIK5 Synthesized| 3704941 -2 740.9882 | dye-di OH
standards
Fiber 370.5064 -2 741.0128 | dye-di OH
sample_0OD | 411.0241 -2 822.0482 | degradation product*
Fiber 370.5050 -2 741.0100 | dye-di OH
sample 45D

RB19 Synthestzed | 501.041 -1 501.0441 | dye-OH
standards
Fiber 501.0429 -1 501.0429 | dye-OH
sample 0D | 318.0085 -1 318.0085 | degradation product*
Fiber 501.0429 -1 501.0429 | dye-OH
sample 45D 421.0%8 -1 421.0864 | degradation product
Fiber 501.0429 -1 501.0429 | dye-OH

sample 90D 421.0%8 -1 421.0864 | degradation product
45D and 90D (@ day 45 day and 90 day biodegraded fabric sampie&)= massto-charge ratiopxp, experimentaExp. exact mass, peak
m/z(exp.) x absolute charge statB, Not detectep*degradatiorproduct 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-resolutionmass spectrometry. Doubly and triply charged mgiss ions were observed
for dye RBIk5 and RR198 but only singly charged ions were observed for RB19. Figure 6.9
shows the synthesis of enzymatic digestion standards for dye RBIk5. DAD chromatogram at
610 rm shows multiple peak formation where the main pdakretentiontime (RT) 4.1 min
was the dye molecule attached with two cellobiose moieties (Figure 6.9a). Duetiwthe
reactive sites of RBIk5, two cellobiose molecules were attached to them. HEktrawcte
chromatogram (EIC) of this compound (doublyaoged ion) showed a sharp peak in MS
(Figure 6.9b) andhigh-resolutionmass spectrum characterized it with high mass accuracies
(ppm error 1.15). Other peaks in the DAD chromatograms were also chasstteyizigh
resolutionMS (Table 6.2). Similarly, ding 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 synthesizbiological standards @fl Reactive Blué. (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 igwid€b) EIC of this
compound shows a sharp peal8 and (chigh-resolutionmass spectra characterized it with
high mass accuracy.

Among these dyes, RB19 wasreno functionalreactive dye. Therefore, only one
reactive site wasvailablefor the attaching sugamoieties Sincethis dye had only one
sufonate group apart from the vinyl sulfone reactive site, it only provided singly charged ions.
During synthesis of enzymatic digtion standards, two types of standards formed along with
native dye in vinyl sulfone form and the hydrolyzed form of dyeyfég.10). Dye attached
to the cellobiose uniin/z825.1488) as well as the glucose unif663.0960 ) were the two
main syntlesized standards even only cellobiose power was used as the reactant with dye. The
reason could bdueto the presence of gluse as @ontaminantn the commercial cellobiose
powder.When the cellobiose solution was run Ryigh-resolutionmassspectronery, the
presence aheglucosemoleculewas observed on.iThe dyes attached to the glucose moieties
were alsgpresentin othe synthesized dyes standards (Table 6.2). Other compounds, as the
hydrolyzed form of dyes (dy®H, m/z501.0432) and native vinyl sulfone dye (ey8, m/z
483.0321) were present in after reaction products. Table 6.2 shows the overview of the

synthesized dgestion 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)/z@) each
compoundwas extracted frorMS and (e), (f), (g) characterized these compoundsigia
resolutionmass spectrd.he nsetshows the absorbance spectra.

6.3.3.2 Comparison of Biological Standards with Digested Products

At first, the biological method via enzymatic digestion treaimwas applied to
undegraded (@ay) cellulosic samples. Three replicate experiments were carried out for each.
After successful characterization of all compoundshigga-resolutionmass spegcometry, it
was applied to biodegraded samples. As the dagestandards (section 6.2.\fere prior
synthesizedthey were compared with theolated productéTable 6.2) Sincecellobiose was
used with dyes for the synthesis of thigestion standardthe dyes bonded to a cellobiose or
a glucose uniiverethe possiblesynthesizedligestionstandards However, during enzymatic
digestion treatment to undegraded and biodegraded fabrics sathplisslated compounds
were observed toontain higher mass sugar molecules. For example, Figure 6.11 shows the
high-resoltionmass spectra of isolated enzymatic digestion products from undegratisyl (O
samples of RR198, RBIkandRB19. These compounds contained the dye molecules attached
to glucose, cellobiose, cellotriose;a#llobiose or drellotriose moieties. Du@tone 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 undegrad€@ day) dyed samples. Some examples of these compounds are
(@), (b) Cl Reactive Red 198 (RR198); (c), (d) ClI Reactive Black 5 (RBIk5) and (e), (f) CI
Reactive Blue 19 (RB19) attached to sugar molecules. All ions were successfully detected and
characterizedby mass spectrometry with high mass accuracies.

During theapplicationof enzymatic digestion treatment to biodegraded samibles,
intact dye attachieto sugar moleculaesas also observedable 6.2). The reason could be due
to the presenceof undegradeé dye molecules even after 45 86-day biodegradation.
Additionally, a common degradation prodweas foundin 45 day biodegraded samples of
RR198 and RBIK5. Thenassto-charge(m/2 of the degradation product was 638.1366. Its
structure was proposed lealsonm/zin MS (Figure 6.12). A second degradation produot/at
570.1473 was observed4® daybiodegradd sample of RBIk5 (Table 6.2).
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Table 62: Biological treatment isolated the reactive dyes attached to sugar moietibeiand
degradation products from biodegraded samples and these ions were successfully detected and
identified by high-resolutionMS. Synthesized standards were used for comparison purposes.

Dye Sample Peak m/z Charge Exp.exact Structures identified
type (exp) states mass
RR198 | Synthesized| 559.5517 -2 1119.1034 | OH-dye-cellobiose
standards 721.6079 -2 1443.2158 | dye-di-cellobiose
489.0223 -2 978.0446 | OH-dye-Na-glucose
550.5532 -2 1101.1064 | OH-dye-cellobiose(-H20)
568.5322 -2 1137.0744 | OH-dye-cellobiose(+ H20)
Fiber 802.6287 -2 1605.257 | cellotriosedye-cellobiose
sample 0D | 883.6603 -2 1663.305 | dyedi-cellotriose
Fiber 802.6287 -2 1605.257 | cellotriosedye-cellobiose
sample 45D 638.1366 -1 638.1366 | degradation product
RBIK5 Synthesized| 532.5664 -2 1065.1338 | OH-dye-cellobiose
Standards | 523.5566 -2 1047.1132 | VS-dye-cellobiose
694.6176 -2 1389.2352 | dye-di-cellobiose
613.5915 -2 1227.183 | cellobiosedye-glucose
Fiber 694.6176 -2 1389.2352 | dye-di-cellobiose
sample 0D | 775.6414 -2 1551.283 | cellotriosedye-cellobiose
Fiber 694.6176 -2 1389.2352 | dye-di-cellobiose
sample_45D| 638.1366 -1 638.1366 | degradation product
570.1473 -1 570.1473 | degradation product
RB19 Synthesized| 825.1488 -1 825.1488 | dye-cellobiose
standards 663.0963 -1 663.0963 | dye-glucose
501.0432 -1 501.0432 | dyeOH
483.0321 -1 483.021 | dyeVS
Fiber 179.0567 -1 179.0567 | glucose
sample_0OD | 825.1477 -1 825.1477 | dye-cellobiose
663.0974 -1 663.0974 | dye-glucose
483.0307 -1 483.0307 | dyeVS
501.0429 -1 501.0429 | dye-OH
Fiber 179.0567 -1 179.0567 | glucose
sample_45D| 825.1477 -1 825.1477 | dye-cellobiose
5010429 -1 501.0429 | dyeOH
Fiber 179.0567 -1 179.0567 | glucose
sample_90D| 825.1477 -1 825.1477 | dye-cellobiose
501.0429 -1 501.0429 | dye-OH

OH, hydrolyzed; VS = vinyl sulfone; all other abbreviations are sarialae 6.1
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Figure 6.12: Enzymatic digestion treatment isolated possible degradation products of the dyes
RR198 and RBIK5 from 4%lay biodegraded celluloses. The chemical structures of the
degradation products were proposeddx on the exact masses on MS.

6.4 Conclusion

The degmadation studies of reactive dyes on laboratory controlled biodegraded
cellulosic fabricavas successfully carried out aysical, chemical and biological methods
Reactive dyes form strong covaldrmdnds with cellulog fabrics Therefore, thesolation of
these dyes via conventional solvent is difficult. For that reason, biodegradation studies of these
dyes oncellulosic fabrics is not yetrevealed Severalresearchersndividually studied the
biodegradation of dyes in solutioor the biodegradation of cellulosic fabrics for recycling
purposeslt seems likethis is the first time, research was carried out to devgystematic
analyticalmethoddor the biodegradation studies of reactive dyes dllosic fabrics in the
soil. In this work, it wasdemonstrated 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 samplehiemical method of dye isoiah using a
low concentration of alkalwas successfully developedhich isolated intact dye as hydrolyzed
form and their degradation products. For comparmamposesthe hydrolyzedlye standards
were synthesizedLastly, a Iological method via enzymati digestion treatmentvas
developedo digest reactive dyes from fabric sampl€ke digested treatment isolated dyes
attached to thdnigher mass of sugar molecules. Again, for the comparison purptses,

digestion standardsere synthesizednd comparethem with isolated compounds from the
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fabricsamplesBoth 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 Cl Reactive Bluel9 Dye on Biodegraded
Cellulosic Fabricsvia Liquid Chromatography -Photodiode Array Detection Coupled to
High-Resdution Mass Spectrometry

Abstract

A systematic quantitative analytical approach evaluated the degradation of
sulfatoethylsulfonedye Cl Reactive Blue 19 on biodegraded cellulosic fabiitee dyed
cellulosic fabrics were biodegradedthre soil in alabomatory-controlled environment fo45
and 90daytime intervals. A dye isolation method using a low concentration of alkali (0.15%
NaOH) was developed and applied @®0or 1 h) to isolate dyes from fabric samples. This
method isolates intact dye in its hgtized form, so a hydrolyzed form of the dye was
synthesized for quantitation. A quantitation method was developed usjuig
chromatographphotodiodearray detection (LEDAD). The quantitation method provided
excellent linearity (R= 0.9997 + 0.0002)accuracy (% error =2% = 4), precision (%
coefficient of variation = 2% + 4), and sensitivity (lower limit of quantat= 0.4 + 0.2
png/mL) for concentrations ranging from 1 to 50 pg/mL. After validation, the method was
applied to quantify the remairgnhydrolyzed dye on biodegraded samples. This method
showed a reduction of theydrolyzeddye in biodegraded samples (@5d 90day) compared
to undegraded control sampled@y). Subsequentlhigh-resolutionquadrupoldgime-of-flight
massspectrometry (IrOF) 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 printingp®d technology, pharmaceuticalnd textiles industry The
global consumption of dyes & x 1G metrictons/yeawhere 80% of them go to textiles and
rest of 20% into paper, leather, foodnd others®® During textile dyeing process,
approximately 1620% of unbound dye is lost in the wastewater and for reactive dyeing, the
dye lost could be as high as 58%Releasing these colored effluents to environment is

undesirable due to their mutagenic and icargenic 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 fluent* The first method isa physical treatment which ricludes
adsorption by activated carbon, peats or silica gel, membrane filtration such as ion exchange
and electrochemical coagulation. The second methbe istemical treatment which consists

of oxidation via hydrogen peroxidigntonreagentandozonaton, photochemical degradation

or electrochemical destructidiThesephysicochemicalmethods arenostly effectivefor dye
removal insmallscaleapplications. Howevethe maindrawback othese methagis the high

cost inlargescaleapplications as well as a secondary sludges production after treatments.
Thesedrawbacksof these methods encouraged researchers tthassological method for
effluent treatment which is the third and most promising oteth

Nowadays,the biological method attracts bigger audiences due to its low cost, low
energy requirement anccofriendly nature. The hbological method uses different
microorganisms such as bacteria, fuagidenzymes to biodegrade the chemical strustofe
the dyes. During biodegradatidmacterialdegradation occurs via intracellular uptake where
fungi and enzymatic degradation occurs through extracellular °$itEnzyme such as
oxidative laccase is reported to degrade various aromatic compbumncisrent ages, fungal
degradation attracts researchers duestdaothlignolytic and non-lignolytic activities Even
thoughlignolytic fungi such a$hanerochaetehrysosporiuntan metabolize wide variety
of compoundsnonlignolytic fungi such ag\spergillusis reported to effectively degrade azo
dyes such asmaanth, congo red arglidanlil.® Additionally, Aspergillusfungi can degrade
sulfonated anthraquinone dykes.

Among organic dyes, anthragquinone class is the second largeptwnere sulfonated
anthraquinone type dye is mostly foundaitid or reactive dyes® In the textile industry, the
anthraquinone reactive dye, Cl Reactive Blue 19 is widely used for atidébric dyeing.

Due to the fused aromatic structure, antbmagne dye is more resistant to biodegradation than
azo dyes. Yet, it can produce toxic byproducts after the biodegradation process.

Several researeins have studied the biodegradation of anthraguinone reagégseod
textile effluent and proposed their degradation prodtf®st Yet no systematic study is
avalable for the biodegradation of anthraquinone dyes on celtufabrics! After uses, the

cellulosic fabrics are biodegraded via landfill dispd$at.Sincereactive dyes fon a covalent
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bond with cellulosic fiberghatcomplicates bioegradatiorprocess anthakes dye isolation
difficult.®

In this study,a quantitative dye degradation study was carried out foatieratory
controlled biodegradedcellulosic fabrics containing amono functional sulfatoethylsulfone
dye, Cl Reactive Blue 19. It is assumed that the absolute amount of dye on the biodegraded
sample will be lower than the dye theundegradedontrol sample. Therefore, a quisative
analytical approach was carried out wmleate the fate of the dye after 45 andd2y of
biodegradation. First, a dye isolation method Wath concentration alkali was developed and
applied to isolate the dye and the degradation product frerbittuegraded fabric samples.
Second, a quantiian method was developed using liquid chromatographypaietodiode
array detection to quantify the remaining dye on biodegraded and undegraded control samples.
Both undegraded dye and dye degradation progece successfully characterized high-

resoluton mass spectrometry on biodegraded fabrics.

7.2 Experimental
7.2.1 Materials and Reagents
Cl Reactive Blue 19 (RB19, trade name Novaddhiant Blue W-BR, CAS no. 25890
78-1), was obtained fronHuntsmanCorporation. RB19 is an anthraquinone dye with a
sulfatoethylsulfonereactive group (Figur&.la). Sodium hydroxide (reagent grade, 97%),
acetonitrile (LGMS grade, 99.9%), ammonium form& ( HPLC gr ade, 099. 0
acid (ACS grade, 881%) were pwhased from SigmaAldrich. Hydrochloric acid (1N
solution was obtainedrom VWR Analytical. Methanol (LCMS gr ade, O 99. 9
purchased from J.T. Bakeh.ur i fi ed wat er ated inBous2 qging Milas gene
System (PURELAB Ultra from VWR). For theodegradation proceg$ie soil was purchased
from Lowes (Garden Scape Cow Manure). The so
The colored fabrics were obtained by dyeing a single2&itut jersey fabric (100%
cotton ring spun yarn) with 2% on weighit goods ¢wg). The dyeing was performed at the
Dyeingand Finishing Application Laboratory at Cottimtorporated (chapter 6, section 6.1).
The evennessf thecolor on fabrics (based dhe DEmccolor differences) was measured by

the X-rite color i7 spetrophotometer aniMatch color formulation software.
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7.2.2 Biodegradation of Dyed Fabric Samples

The biodegradation of fabric materials was performed under contrdalentatory
conditions according to ASTM D 5988 1? The RB19 dyed fabricaerecut into 2x2 cm
fabric strips. Three strips were biodegraded foddyand three for 9day. Additionally, three
strips were kept as undedged control samples. The soil in the desiccator (150 mm) was
prepared by mixing 380.23pil, a 72.6g (NH) 2HPQ4 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
samplegstrips) were placenhto the soil. Additionally, aeration was provided.

After their respective time intervals, the fabric strips were taken from the desiccator,
rinsed with pure water, and airied. The samples were stored in tieérigeratorpending
further analysis. The biodegradation experiment was carried out at thetrDempaof Fiker
Science and Apparel Design, Cornell University. Figure 7.1b shows the photograph of the 0,
45 and90 daybiodegraded samples of Cl Reactive Blue 19 dyed cotton fabrics.

Before analysis, the biodegraded samples were washed withgure wate, 2 mL
methanol, and 2 mL of acetonitrile and gently shaken to remove anwlsigih could interfere
with the dye isolation process. The washed samples wedeedr at room temperature.

Control Degraded Samples

Chemical Formula: Cy,H4gN,Na>044S5 Cl Reactive Blue 19 biodegraded
Molecular Weight: 626.53 fabric samples

(@) (b)

Figure 7.1: (a) The chemical struatel of nativeCl Reactive Blue 19 dye at sulfatoethylsulfone
(SES) form and (b) its biodegraded fabric samples after 0, 45 addy90

7.2.3 Dye Isolation Method
As previously stated, reactive dyes are resistant to removal from fibers due to the
covalent bonds betwea the dyes and the hydroxyl groups of cotton. Since the hydroxyl groups

in the cellulosic backbone of cotton are weakly acidic in nature, an alkalutes is used to
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cleave the glucoseye link and isolate the hydrolyzed formtbe dye'>*® However, a high
concentration of alkali (1:2% NaOH) partially dissolves the fiber and diseslthe dye™>!’
Therefore,the conentration of the alkalivas altered ana diluted alkali (0.15% NaOH)
solutionwas usedo isolate the dye from tHéer. The dye isolatioprocedure follows as:

A 3 mg of fabric strip was cut from 2x2 cm fabsamplesand placed in a 5 mL
Fisherbrandjlassvial. A 1 mL of 0.15% NaOH solution was added. The vial was placed in
PIERCE Reactirherm Heating module and heated for 1 h &C8@ith closed lid. After 1 hr,
the vail was removed from the module, cooled to room temperature, neutralized with 80 pL o
1N HCI solution, filtered with a 0.2 um PTFE filter (Phenomenex), and placed in an-HPLC
vial for LC-DAD-MS analysis.

7.2.4 Synthesis of kdrolyzed Dye Standard

Sincethe dye isolation method isolaleghe dye in the hydrolyzed form (RB1OH),
RB19-OH was used for thealibration curve fotheguantitation method. Thisompound wa
notcommerciallyavailable soit synthesize@sfollows:

In a 250 mL round bottom flask, 0.95 g (0.03 moles) of RB19 commehggdowder
was dissolved in 50 mL of 0.5% NaOThe reaction was held at 60°C and stirred continuously.
The reaction product was monitorkd thin layer chromatography (TLC) (silica g8IL G-
25, 0.25 mm) with an eluent solvent mixture of 2:4:1:3 (v:y)r@anol/tbutanolethyl
acetatéH>0. A singleproduct was confirmed after 90in of reaction. The reaction was cooled
to room temperaturand neutralizeavith 1N HCI solution. The finlshydrolyzed product was
salted out by 2% NaCl solution, vacuum filtered using Buchner funnel, and dried at room
temperature. Théigh-resolutionrmass spectrometry and tandem mass spectrometry confirmed
that all the dye molecules were converted to hydeayibrm and no side product was formed.
Figure7.2 shows the reaction scheme of the synthesis of hydrolyzed dyarstdrnam the
nativedye.

After collecting the solid hydrolyzed dye standard, a 50 pg/mL of stock solution was
prepared in purevater. The wrking solutions for calibration curves were prepared in pure

water to the following concentrations: 1, 5, 10, 2Q,40 and 50 pg/mL.
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Cl Reactive Blue 19 (RB19) Hydrolyzed dye standard (RB19-OH)

Figure 7.2: The synthesis reaction of hydrolyzed dye standard (RBHY from native ClI
Reactive Blue 19 dye (RB19).
7.2.5 Quantitative Monitoring of Degradation

The working solutions and degradation produ were analyzed using liquid
chromatography wittphotodiodearray coupled to electrospray ionization and to a 6520
accurate mss quadrupoletime-of-flight mass spectrometer LLC-DAD-ESFQTORMS)
(Agilent Technologies).

Chromatographic separation was a&efeid using a Zorbax Eclipse Pluss@.1x50
mm, 3.5 em) col umn wighdmrowsbor&guardcalumn 4dxbinms e Pl u
5 & m) °CaThe mbbile phases used for the separation consisted an aqueous phase (A) 20
mM ammonium formate with formiacid in water (pH = 4), and amganicphase (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 e€L. The following gr
from O to 1 min, 860% B from 1 to 1.5 min, 660% B from 15 to 7 min, holding 90% B
from 7 to 9 min and returns to 3% B at 9 to 9.5 min. A 4 paist runof 3% B was used to 1e
equilibrate the column.

TheDAD detectoranalyzed at a spectral range of 28600 nm. The main avelengths
for absorbance analysis weset to 254, 620, and 660 nm, and the quantitative analass
carried out at anaximumwavelength of 620 nm. The area underghetodiodearray detector
(DAD) was monitored and plotted against concentration toteraacalibration curve for
guantitation.

The QTOF mass spectrometer was operated in negative electrospray ionization (ESI)
mode athigh-resolution(4 GHz) with a resolving power ranging from 9700 to 18000 for the
m/z100 and 1600 respectively. The following MS parameters were optimized foigtiest
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intensity of the ions: drying gas flow rate 12 L/min at 385 nebulizer pressure 35 psi,

fragmentowoltage 110 V with the Vcap voltage 3500 V.

7.3Results and Discusion
7.3.1 Characterization of Synthesized Hydrolyzed Dye Standard

Hydrolyzed ¢e standard (RBX®H) was characterized via photodiodearray
detector (DAD) anchigh-resolutionmass spectrometry (MS). Additionally, TLC analysis
monitored single product foration during synthesigigure 7.3a)In Figure7.3h the sample
number 1 showtwo spots of RB19 native dye) 6ulfatoethylsulfone form (SES; R 0.50)
and (i) vinyl sulfone form (VS, IR= 0.85). The sample number 3 show @ single spot of
synthesized RB19OH with R = 0.75. Additionally, the sample number 2 shows three spots
(cross spotting) of native dye and RBO#. EventhoughTLC analysis monitored the single
product formation the photodiode array detector (DAD) andhigh-resolution mass

spetrometer (MS) charaetized the final product.

(@)

RB19 Cross RB19-OH
spots

(b)

TLC Identification of the
I e —————— sample no. compounds

1 Native RB19 dye (2

O ii components)
5 80“)@ (i) SES form (R;=0.50 )

(ii) VS form (R; = 0.85)

2 Cross spots of RB19 and
- () ) : RB19-OH (3 components)
(i) SES form (R;=0.50 )
(i) VS form (R; = 0.85)
(iii)-OH form (R;=0.75)

3 RB19-OH (1 component)
(iii)-OH form (R;=0.75)

3 [ Notes: SES = sulfatoethylsulfone, VS = Vinyl
sulfone, -OH = hydrolyzed dye standard

Figure 7.3: The synthesis reaction monitoring of the hydrolyzed dye standard of C| Reactive
Blue 19. (a) The elution of samples on TLC plate and (b) the identification optite en
TLC.

During LC-DAD-MS analysis, chromatograms, absorbaaoehigh-resolutionmass
spectra adequately characterized the synthesized -RBiL9(Figure 7.4). In DAD

chromatogram, ainglepeak at 620 nm (retention time, RT 4.6 min) indicates tleadyhthesis
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reaction produced a single colored component (Figida) which had the maximum
absorbance at the same retention time (Figulie).

The deprotonated RB1OH molecule had #&heoretical mass-charge(m/2 ratio of
501.0432. Therefore, thesmonse atn/z501.0432wvasmonitoredin the mass chromatogram,
which provided a single peak in the extracted ion chromatogram (EIC in MS) (Figaje
Additionally, high-resolutionmass spectrum provided isotopic distribution (Figdréd).
Isotopic distibution provides dingerprintfor the compound identification viagh-resolution
mass spectrometry. In our previous stutlyyasalready proved thdtigh-resolutionQ-TOF
mass spctrometry could identify reactive dyes and theksitn dimeric analogus from
complex mixturewith ppm tosubppmmass accuracl Hence, t he hi gh mass
ppm error) is essential for theeiatification and formula generation of organic compouids
In this case, the molecular formula was generatedhdeprotonated RB1OH molecule
with high mass accuracy (ppm errorl.62). Even though, chromatograms (DAD and EIC),
absorbance, anthigh-resolution mass spectra were utilized for the characterization of
synthesized RBE®DH molecule, thenly area undeDAD chromatogram was used for the

guantitation method development.

2
=10

x10 18 RT=46
0.9 at 620 nm
X 0.0
250 350 450 550 650 750
0.0 mAU vs. Wavelength (nm)
6 5
«10] (c) 0] (g 501.0441
0.9 miz 501.0432 1.2
' 502.0471
| 504.0426
00 e 0.0 L
0 1 2 3 4 5 6 1 8 9 496 499 502 505 508
Response vs. Acquisition Time (min) Counts vs. m/z

Figure 7.4: The characterization of synthesized hydrolyzed dye standard (RB{)9 (a) The

DAD chromatogram at 620 nm shows a single peak of RBH9and is corresponding
absorbance spectrum is shown in (b). (c)The extracted ion chromatogram (MS) of the
deprotonatedRB19-OH molecule am/z501.0432 and ithigh-resolutionmass spectrum is
shown in (d).
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7.3.2 Analysis of Undegraded Control Sample

The dye solation method (1.5% NaOH, &0 for 1 h) was first applied to the
undegradectontrol sample and the isolatecbgducts were analyzed via EBAD-MS. The
isolated RB190OH was then compared with the synthesized RBEDdye standard. Figure
7.5shows the chroatograms and absorbance spectra comparisons of the isolatedORB19
from the undegraded control sample and the synthesized-RBl18ye standard. The gray
chromatograms in Figuigé5a and7.5 showthe DAD chromatograms at 620 nm and thekbla
chromatogramgEIC in MS) were obtained by extracting the corresponding deprotonated
RB19-OH molecule am/z501.0432. Additionally, Figuré.5c and7.5d were the absorbance
spectra (retention time (RT) = 4.6 min in DAD chromatogram) of the corresmgpndin
compounds in7.5a and7.% respectively. Since the isolated and synthesized compound
appeared athe same retention time 4.6 min in DAD chromatograms (Figuba and7.5b)
and showed a similar shape in their corresponding absorbance spectra{Fgarel 7.5d),

it canbe concludel that the isolated compound is also RE2H.

Chromatograms Absorbance spectra
1 2
x10
(a) rRB19-0H (c) Re19-0H
0.0 (isolated) miz 501.0432 (isolated)

620 nm

1
x10 (b) RB13-0H (d) RB19-OH

(synthesized) (synthesized)

5.0 miz 501.0432
620 nm
0.0 " 00
0o 1 2 3 4 5 & 7 8 o 250 350 450 550 650 750
Response vs. Acquisition Time (min) mAU vs. Wavelength (nm)

Figure 7.5: Comparison of chromatograms and absorbance spectra of isolatedJRBft@m
undegraded control sampblnd synthesized one. (a) The DAD (gray) and matscKp
chromatograms of isolated RB-T¥H and (b) the synthesized RBOH appeared at treame
retentiontime 4.6 min. The absorbance spectra of the corresponding compounds in (c) and (d)
show a similashape.
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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 quaation method. By using liquid chromatography followed by
DAD, a reliable quantitationrwas achievedf hydrolyzed RB19OH down to 1 pg/mL.
Calibration cirves were obtained by monitoring the area under the DAD chromatogram at 620

nm (mAu unit) for eachcorcentrationof the synthesized RB1OH (Figure7.6).

1200

y=23.000x +1.6136
1000 R? = 0.9997

800

600

400

DAD area (mAu)

200

0 10 20 30 40 50
RB19-OH concentration (ug/mL)

Figure 7.6: The linearity assessment for quantitative analysis of9QRBH dye standard via
theLC-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, withalRes equal
to 0.9997 + 0.0002, indicating a strong andsistent 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 responabilgly of the method withirthe
concentration range (Thb7.1).

The method was further evaluated based on accuracy, precision, and sensitivity.
Experiments were repeated in triplicate on three-camsecutive days, and accuracy and
precision were assessed across 1d (intraday) and across 3ddyjtéiccurag/ was evaluated
by comparing experimental values to theoretical values and reportedcastperror (%
error)2! Precision was evaluated based on variations across runs and reportex effitient
of variation (% CV). Both accuracy and precision were within the acceptaige 5% for

all concentrations as can be seen in TZLHe
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Table 71: The overall validation parameters.

Validation Parameters Average + SD
Linearity () 0.9997 + 0.0002
LOD 0.12 £ 0.07 pg/mL
LLOQ 0.39 £ 0.22 pg/mL
Precision (mean % CV)

Intraday 1.20+£2

Inter-day 224 +4
Accuracy (mean % error)

Intraday 0492

Inter-day -1.69+4
Response factor (mean %
CV)

Intraday 2.23+0.51

Inter-day 2.08 £0.48

SD, standard deviation; Linearity, LOBRdLLOQ were theaveragesicross all runs. Accuracy, precision and response factor data is noted
as the average across all quantitation standards.

Table 72: The results aintraand interday accuracy and precisionadchconcentration point
of RB19-OH in standard solutions.

Concentration Intraday Inter-day
(ng/mL) Predsion Accuracy Precision Accuracy

(% CV) (% error) (% CV) (% error)
1 4.47 4.25 (0.96 pg/mL) 11.10  -11.27 (1.11 pg/mL)
5 1.13 -0.38 (5.02 pg/mL) 1.10 -2.30 (5.11 pg/mL)
10 1.08 -0.74 (10.07 pg/mL)  1.18 0.59 (9.94 ug/mL)
20 1.20 0.55 (19.89 pg/m) 0.66 1.64 (19.67 pg/mL)
30 0.32 -0.28 (30.09 pg/mL)  0.53 -0.88 (30.26 pg/mL)
40 0.13 0.04 (39.98 pg/mL)  0.68 0.95 (39.62 pug/mL)
50 0.12 0.02 (49.99 pg/mL)  0.43 -0.55(50.27 pg/mL)

Sensitivity was assessed by evaluating the average lowepligitantitation (LLOQ)
and limitof-detection (LOD) across 3d. LLOQ and LOD were calculated from the linear
regression of the calibration curve using the following equation® LG= b &nd LLOQ =
10/ where G i s t hentescépaoftdedimear regression and theé slopeh e vy
of the linear regressioit?3The LLOQ and LOD were calculatea ibe0.39 + 0.22 pug/mland
0.12 £ 0.07 pg/mLyespectively(Table 7.1). Both values were below the first point of the
calibrationcurve and confirmed quantitation to be successful down to 1 pffogether the
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% error, % CV, LLOQ, and LOD validatinis method to be linear, accurate, and precise for

guantitation from 1 to 50 pg/mL.

7.3.4 Quantitation of Dyes on Biodegraded Samples

After validating the LEDAD quantitation method using synthesized REIH, it was
applied for the quantitation of the isolated RBO# on the biodegraded (45 and 88ys)
along with undegraded control samples (3 mg fabric samples). The concentrations of RB19
OH on 0, 45 and 90 day biodegraded samples were determined.89ke®@26ug /mL, 5.93
+ 0.48ug /mL and 4.36 £ 0.54ug /mL respectivelyn = 3) using the equation on Figuf.

The reason for théower amount of dyes on biodegraded compared to undegraded fabric
samples was due to the degradation of dye duhediodegradatiorprocess. A previous

study stated thahe anthraquinone derivative in RB19 dye is resistant to degradation due to its
fused aromatic structureYet, the degradation may happen on the substitugvhichwas
observd in this study.

A degradation product ah/z421.0858 (deprotonated singly charged molecule) was
characterized in both 45 aB0 daybiodegraded samples. Figufg shows the LEDAD-MS
analysis of degradation product along with RE29 in 90daybiodegraeéd sample. The DAD
chromatogram (gray) shows two peaks at 620 nm where the peatabt@ontime (RT) 4.6
min was the RB14DH and at RT 5.2 min was the degradation product (Figufe). The
degradation product was formed after tagi SOz group from he RB190OH, which makes it
more hydrophobigesulting inits retention time increased (RT 5.2 min). Studies showed that
-SQOs group loss is a common phenomenon for the degradation of anthraqdiyeR819.
During electrochemical degradation or ozonawwdrkRB19, the degradation products formed
after losing o£SQs group?*2°

Figure 7.70 and7.7c showthe extracted ion chromatogramsmatz 501.0432 the
deprotonatedRB19-OH molecule) andit m/z421.0864 (deprotonated degradatfmoduc)
respectively. The correspondimggh-resolutionmass spectra are shown in Figitéd and
7.7e. From the mass spectra of both compounds, molecular formulas were generated with high
mass measurement acciraes ( ppm error O5) . The formul a
isotopic distribution, theelative 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 (ait of 100). Higher the score indicates the better formula matching and identification of
the compands?® For both RB190OH and degradation product, the instrument generated
molecular formulas with high mass nse@aement accuracies and high scores. For example, the
molecular formula of the deprotonated degttamh product(Co2H17N20sS, m/z421.0858) and
RB19-OH (G2H17N208S, m/z501.0429) were obtained with a ppm error of 1.60 (score 98.10)
and 0.48 (score 93.1&)spectively. The DAD chromatograms along vhiiph-resolutionrmass

spectra accurately identifigdese compounds in @aybiodegraded sample.

5
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(4] NH;
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=10 (a)
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Wy OH
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503.0425 my/z: 501.0432
A

10] (b) 00 .
miz 5010432 495 488 501 504 507 510
8 0 NH,
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g e
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Figure 7.7: The characterization of degradation product along with RBH9in 90 day
biodegraded sample. (a) The DAD chromatogram at 620 nm and its corresponding EIC at (b)
m/z501.0431 and (a)1/z421.0864 were deprotonated molecules of RBE9and degradation
product respectively. The highresolution masspectra in (d) and (e3how the isotopic
distributions of these two molecules.

Tandem mass spectrometry (H88/MS) was carried out to analyze the structures of
degradation product and RBCH. During ESIMS/MS, collisionallyactivated dissociation
(CAD), dissociates the precursmn which leadsto multiple fragment ions. Analysis of
fragment ions provides th&agmentation pathways and the structure elucidation of the
precursor iotf’ The CAD energy of 50 eV and 40 eV were applied talt@otonated RB19
OH molecule and degradatipnoductrespectively. During CAD analysis, mdragment ions
were observed for théegradatiorproduct ioncompared to the RB19H ion itself (Figure
7.8aand7.8b). Yet, for both moleculethe mainfragmention was formed due to the cleavage
of vinyl sulfone group attached to the benzene derivative feagment ionat m/z392 for
RB19-OH (Figure 78a) and aimm/z312 for degradation product (Figuregb)). Overall, there

was a prominent similarity betweehe fragmentation patterns of degradation product and
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RB19-OH, which indicates that the degradation product was formed from the-@B19

molecule.
2
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Figure 7.8: The structure analysis of degradation product along with RBdi9via ES}
MS/MS. The collisionallyactivated dissociation (CAD) confirmed the structures via the
fragmentation pathways of (a) RBCH and (b) its degradation mhoct on 90day
biodegraded sample.

7.4Conclusion

A systematiquantitativeanalytical approactvas successfully carried out to study the
laboratorycontrolledbiodegradation of cellulosic fabric containing Cl Reactive Blue 19 dye.
A dye isolation methoavith a low concentration of alkal0(15% NaOH, 8@C for 1 h) was
applied to cleave the covalgnbonded dye (hydrolyzed form) and its degradation products
from biodegraded samples. Isolated dye was further quantitatively analyzed -BADC
method by synthesizing a hydrolyzed form of dye and making calibratreescurhe method
showed a reductioof the amountof isolated dye in 45 anfl0 daybiodegraded samples
compared taundegradedaontrol samples. Furthermore, a degradation product was identified
in 45 andd0 daybiodegradedamples. The degradation produetsfdormed after losing the
SOz group from the hydrolyzed form afye. Both the hydrolyzed form of dye and degradation

products were successfully characterizedhigyrresolutiontandem mass spectrometry.
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CHAPTER 8

Conclusiorns and Future Recommendations

8.1 Conclusiors

In this thesis, | ve successfully carried out systematic analytical approaches to study the
biodegradation of dyes on textile substrates aftaulatedandfill disposal. Before analyzing
the biodegradation of dyes on textiles substrates, it is negessalevelop and \aate
analytical methods to study the dye standards from complex biodegraded mEe&@sg
that in mind, | have developeddaect high-resolutionmass spectrometry analytical method
to study the polysulfonated reactive dyes andrtivesitu dimeric analogs withsodium
sulfonateup 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 compoundghe complex miture. In addition, | 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 prdlem for the dye chaists as it eliminates the useiof-pairingreagents
(have anegativeimpact on ionization in mass spectrometry post characterization) for the
retention of polysulfonated dyes. Moreover, fundamental structure analysis of similar cored
azo and anthraquime dyes could provide important insightgo the structureproperty
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 stlidies o
dyes on textile substrates, | have successfully developed physieatjoal and biological
methods and adequately characterized intact dyes and their biodegradation products on the
laboratory simulated landfilled cellulosic fabricéChapter 6). Finally,the quantitative
biodegradation method | have developed fordhkabethylsulfone dye on cellulosic fabric
could be used as the biodegradation lifetime assessment of dyes on substrates after landfill
disposal (Chapter 7). Overall, the systematic methbdse developed in this thesis could be
used as the baseline for spirt of biodegradation of dyes on textile substrates after landfill

disposal.
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8.2 Future Recommendations

T

In thereallife fabrics,the substratecontains both colorant and differeégpes of finishes.
Finishes are used for improving the properties biits e.g., softness, appearantes
Permaent or durable finishes ad\, N-dimethylot4,5-dihydroxyethylene urea,
(DMDHEU) could chemicall crosslinkwith cellulosic fabrics and acts as amtiinkle

agent. It would be interesting to observe, how the permanent finishesmeuidrewith

the biodegradation of dyes on the textile substrates after landfill disposal. Subsequently,
biodegradabtn studiesof dyes on other types of finished (antimicrobial) textiles could also
bean interesting research aréa a continuationf my researcfour laboratory is currently

exploring these areas.

In a recent publicatiof) have demonstrated that anionic acid dye could be isolated even
from single nylon fiber via automated microfluidicgass spectrometry (MFDIS) system

for forensic applications. A solvent system, acetonitrile/methanol = 3:7 wite 80
temperatee was used fothe automated extraction. Evahoughreactive dye forms
strongcovalent 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, | have developed
low concentration of alkali (0.15% NaOH) for the reactive thdation from ellulosc
fabrics(chapter 6 and 7). As a future work, MRS system could employ this solvent or
modify the solvent system to isolate the reactive dyes fitwarcellulosc fabrics After
sucessful implication, MFEMS system could be used for the automated analysigeof

degradation productsom the landfilldisposedellulosc fakrics.

A computational assessment of bonding stability between reactive dye with celluloses
could open an important theetical path for biodegradation studies of dyes on fib&For
simulating the cellulosic fabrics, low molecular weight sugar moieties (glucose, cellobiose
or cellotriose) could be empled. Since reactive dyes have different reactive sites,
computational assessmenftreactivity 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 fabr&are more prone to biodegradation than others.
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1 Lastly, a toxicity assessmertittbe 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 expgnent set up (e.g., using bioluminescent bacteriunviaso

fischer)® or using cheminformati€wia theoreticabtructurepropertyrelationship.
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APPENDIX A: Supplementary Materials for Chapter 2
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Figure A.1l: The afterreaction product was identified by mass spectrometry frben t
dimerization of Cl Reactive Blue 221.
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Figure A.2: The afterreactionproducts were identified by mass spectrometry from the
dimerization of Cl Reactive Red 239.
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Figure A.3: The afterreactionproducts were identified by mass spectrometry from th
dimerization of Cl Reactive Red 194.
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