o

EPA/600/A-95/072

LC/MS TECHNIQUES FOR THE ANALYSIS OF DYES
bv
J Yinon'. L. D Betowski® and R. D. Vovksner

Weizmann Institute of Science. Departinent ol Environmental Sciences and Energy Rescarch,

Rehovot 76100. Isracl.

U.S. Environmental Protection Agency. Environmental Monioring Svstems Laboratory. Las Vegas.

NV RO119. USA

Research Trangle Institute. Analvtical and Chemical Sciences. Research Triangle Park. NC 27709,

USA.


http:1ronment1.1I

CONTENTS

1. Introduction ... ... . i e e e e e e 1
2. Thermospray (TS) - LO/ M S .. oo e e et et et 3
2.1, Principles of Operation ........... .. ittt ittt iiiinaen 3

2.2 Applicationsto Dye Analysis ........ ... il e e 4

3. Particle Beam(PB) - LC/MS ... .. e e e 10
3.1. Principleof Operation ......... ... ... i ittt 10

3.2, Applicationsto Dye Analysis ...... ... . e 12

4, Ion Spray and Electrospray (ES)- LC/MS .. .. i it iiiei e 15
4.1. Principles of Operation ...........coiiiiiiiiii i iire i iiienaannaanns 15

4.2 Applications to Dye Analysis ........ ... i e 16

4.2.1. API-MSofSulfonated Dyes ............cciitiiiiieiiiiiinnenrrnennnnn 16

4.2.2. LC/MS of Dyes . .oviiiiii ittt ittt iiretiereernesereanennscaenannanas 17

5. SUMIMIALY ittt ittt ittt eetnerenseannaeeaetaronesaonensossnnsoasseannsnns 22
Notice ............. e e e 23
References.......... e et e e FS 24

Figure Captions . .......oeiutteiinneanteaneoaneannessneeaenatetssiotosasnesonnnneeances



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

LC/MS TECHNIQUES FOR THE ANALYSIS OF DYES

l. Introduction

Dvestutts are of major environmental interest beeause of their widespread use as colorants in a
vanety of products. such as textiles. paper. leather. gasoline, and foodstutfs. Synthetic intermediates. by-
products. and degradation products of these dves could be potzaual health hazards because ot therr toxiciy or

carcinogenicity.

The analvsis of dves poses special problems For the chienust. The dves do not belong to one group of
chemical compounds. but chcompass manv clichucal functionaliics. rangmg from mostly 1onic Lo purch
covalent. The analvsis of such a large vanety oi compounds poses dilTiculues beeause ot farze aifferences in
solubility. voiatiitv. 1omization clficiency. cte. A semantic problem otlen fcading to contusion i the anaivsis
of dves 1s the diffcrence between dve classilication and dyve use. Dyve classification s based on the major
functionality of the dve: azo. anthraquinone. pohmethine. phthalocyanme. sulfur. arylimethane. sulbene. and
coumarin being the main classes. The usc of a dve generally reters to the manner i which the dve 1s applied.

Some of the more common applicauons are m acidic or basic media. as mordants. fakes. pigments. solvents.

or dispersants.

As an additional complication. some of the manufacturing precursors to dves are carried over lo. and
are not removed from. the final dve product. The resull is a complex mixture characterized not only by the
dye itself. but also by severai other compounds. Most dyes. including sulfonated azo dves. are nonvolatile or
thermallv unstable. and therefore are not amenable to zas chromatography (GC) or gas phase 1omization

processes. Therefore. GC/MS techniques cannot be uscd.
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Several desorption 1omization methods have been used for the anaivsts ot dves:

a. Freld Desorption (FD) Mass Spectrometiy | -3

b. Secondanv [on Mass Spectrometry (SIMS) [4-7]

c.  Californium-252 Plasma Desorption Mass Spectrometry (PDMS) |8.9]
d. Fast Atom Bombardment (FAB) Mass Spectromeury | 10-14]

¢ Laser Desorption Mass Spectrometn: {15

Because of low sample purity. modern complex dves cannot be analvzed using the above mentioned
direct probe techmques. However. the combination of liquid chromatography with mass spectrometry
(LC/MS) enables the separation of nonvolatile, thermaliv unstable. and polar dves tor introduction ito the

mass spectrometer for identitication. Signiticant adyvances i combiung LC and MS have occurred n recent

vears and have been extensively reviewed [ 16- 19]

Most of the carlier work on LC/MS (ocussed on the incompatbility of LC mobile phase tlows and
the vacuum requirements of the mass spectrometer An aqucous reversed-phasc LC mobule phase at a tlow
rate of | mL/mun can generate 1- 4 liters of gas when introduced 1nto a mass spectrometer at 10 torr. This
exceeds the operational requirements of most MS svstems. [n addition. the thermal lability or low volatihity
of the analytes may impede their transtormation into the vapor state and subsequent 1onization by electron
ionization (EI) or chemical iontzation (CI). As a result of research in mterfacing LC with MS. three major

types of interfaces and LC/MS techniques have been developed:

a. Thermospray (TS).

b. Particle Beam (PB).
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c. lon spray and Electrosprav (ES).

These LC/MS methods have been anpited i a faree varety of analvtical probiems. This chapter will

descnbe the appiication of these LC/MS techmiques w the anabvsis ol dves.

=~

Thermospray (TS) - LC/MS

[ ]
‘
—

. Principles of Operatian

Thermospray 1s a wideh aceepted technique because it can handle most convenuonal LC soivents and
flow rates. as well as provide a means o gentlv womize most nonvolatile or theemally unstable samples. [t has
good sensitivity. within a tactor of 10 to that of GC/MS. The ntertace 1s commercially available lor most

mass spectrometers and is sumple (o use.

The techniques and mechamsms of thermospray have been reviewed | 19]. The aqueous solution of
the sample contans a volatile electrohvte (vpicatly. ammonum acctate) at concentrations near 10" M. The
TS intertace consists of a vaporizer. wherc the mobule phasc s heated to form a high-velociny sprav. As a
result of the statistical distribution of ions in this sprav. somc of the micrometcr-Sive droplets of the spray are
electncallyv charged. The high clecunic field induces desorption of performed ions from the liquid solution into
the gas phase. These tons couid result from the solute malecule by protonation or addition of solvent cluster
tons. The primary 1ons produced in the TS process arc identical with those produced in solution: in
ammonium acetate solution. the tons are NH,” and CH,CO.". and clusters of these 10ns with water. ammonia.

and acetic acid. Equat amounts of positive and negative 1ons are produced  The dropiets enter the source.

where the 1ons are extracted through the 10n cxit cone. whiic neutral molecules go Lo a cold trap connected to
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a mechanical vacuum pump. This extraction process allows the introduction oi'a total ol -2 mi/mm ot LC

effluent. while maintaining a pressure of [0 torr in the mass spectrometer

The TS interface can accept tlow rates as low as .1 mLmin through the addition of solvent
post-column to result in a total flow rate of | mL/mun. 1t can accommodate most solvents used in normal or
reversed-phase LC and any volatile butfer. This 1s the onlv intertace that operates optimally under highlv
aqueous conditions. with best sample 1on currents at 100% water [20]. The interface can be operated
smoothly through a solvent gradient LC analysis il the vaporizer temperature 1s adjusted 1o compensate tor
changes 1n the heat of vaporization of the changing LC solvent  Buffcrs necessary for thermosprav 1on
formation do not have 1o ntertere with the LC chromatoeraphic separauion because thev can be added

post-column [21]. resulting 1n optimal LC and MS operation

Thermosprav is both an 1onization and cnnchment technique. lons may be produced by Cl: uutiated
by a filament or discharge. or through 1on evaporation. The major disadvantage of thermospray is that the
tonuzation occurs in the solvent at a relativelv high source pressurc of at least | torr. As a result. electron
ionization (EI) cannot be used. The spectra. therefore, cannot be compared with those of the readily

accessible. commercially available El hibraries.

2.2. Applications to Dye Analysis

Betowski and Ballard [22] used tandem mass spectrometry i conjunction with a TS intertace to
elucidate the structure of Basic Red 14. The instrument was a Fnmgan MAT Triple Stage Quadrupole
modified for thermospray tomzation. The HPLC consisted of a Rheodvne Model 7125 injector valve and a

Waters 6000A solvent dehivery svstem. The column was a Brownlee RP-2. 10cm x 4 6mm [.D ..
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analvticat cartridge column. Aqueous 01 M ammonsum acctate/methanol (933 vvy ata low rate of

1.3 mL/min was used as TS bulTer

The TS positive 1on mass spectrum of Basic Red T4 eenerated a basc peak ot vz 344 that was
construed to be the parent 1on. However. in addition 1o this won. there were peaks ol siginiticant abundances at
m/z 174 and 189. There was also a peak (ca. 35-40 percent refatve abundance) at vz 346, Since TS
ionization Is a soft technique. these 1ons were atnbuted to impurities m the Basic Red 14 Tlis assumption
was strengthened by the MS/MS collisional induced dissociation (CIDY spectrum of m/z 344 The ions at
m/z 174 and 189 were not present i this spectrum. The CID specura of the tons at vz 174 and 189
suggested these were the ~1ons of an mdotine and a bensaldehy de. respectively. and the structures were
confirmed with the anthentic standards. An important class of catiomie dves. the methines. s prepared by the
condensation of an aldchvde with an indohine. When the condensation reaction of the idenuitied indoline and
benzaldehvde was pcrtbrmed. the minture wimed red. and the themmosprav spectrum ol the product showed a
m/z 344. which. under CID conditions gencrated a spectrum rdentical o the umtial spectrum. The nvz 346

ion proved to have originated from a compound formed as a resuit of a reduction of the parent dve.

Ballard and Betowsk: {23] contintied their work on TS of dves. using the same nstrument. with a
studv of 16 dves belanging to six different classes. Thev reported detections fimmits trom 135 10 200 ng for a
variety of dves. Thermosprav iomization worked well tor the representative dves of the azo. methine.
aryimethane. anthraquinone. coumarin. and xanthene classes  However. this technigue worked less well for
the sulfonated dves. For example. Acid Orange 6 (Fig 1) 1s a sodium salt of a monosulfonated. monoazo
dye having a molecular weight of 3106 daltons. In the positive 10n TS spectrum. the (M + H) ™ and the (M +
Na)” tons are observed at m/z 317 and 339. respectively. The base peak in this spectrum. however. 1s the 1on

at m/z 293, which corresponds to the protonated suifonic acid form of this dve.

tls
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The negative 1on TS spectrum shows anion at m/z 293, wiuch corresponds 10 the amon of this dve.
(M - Nay When the auxiliarv filament was tumed on. miz 294 appeared. This 1on was attributed to the
electron capture product ol the irece sultonic acid. which mav be present as an unpurity. The negative 1on TS

mode was tound to be less sensitive than the positive won TS mode by at least a factor of ten

Covev and Henion |24} used a dual purpose DLI/TS LCAMS intertace. which was itroduced into a
Hewiett-Packard 5983B GC/MS via the standard. dircct inscition probe mict. A varcty of compounds were
analvzed with this istrument. including an dustrial dyo. sulforhodamme B. The TS mass spectrum

inciuded an MH™ 10n at avz 339 and a fragment ton at nvz 467

Vovksner [23] demonstrated the use of TS-LC/MS Lo charactenze azo. diazo. and anthraquinone dves
in wastewater. soil. and gasoline. TS mass spectra of the analvzed dyves produced mamiv MH™ ions with {ow
fragments. Switching the ttlament “on”. produced additional fragment wons which helped i the structural
elucidation ot these dves. The conumiercial diazo and anthraquinone dves proved o be veny complex
mixtures of nearly 40 afkvi-substituted dve components. making monttoring and ideaufication of a particular
dvestuff difficult. The detection limits were found to be 10 pptin wastewater. 100 ppb i soil. and | ppm n

gasoline. Fig. 2 shows the mass chromatograms of a commercial red dve spiked mto gasohine.

Thermosprav LC/MS/MS was tound to be effective in the analvsis of wastewater for disperse azo
dves {26]. In this study. Disperse Red | was used to test the clfectiveness ol an activated sludge process.
Primarv effluent from a municipal wastewater treatment plant was used as the feed for the svstem. The
system was spiked with two concentrations of the dve. The samples were analvsed by a combination of
HPLC/UV-visible. TS-LC/MS. and TS-LC/MS/MS. The results irom ihe mass spectrometric methods for

various samples agreed with the HPLC/UV-visible results within 5 1o 18 percent. The average precision for

G
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the mass spectrometric methods was 12 percent. The TS- LC/MS and TS-LC MS/AMS syvsiems were
important tor not only monttoring the disappearance of Disperse Red 1. but also for sdentuifving breakdown
products irom the activated waste process. A major degradation product had the same nommal mass as a
major nterterence 1on. Tandem mass spectromeiy was required o differentiate between the background on
and the degradation prbducr jon. Another comphcation i dentifving this product was that the instiai mobile
phase gradient did not cause this compound to clute. [tiook the addition ol 0.1 M ammomum acetate o the

mobile phase to hetp clute tns breakdown preduct

Florn crai. {27} investigated varous factors tial aitected the thermosprav responsce tor mine
sulfonated aco dves. Thev used @ modified Hewleu-Packard 398KA mass spectrometer. conneeted Lo a
Scientitic Sysiems Model GS400 HPLC gradient svstem via a Vestee TS muerface Their major finding was
that too high a concentration of ammonmum acetie buticr suppresses the wonization of these anicnic dves.
Thev suggested that the major tomzation processes 1 thesc dves ts anton cvaporatton directly from the
droplet. Iftoo high a concentration of ammonium acetate 1s added. ¢jection ol the more volatile acetate 1on

will compete with the evaporation of the dve amon

Yinon ct al. {28. 29] worked on increasing the sensitivity ol the TS techmque by use ol a wire repeller.
A series of dves bcIongivng to different chemueal classes ( Fig: 3) were analvzed by TS-LC/MS using a
modified source containing a wire repeller. The mstrument used was a Fionigan MAT triple-stage
quadrupole (TSQ) equipped with a Vestee 1on source and thermosprav interface. This 1on source was
originallv not provided with a repeller. A hole was drilled exactly opposite the ion-extraction funnel and a
0.023 tn. diameter copp;:r wire was mtroduced. insulated with a ceranue tube. The wire [aces the funnel but
does not protrude into the 1on chamber volume. The repeller was operated at a voltage range of 220-230

Volts. The HPLC consisted of a Rheodyne Model 7123 mnjector valve and a Spectra-Physics SP8700XR
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salvent delivery svstem. A syringe pump (ISCO LC-3000) was connecled to the system to deliver the butfer
(0.1 M ammontum acetate) postcolumn-via the TSP mterface into the source. Methanol-water was used as
mobile phase. An icrease ol about two orders of magmitude was obtatned with the wirc-repeller. as well as
an increase in the relauve mtensity of the molecutar ian versus the [ragment ons. Frgure 4 shows the mass

spectra of Disperse Blue 79 at repeller 0 and 230 Vollis. respectively

The TS positive 1on mass spectra ol several sultonated dves were recorded for the lirst time because
of the increased sensitvity. For example. the mass spectrum of Acid Blue 40 has a base peak at nvz 372,
probabiyv due to loss of NaSO; from the protonated molecule and replacement of this NaSO, group by o
hvdrogen atom. Lower-abundance wons m the mass speetrum included the MH™ ion at ny2 474 an [ M+Nal
on at m/z 496, [M+Na-HCOCH. ] atm/z 452 |[MH-H.COCH,} at vy 429, | MH-NH.-H,COCH,}{" at nve

412, [MH-50,]" at mvz 394, and [MH-NaSO.+H-CH.CO}" at miz 330

Losses of SO.Na and 2S0O.Na as well as losses ol Iva and 2Na. from the protonated molecule. were
observed in the sulfonated dves. The loss of cach one of these groups mvolved the replacement by a
hvdrogen atom. Acid Blue 40. which has only one SO,Na group. and Acid Red | 14, which has two SO,Na
groups attached to the same ring. lose one and two SO.Na groups. respectively. Direct Red 81 and Acid Blue
113, each having two SO.Na groups on difterent rings. lose both one and two Na atoms. but do not lose SO,

groups. which seem to be more strongly attached (o the molecule

The same instrument was used (o acquire repeller-activated colhisionally induced dissociation
(repeller-CID) mass spectra of dves [30]. These werc obtained by applhving a vollage of 400 V on the
wire-repeller. The mass spectra contained a large number of [ragment 1ons that were useful for structural

elucidation. Some of these tragment 1ons were tound (o be sinular 1o those obtained by thermospray tandem



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

mass spectrometry with CID. and some ot them were sumifar o those obtamed by ElL using a parucic beam-
LC/MS. Fig. 5 shows a companson of three mass spectra ol Disperse Yellow * TS-repeller-CID.

TS-MS/MS-CID ana Ei.

A TS-LC/MS svstem was modified {or the anatvsis ol dves by resuricung the TS vaporizer exit anilice
and adding a needle-tip repelier 1o the wn'source |31 An mercase in signal response for disuilonated azo
dves was observed i the neganive-ion mode. TS mass speciig contmned i

[M-Na| . [M-2Na}~. and [M-2Na+H{ 1ons.

The red dves ot woven tabnics from the Greco-Roman period. excavated at Akonis in nuddle Eqapt. k
were mvestigated by a serics of analvueal techimques. includig TS-LC/MS with selected 10n monitorimg
[32]. The mstrument used was a Shimadzu QP-1000 LC/MS The HPLC consisted of a LC 6-A pump and a
Shim-pack CLC-ODS(M) 1Sem x4 o mm | D cohunn The sobent was methanol 0 {M ammonium acetate:

acetic acid (100:40:7) at a flow rawc of | mL/mun Results showed the presence ol Ahzarm (MH™ at nvz 240).

suggesting Lhat the fabrics were dyved with madder.

TS-LC/MS together with GC/MS and partiele beam-LC/MS were used 1o study photodegradation
products of Disperse Red 167 |33]. This dveis a widels used dve especially tor automobile cloth ateriors.
The instrument used was a Finnigan MAT 4300 quadrupole mass spectromeler equipped with a Vestec TS
interface. The chromatographic scparation was pertormed on a Waters 600 MS HPLC punp with a
Supelcosil LC-1 25cm \ 4.6 mun .D. column. The flow rate was | mL/nnn through the column with
post-column addition ot 0.3 M ammonium acetate at 0.2 mL/min. The TS data provided insight into a great

number of photodegradation products but was less helpful in structure clucidation
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TS-LC/MS was used to analvzc a serics ol disperse dves extracted trom polvester and cellulose
acetate fibers. a basic dve trom orlon fiber. and a vat dve from detum (Table 1) [34] Molecular
characterization of each dyvec was obtamed from the extract of’a single tiber. 3-10 mm long. The instrument
used was a 4301B Finnigan MAT quadrupole mass spectrometer with a TS wnterlace and 1on source. The
HPLC svstem consisted of CM4000 LDC Milton Roy solvent-deliven svstem with a Rheodyne 71235 injector
valve and a Merck C.. I3 cm xdmm [ D column. Thc mabilc phase. at a tlow rate of 0.9 mL/min. was
methanol-water. starting at 30:30 and changing within 3 nun. to 100% methanol. The bulter. 0.1 M
ammonium acetate. was dehvered post-column via the TS interface into the 1on source by a Constamemic Bio
3000 Milton Rov delivers pump. The 1on source repeller was operated at a voltage ot 100 V. Figure 6 shows

the reconstructed 1on chromatogram and TS mass spectrum ol ncizo (Var Blue 1)

Thermosprav. particle beam. and electrosprav LC/MS were used tor the analvsis of a series ot 14
commercial azo and diazo dves (Fig. 7) {33] . The HPLC consisicd of Waters Sernies 600 multi-solvent
deliverv svstem. a Waters UGK injector and a Spherisorb ODS 1. 235cm x 4.6 mm [ D.. 3-..m particle size.
column. Postcolumn ammonium acetate butler addition was done with a Waters Model 6000 pump. The
HPLC was connected to a Finmigan MAT 43500 quadrupole mass spectrometer via a Vestee Model 701C TS

interface. TS analvses of the investigated dves produced mass spectra consisting primariiv of MH™ 1ons with

very few fragments.

3. Particle Beam(PB) - LC/MS

~3.1.  Principle of Operation

Particle beam (PB) LC/MS provides a means of obtaining both EI and ClI mass spectra for

- 10
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compounds that can be brought into the gas phase but mas nat be amenable to GC duc to thermal lability or
lack of volaufiy. EI mass speetra are more casih refcrenced to mass spectral data bases. which can assist 1o
the identification of unknown components in various matriees I addition. E1 (ragmentation patterns olter

valuable intormation m structure clucidation The abihity 10 obtarn Cspectra with the same intertace makes

1t possible to also obtain molecular weight information on the analyvzed compound.

In [he PB intertace. the transter of the ncutral analvic from the column o the ion source ol the mass
spectrometer s accomplished oniv by acrodvnanuc means. The PB aterface {36-38] has three basic
functions: (1) acrosol fTormation. (2) desolvation. and (3} momentum separation ol analyte trom soivent.
Following LC chramatographic separauion. the column cluale 1s passed to a nebulizer. where the clucnt
(solvent +analvte) 1s dispersed into a fine nust o droplets. Acrosol tormation is donc by a coaxial {low of
helium, which ncblziizcé the LC filuent. The resultme acrosol 1s then desolvated in a heated desofvation
chamber. where the volatile soh ent cvaporates, shile the dissolved analyie condenses 1o lorm solid
micrometer sized particies. The resubling mixture of particles. sohv ent molecules and helium atoms 1s drawn
through a small nozzlc into a pumped chamber. causing a rapid expansion to occur. The relatively high-mass
solute particles will gan high momentum {rom the expansion. cnabling them to traverse the separator as a
ltnear beam. Separation is achieved by sampling the particle beam through a smail onfice (skimmer). leaving -
the gaseous solvent molecules and helium atoms to be pumped away. The process 1s repeated in lh'e second
stage of the separator. with a resulting enrichment of 107 - 107 partieles refative to solvent. Finailv. the
particles pass through a short transicr line into the 1on source.  The healed walls of the source tlash-volaulize
the particles into the gas phase for El or Cl iomization. The PB intertace can handie common solvents for

normal or reversed phase separations. volatile mobtle phase additives. and low rates up to | mL/min.

The use ot El or Clis lumited to compounds that can be brought into the gas phase. This is a severe
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limitation when dealing with the nonvolatile and thermallv unstable dycs that are eften tound in LC

separations.

3.2, Applications to Dve Analvsis

Marbury et al. [39] used PB-LC/MS for the analvsis ol'a scrics of dves. including Solvent Red 1.
Disperse Red | | and Disperse Blue 3 The mstrument was an Extret 400-1 quadmipole mass spectrometer
titted with a PBintertace and standard EI/Cl source. Methane was used as Cl reagent. HPLC separations
were done with a Waters gradient svstem with either a C,, RCM or C. SS column. Figure 8 shows the EI and

Cl spectra of Solvent Red |. In addition to the molecutar 1on at m/z 278, structurally significant tragment

1ons are obtained.

Yinon et al. [40] mterfaced an HPLC to a Finmigan-MAT Triple Stage Quadnipole cquipped with a
4510 EI 1on source by means of an Extrcl ThermaBeam PB-LC/MS mtertace and uscd the svstem for the
analvsis of a series of commercial dves The HPLC consisted ot a Spectra-Phvsics SPR700XR
solvent-deliveny svstem with a Rheodyne 7125 injector valve and a Varian MicroPak MCH-3-N-CAP C , 15
cm x 4 mm [.D. column. Methanol-water. n a gradient mode. was used as mobile phase at a flow rate of 0.9
mL/min. Table 2 shows the EI mass spectra of the analvzed dves. Charactenstic El fragmentations in azo
dves included cleavages of the N-Cand C - N bonds on cither side of the azo linkage and cleavage of the N
= N double bond. with transfer of two hvdrogen atoms to fonn an amine  The mass spectra of most azo dves

contained a small molecular 1on or none at all. No [ragmentation resulting from ring cleavage was observed

in the azo dves.

The detection limits of the analvzed dyves ranged from 30 ng. {or Disperse Orange 3. to 2.7 ;g [or

12
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Disperse Brown 1. As a comparison. the LC/MS svsten's sensitivity was checked with catfeine. for which a

detection limit of 3 ng was tound.

Photodegradation products ol Disperse Red 167 were deternuned by PB-LC/MS (ogether with
TS-LC/MS-sce scction 2.2) with a Hewle-Packard 3988 A guadrupole mass spectrometer {33]. The
chromatographic svstem used was a \Waters 600 MS HPLC pump and a Supelcosil 3-pum LC-1. 23 cm x4 6
mm [.D. column. The mobile phase was methanoi-water. m a gradient mode. at a ow rate ol 0.3 mL/Anm.
The major photodegradation pathwavs were tound to be reduction ot the niro group. tree radical loss of N2

followed by coupling 1o form a subsuwited biphenvl. hvdrolvsis ol the ester. and N-dealkviauon.

The El mass speetra ol a senies ol 14 commereial azo and diazo dyves (Fig 73 were studied using
PB-LC/MS [35] The HPLC was a Waters Scries 600 mult-solvent delivenv system controlled by a Waters
600-MS svstem controller. The dves. dissolved m methanal or acctonitrile. were injected through a Waters
UGK injector and scparated on a Spherisorb ODS Il 25cm x 4 6 mm [.D . 5 ..m panticle size. column. The
HPLC was connected through a PB intertace to a Hewlett-Packard Model 3988A quadrupole mass

spectromeler

From most azo dves 1t was possible 1o obtam molccular ion information and characteristic
fragmentation patterns for structural cluctdation. Fig. 9 shows the RIC chromatogram of Disperse Brown |
and the corresponding El mass spectra of two resolved components. The major peak (number 1), at a
retention ime of 29. L mm shows a mass spectrum with a refatively small molecular 1on at nv/z 432 and an
intense P cleavage tragment [M - CH.OH] at m/z 401. as well as an intense C-N cleavage product at m/z
183. The shoulder peak‘(number 2) 1s due to a decomposition product of the dve. The two smaller peaks

(numbers 3 and 4) are probablv due to plasticizer impuritics. The detection linuts were in the range of 300 ng
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The chemical reduction ol azo dves contaumimg mdustrial sludges usuaily torms a neariv colorless
effluent. Depending on the idenuty of azo dves in the wasie. the aromatic reduction products are more

harmtul to the environment than the untreated sludge components

The use ot Na.S.0, or SnCl. 1o cleave the N=N- moicty ol azo dyves followed by LC/MS analvsis of
the reduction products 1s a possible wav o assess toxicily potential ol complex waste sludges. Vovksner et
al. [41] «dentitied the reduction products trom the reauctin e cleavage of 16 cominercial azo dyves by
PB-LC/MS. The instrumentation used was the same as i the previous application |33]. Standards ol the
formed reduction products were used to coniirmadentities The chenneal reduction methods resulted in neariv
complete rcduction ol the a0 bond to form aromatic ammes. Owverall. tm chlonde was the more powertul
reducing agent. viclding a greater number ol products. Table 3 shows the chenncal reduction products of the

investigated dyves.
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Measurements of dves with TS-LONS were tound to be by twaoto three orders of magnitude more
sensitive than with PB-LC/MS  Pace and Roby [42] anany sad several dve wastes tor svitheue precursors.,
transtormation products. and sclected aromatic anune tareet maivies associated with the manutacture ol azo
dves. VThe,\‘ used PB-LC/MS and GCAMS. The LOATS svstem consisted of 2 Howlett-Packard 1090 HPLC
with photometric detector, coupled by a PB interface to a Howlet-Packard SORKA quadmpul(: mMass
spectrometer. Both El and NClionizanon ntodes were used m both PB-LC/MS and GC/MS svstems Table
4 shows the comparison of tentativeny identiticd compounds i an a0 dye sample by PB-LC/MS and
GC/MS. Several compounds were detected by GCAMS. but not v PB-LC/MS . because ot the higher
sensitivity of GC/MS. In contrast. several azo compounds were detected by PB-LC/MS but not by GC/AMS

because the azo compounds decomposed n thie heated GC.
4. lon Spray and Electrospray (ES) - LC/MS
4.1.  Principles of Operation

Ina npical ES mass spectrometer. a sofvent low oi 1o 10 .Lin 1s introduced at atmospheric
pressure into an ion source chamber through a stainiess steet hypodermic needle. which s at ground potental
[45]. The soivent tlow fonns a (ine spray of charged droplets in response (o an apphed elzctnic ficld of 2 - 4
kV. As the droplets evaporate. the analvte tons. whose poiaruy 1s opposite Lo the applied potential. migrate to
the surtace ot the droplqls. where Coulomb repulsion causes the dropilets to break up mnto vet smailer
droplets. thus cnhancing evaporation. At some munimum droplet diamcter. the analvte ons are believed to
desorb trom the dropiets into the gas phasc. This process 1s known as ion ey aporation. and s the primary

mechanism for gas phasc 1on formation in clectrospray.

LA
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A compound wiil vicld an observable 1on 1171t 15 able to 10mize 1 solution. Thus. basic compounds are
dissolved in acidic solutions and acidic compounds 1 basic solutions. The resulting cations and anions are

analvzed 1n positive and ncgative 1on modces. respectively

lon spray (pneumatically assisted clectrospray ) uses pncumaties to assist nebubization and desolvation
of liquids 1 electrosprav. Nitrogen is added coaxially (o the samples to assist in the nebulizauon ol the
liquid. A potential ot 3 - 6 KV on the needle assembly charges the droplets for subsequent 1on evaporation.
lon sprav s elfectine in handling most reverse-phase solvents and mobile-phase additines. and it expands the

upper tlow rate (e g . 30 :L/mim). compared with unassisted nehutizauon in slectrospray

4.2 Applications to Dye Analysis

4.2.1. API-MS of Sulfonated Dyes

Atmospheric pressure tonization (APD-MS techmques ol pncumatic assisted clectrospray (1on sprav)
and electrosprav [17. 18. 44] have been demonstrated for the detection ol dves. Electrospray achieves the
best sensitivity lor compounds that arc precharged 1 solution (¢ ¢.. 1onic specics or compounds that can be
protonated or deprotonated by the adjustment of pH) [43]. For thus rcason. the nitial work with clectrospray
MS focused on 1onic dves such as sullonated azo dves. which have cluted analvsis by particle beam or
thermosprav LC/MS. The i1on spray or clectrosprav of monosullonated azo dyes consists ot an [M-Na|" amon
with little fragmentation. Monsulfonated dves including Acid Orange 7. Acid Red 337, Acid Red 131, Acd
Red 88. Acid Yellow 151. and Acid Ycllow 49 have been analvzed by clectrospray or by ion spray [35. 45,
46].

Disulfonated azo dves including Acid Red 1. Acid Black |. and Acid Blue 113 could be analvzed by

16
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API-MS [43-47] The mass spectra ol these dves consist ot [M-2Nal™ and iM-Na| ions. However. Acid
Blue 113 does not exhibit an [M-Na]- amon Theormally asaisied electrospray was demonstrated by Henion et
al. to detect a hexasulionated dve (Direct Red 80y ol M AV 1220 148] The mass spectrum showed only

multiply charged 1ons ranging trom {M-6H | to [M-2H |- [4x]

API-MS technmiques could also provide structarally relevant Iragmentauion information on the
sulfonated azo dve by collision induced decomposiuon (CIDY m the transport region ol the intertace
Typrcally this 1s accomplished by mercasing a capillan or ordice potential resulting in the CID of molecular
spectes generaled by clectrosprav oron sprav. The Iragment won usually results from breakage ol the azo
linkage with the charge staving with the morety contannnge SO Also, [5SO.] 1on at vz 80 s a common CI1D
fragment tor thesc sultonated azo dves. Figure 1O shows the CID spectrum ol Acid Orange 10 using
clectrospray transport CID (200V capillarny voltage) 1o obtamn structurat information ior tus disulionated azo

dve. Sinularlyv. CID miomaton could be obtated by tandem MS on the |M-Na] amon.

The API techimque aiso proved (0 be verv sensiuve Tor the detection of the suilonated azo dves in
negative ton detection. Full scan detection was demonstrated on 1-10 ng quanuities of these sulfonated azo

dves.
4.2.2. LC/MS of Dyes

The flexibility of API-MS permits the coupling of separation using high (low rates or very low {low
rates for online LC/MS. The use of a heated pncumatic nebulizer with corona discharge (atmospheric
pressure chemical tonization - APCI) permitied -2 mL/mun operation. while clectrospray or 1on spray

permitted operation at the 1-40 .:L/min range. [n cither case. chromatographic conditions for the separation

17
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of the sulfonated azo dves must employ voiatie batters to nutumize suppression of the signal. Sullonaied
azo dves were separated on a C., column using a vradient of acctonitrile m water conmanmg U F M

ammonium acctate it 2 mL/mn using the APCTapproach |43

While APCI could tolerate ugher levels ol buiter. response tor the polysultonated azo dyves were
usually poorer compared with the monosudfonated azo dves. Tlus ditference i response may be attributed to
the lower volatilitv of the polvsullonated dyves. resultig 1 fess matenial ia the gas phase ter iomization by
APCL LC/MS using 1on sprav successiulhv acteeted the polvsultonated avzo dhes [45] To achieve the best
sensinviry the LC conditons were changed o a T Omm i D C._column to reduce the tlow rate to 40 .-L/'min
and the ammonum acctale coneentration was reduced w v o1 N Higher How rates or ngher fevels of

buftfer would resull in siemal suppression

Also. capillary clectrophoresis (CE) coupted to clectrosprav-MS was demonstrated for the separation
and detection of sulfonated azo dves {46 CE scp:lmuonrss usmig acctonitrnde {low rawes of |8 :L/min
permitted rapid scparation of the suifonated azo dves. While the hugh resolution separauon capabiliues of CE
resuited 1 high peak concentrations. permiting detecton of Tow pmole quantities of dyes, the low imection
volume ot CE (2-30 aL) limited the concentranon deteetion finuts. Low ppm detection funmits were reported

for the sulfonated azo dyves by CE/MS [406].

Cationic dves have been analvzed using positive 1on detection electrosprav-MS with ¢reat success.
These pre-charged cationic dyes are weli suited for 1on evaporaton tonmization 1n clectrospray MS. analogous
to the negative 1on formation tor the sulfonated azo dyes previously discussed. For this reason. cationic dves
such as Basic Yellow 11 (imethine class of dyes). Basic Violet | and Basic Green 4 (arvimethane class of

dves). and Basic Violet 10} and Solvent Red 49 (xanthene class ol dves) could be detected at sub-ng quantities
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under tull scan condinions using clectrosprav-MS [49] The mass specetra of these cationie dves exhibited onlv
[M]" 10ons at conditions: that do not cause CID {low capilian or uritice potentials) as shown in Fieure tla tor

Basic Violet 0. Several wavs were evaluated i obtwiming stroctural information on these aves including:

(1) Electrosprav transport CiD.
(2} Trnple quadrmpole MS/AS.

{3} fon trap mass spectromenn TS MS/MS

The three C1D techmiques showed stractural information but there were major arifcrences i encrgies
avatlable for acuvanion. The use of clectrosprav transport CiD made use ot the voltage at the capilian: exit
{Analvtica ot Brantord clectrosprav sources to generate the CID fragment wons (Figure 125

At alow capitlany exit voltage (20-80V). oniv molecular ons arc detected. At a high capitlan exit
voltage (100-240V) siamficant fragmentation s obsenved  OF the three techimques. the clectrosprav transport
CID has the capability 1o place the targest quantities ot internal energy 1716 ¢V) mto the 1on o generate the
most fragments [30]. This has been demonstratea for Basie Violet 10 (Freure 11b) Sensitiviy of this
approach was superior due to the mmimal ton iosses at the vanous capifiany exit voltages {ithe total 1on
cwrrent was neariy constant over the voltage range evaluated i Figure 123 evaluated for CID. However. since
there is no mass sclection prior to CID. the signalinoise and spectticity of the approach may be limited m

complex samples or trom coclution ot components under LC/MS conditions.

The electrospray ion trap-MS (ITMS) |5 1-33] makes usc of witial mass sclection prior to CID of the
selected ion n the trap. Molecular 1ons generated by clectrosprav. pated into the trap, are mass selected by a

combination ol rl and dc fields. A tickle voitage of 1-2V applied to the endeap for 30 mis increases the

[y
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Kinetic energy of the sclected 1on for CIO with el m the trap £4 ~ 10 torr). The uekle voltage. tekle
time. and rt trapping well depth (g2) can ve vared 1o control the extent o energy transier o the selected 10n
resulting w ditlerent amounts ol lragmentation. Freure i35 shows the optimizatien ol tickle voltage for the
CID ot'the [M]"ion o' Basic Yellow [l For the cattonie dves. tickle yvoltages of

2-2.8V were optimal (qz 0.3, uckle tme 50 ms. pressure 4 x 107 torr) Tor the generation ol structuraily
relevant product jons. Higher uckic voltagees ciccred the molecular rons o the trap watls. resulting m loss of
sensitivity Lower voltages aid not provide sudlicient hinctie energy Tor CID ol the selected molecular on

The product tons were ¢jected from the trap to the mutuplhicr usimg the mass sclecton nstaviline mode of

operation

While the yon trap mparts lower cnergies compared with CID i e clectrospray ransport. siyniiicant
structural intormation couid be obtamed for these dves such as Basie Violet 10 (Freure 1oy, Furthemmore.
increasing the g valuc cnables more energy (o be imported to the 1ons resulting i near equivalent
fragmentation to electrosprav transport CID. Also. MS” capabilines of the ITMS could generate additional
structural information [33] Sensitivity of the {TMS approach was comparable to electrospray transpori CID
by the ITMS approach. oftering supenior signal/noise and speciiiciy due 1o mass scicction prior to CID of the

ons.

Trple quadnupole {34, 35] was also evaluated to obtam CID mformation on a mass sclected 1on In
this instance. the molecular 1on ol interest was sclected by quadiupole |, the CID of the ton occurred n
quadrupole 2 (30 ¢V lab encrgy with Argon target gas at | mitorr). and the third quadrupole was scanned to

detect the product 1ons lonmed. Although the wriple quadrupole aftercd vood specificity due to mass sclection

pnor to CID. the extent of fragmentatton was hinmited duc to a maxumunm of 30 ¢V collision cnergy

[
<
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avatlabie on the mstrument. Figure ild displavs the tninic quadrupoie CLD mass spectrum ot Basic

Violet 10 for comparison to the other CID techniques discussed

Electrospray has been also successlul ior numerous aso dyves ik are notome saits Azo aves
consisting ot both disperse and solvent classes ol dves have been analvzed by clectrospran MS [48. 49 32
Speciticallv. disperse dics including Blue 79 Yellow 3. Bronze 2. Orange 13, Orange 5. Red |, Red 13,
Brown |. Solvent Red 3 Salvent Red 23 and 24, Prgment Rea 2. and Methyl Red have been analvzed by
electrospray or 1on sprav. Opumal seasiinaty was usuatly observed at low pH conditions (e .. 194 acelic
acid) that promote the protonation ot a basic site on the dve 1o form a cation 1n satution. under positive 10n
detection. The scnsiiv ity for negatn e on detection thigh pH asig U5 mmonium hvdroxade) did not
compare with positi ¢ 1on detection. posstbiv due to the fack of sies tor deprotonation 1o form antons in
solutions. All these dyves exhibrted |M=H| 1ons and fragmentauen under CID conditions in the electrosprav
transport. Examples of clectrospray MS spectra of two a0 dves are presented m Figures 14 and 13 Figure
14 shows the clectrospray mass spectnnn of Solvent Red 24 The fragmentation was generated by CLD i the
electrospray transpon tcapilan voitage of 16OVY Figare 13 shows the clectrosprav transport CID spectrum
of Bronze 2 obtamed on a Vestec clzciraspray source.

The electrospray MS analvsis ol the azo dye was usually more seasitine compared to particle beam or

thermosprav. However. the response did not comparc to the signals generated by electrospray for the cation

or sullonated dves.

Several anthraquinone dves have heen anahvzed by electrosprav MS [32]. These dyves include
Disperse Blue I and 3 Analogous clectrosprav-MS conditions mentioned for the azo dves (low pH. positive
ion detection) were optumal for the detection of these anthraquinonc dves. The basic nitrogens on the

anthraquine nng serve as the site of proranation (o yencrate a cation Lo obtain optimal electrospray- MS
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sensitivitv. The clectrosprav spectra ol these dh es consisted ot only [M=H! 100 under non-CID conditions.
Structural information could be obtaned by CID m the clecirospray transport as aemonstrated lor Disperse

Blue I (Figure 16)

Researchv i new methodologies such as clectrospray LCMS fave wreatn cnianced tise abiliny o
characterize mcereasingly compien, polar and nomvolaule dvestutis The sensitvaty and speciliciy (by CIDan
the electrospray transport or by MSAMS) achieyed with electrosprav LOATS enaoles the monitoning tor trace

fevels of dves in mixtures. o neeessity Lor envirenmental montorme or production process contrel

th

Summary

Table 3 attempts to compare the varnous LC/NS wechimgues. accordmy to olass vi'dve 1o be analy zed.
0 terms of sensitn iy and specdiciy . Techimques hke particle beam-LUMS whici s based on gas phase
ionization process. are not stutable tor nonvolatle components such as sullonated azo dyves.
Thermosprav-LC/MS on a smgic quadrupole svstem usuatly resutts m sigie won spectra, lacking slruclural.
information for compound contimation. Electrospray L.C/MS probabh otters the bast combimation of
sensitivity and spectliciy (CID i electrospray transport regtony However, clectrospray sensitivity s often
reduced for non-polar dves that do not have sites ol protonation or deprotonation Lo torm cations or anions

for their respective positive or neeative 1on detection
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Figure Captions

Figure 1.

Figure 2

Figure 3.

Figure 4

Figure 5.

Figure 6.

Figure 7.

Figure 8

Figure 9.

Chenucal Structure ol Acid Orange

Mass chromatograms ol | ppm ol a commercial red dyve spiked nto gasoline The major red

component (A) at méz 38T and the major orange component (B) at nii'z 249 arc displayed.

Chenucal structures ol dves analvzed by TS-LC/MS

Companison of three mass spectra ol Disperse Yellow 3. obtaned by (a) TS-repeller-CID. (b)

TS-MS/MS-CID. and (c) EIL..

TS-LC/MS (wath wire-repellery mass spectea of Disperse Blue 79 at repetler O and 230 Volts.

respectivedy,

Reconstructed 1on chromatogram (RI1C) to TS mass speetrum ol Indigo (Vat Blue D

Chenucal structures of commercial dves analvzed by TS-. PB-.and ES-LC/MS.

El- and CI-PB-LC/MS mass spectra of Solvent Red 1.

RIC chromatogram ot Disperse Brown | and the corresponding PB-El mass spectra of two

resolved components. peaks | and 2.
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Table 1. Investigated Samples
C.I. = Color Index.

Indigo

Commercial cl . Cl Type of
Name of Dye Name Numbe | MW. Fiber Manufacturer
r
1.5% Serisol Fast Yellow GD Cisperse Yellow 3 11855 269 Diacetate | Yorkshire
2.0% Serisol Fast Yellow PL 150 Disperse Yellow 9 10375 274 Diacetate | Yorkshire
1.2% Resolin Yellow 5GS Disperse Yellow S | 12790 | 224 Polyester Bayer
0.72% Dispersol Orange B-A Grains Disperse Orange 11080 218 Polyester | ICl
1
0.6% Serilene Orange 5R300 Disperse Orange 11080 318 Pclyester | Yorkshire
1
0.6% Serilene Orange 2RL200 Disperse Qrange 11227 323 Polyester | Yorkshire
25
0.72% Dispersol Crange B-2R 2C0 .
Grains Disperse Orange 11227 323 Polyester | ICI
25
1% Resolin Orange F3R 200% Disperse Orange 11227 323 Polyester | Bayer
25
2.2% Resolin Orange RL Disperse QOrange 26080 352 Polyester | Bayer
13
0.6% Serilene Yellow Brown 2RL 150 Disperse Orange - 391 Polyester | Yorkshire
37
1.5% Serisol Brilliant Red X3B 200 Oisperse Red 11 62015 268 Diacetate | Yorkshire
0.6% Serisol Fast Scarlet BD 200 Disperse Red 1 11110 314 Diacetate | Yorkshire
0.6% Serisol Fast Crimson BD 150 Disperse Red 13 11115 348 Diacetate | Yorkhire
0.6% Serilene Red Brown R-FS 150 Disperse Brown 1 11152 432 Diacetate | Yorkshire
1.5% Serisol Brilliant Blue BGN 300 Disperse Blue 3 61505 296 Diacetate | Yorkshire
1.0% Resolin Blue BBLS Disperse Blue 165 | - 405 Polyester | Bayer
1.0% Yoracryl Yellow RL Basic Yellow 28 - 309 Orlon Yorkshire
Vat Blue 1 73000 262 Denim Levi Strauss




Table 2. Particle Beam Ei Mass Spectra of Dyes

Dye Mol wt. m/z of ions observed (% relative abundance)

Disperse Yellow 5 324 324(1); 295(1.5): 202(3): 174(7): 138(9); 108(100); 92(17)

Disperse Orange 13 352 | 352(2): 247(10) 142(26): 115(22); 109(22); 93(100)

Solvent Red 3 292 292(17); 263(3): 235(4); 171(6). 149(9); 143(100); 121(48); 115(36);
108(18)

Disperse Crange 3 242 242(3); 213(4); 212(10); 120(55). 92(100)

Disperse Red 13 348 | 317(22); 287(20): 154(17); 144(25); 142(28); 134(25); 133(100);
126(40): 120(30): 105(50); 104(50); 99(20); 92(32); 90(40)

Solvent Red 23 352 352(4), 267(1.5): 197(20);, 143(30); 120(46); 115(32). 108{11),
93(40); 92(100)

Disperse Brown 1 432 432(1.5): 403(15); 402(5); 401(17). 359(5.5); 357(7), 313(5), 214(15),
208(17); 206(36); 185(40); 183(78); 176(39); 167(32); 149(77),
139(100); 124(49); 104(82): 80(48)

Disperse Red 1 314 314(4); 297(2); 283(34); 267(11); 253(19); 237(8); 207(9); 180(15);
168(18); 149(15); 147(18); 133(100); 120(49); 108(63); 105(55):
103(47)

Disperse Orange 25 323 323(1); 283(12); 283(7); 253(26). 240(9); 224(3); 188(3). 173(10y,
149(20): 133(35); 120(62); 108(31); 105(19): 104(20): 93(18):
92(100)

Disperse Blue 79 624 87(100)

Basic Green 4 329 | 330(38); 329(13); 287(8): 255(10); 254¢21); 253(100): 237(13);
223(12): 210(35); 209(20): 208(32); 194(29); 181(15): 165(82),
135(22): 126(78); 120(32); 118(37); 103(45); 95(22)

Disperse Blue 3 296 267(12); 266(100), 249(49). 234(28); 220(22), 204(11); 124(10);
181(8); 180(9); 165(17), 164(13); 152(22); 138(12); 124(19);
110(13): 104(19)

Fluorescent 389 | 390(29); 389¢100); 361(19); 333(11); 304(19); 207(75); 206(28);

Brightener 236 195(38): 181(26). 180(18); 179(43); 178(82); 165(18); 152(78);
151(47): 139(35); 127(35): 114(21): 105(30); 102(57)

Solvent Red 49 442 | 399(18): 398(34); 397(26); 327(18); 326(100); 282(18); 199(20);

184(40); 177(23); 170(23); 163(20): 162(18); 156(32); 149(48);

142(20); 105(18); 81(19)

162-tbi.2



Table 3. Identification of Chemical Reduction Products of Colorants 1-16 by HPLC/MS?

Mol uv
No. Dye Identified Reduction Products wi. te Particle Beam (mvz, relative intensity) (%)
aniline ° 93 | 129 | 93(100); 66(39) >1 1
1 Solvent Yellow 2
N,N-dimethyi-1,4-diaminobenzene 136 | 28.4 136(100); 120(85); 93(37); 81(41) 88 |
] 2-aminotoluene ° 107 | 18.2 107(74); 106(100); 77(26); 51(15) 0
i j )
2 | Solvent Yellow 3 2-methyl-1,4-diaminobenzene ° 122 300 | 122(100); 94(33); 78(26); 58(19) 3 [
unchanged dye © 225 ; 258  225(58); 134(17); 106(100); 91(28); 77(23); 75(13); 51(4) 3|
| aniline ® 93 | 131 93(100); 66(37) 7
3 | Solvent Yellow 14 1-amino-2-naphthol © 159 193 159 (100); 130(89); 103(26); 77(22); 51(15) 49
unchanged dye © ! 248 | 283 | 248(80); 219(7); 171(15); 143(100); 115(97); 89(10); 77(41); 51(10) 20
: 2 .4-dimethylaniline ° 151 l 22.1 | 151(11); 121(100); 106(78); 77(15) 30
4  Solvent Orange 7 !
1-amino-2-naphthol ° 159 [ 20.2 159(100); 130(63); 103(13); 77(17); 51(11) 31
| 2-aminotoluene ° 107 | 22.4 107(100); 91(55); 77(49); 51(25) 18
5 | Solvent Red 24 2-methyl-1,4-diaminobenzene ° 122 | 404 122(33); 104(46); 71(41); 55(100) 16
1-amino-2-naphthol ® 159 | 19.1 159(100); 130(70); 103(20); 77(20) 42
6 | Pigment Red 3 1-amino-2-naphthol® 159 | 195 159(100); 130(62); 103(15); 77(19) 70 o
7 | Disperse Red 1 4-nitroaniline ° 138 ' 13.0 | 138(100); 108(83); 92(50); 65(75) 70
aniline ° 93 131 | 93(100); 66(40) >1
8 | Disperse Orange 13 | 4-aminophenol °* 109 , 62 109(10); 108(100); BO(48); 64(7) 10
1.4-diamino-naphthalene 158 10.7 . 158(100); 109(50); 80(37) 78
| 4-nitroaniline® 138 | 12.3 | 138(100); 108(83); 92(50); 65(75) 18
9 Disperse Orange 25
! N-(2cyanoethyl)-N-(ethyl)-1,4- 189 | 14.8 | 189(25); 149(100); 120(34); 92(4) 75
diaminobenzene
10 | Disperse Orange 44 N,N-bis(2-cyanoethyi)-1,4- 214 8.3 214(40); 174(100); 120(37); 106(5) 70
diaminobenzene °
1,4-diamino-2 6-dichlorobenzene 176 | 138 176(27); 149(73); 124(40); 98(100); 81(56); 78(63) 35 .
N-(2-cyanoethyl)-N-(2- ;205 | 6.1 205(45); 174(85); 165(80); 120(100); 92(30); 65(20) 35
hydroxyethyf)-1,4-diaminobenzene :
11 | Disperse Orange 30 '
2 6-dichloro-4-nitroaniline 206 | 25.5 | 208(40); 206(60); 178(50); 176(84); 162(20); 160(30); 135(15); 20 .
, 133(22); 126(30); 124(100); 92(28); 90(31) .
]
N-(2-cyanoethyl)-N~(2- | 247 | 100 | 247(1); 205(32); 174(91); 165(54); 120(100): 92(20); 65(20) 45 !
acetoxyethyf)-1,4-diaminobenzene |
| 1,4-diaminobenzene ° | 108 | 83 | 108(100): 92(44): 80(66); 67(25); 52(64) 3 -
12 | DisperseBlackS  y n pis(2-hydroxyethy)-1.4- 196 | 217 | 196(25); 165(100); 120(20); 93(14) 60
diaminobenzene i
2-bromo-1,4,6-triaminobenzene ° 202 | 10.4 | 203(15); 202(5); 201(10); 88(23); 70(83), 61(100) 25
13 | Disperse Blue 79 I 3-acetamido-4-{N,N-bis(2- 367 | 151 367(10); 294(15); 208(9); 87(100) 60 |
acetoxyethyf)-amino}-1-amino-5- i
| methoxybenzene i




1,3disulfonic acid, disodium saft ** i

Mol
No Dye Identified Reduction Products Wi ty Particle Beam (/1v2, relative intensity) (%)
1,4-diamino-2,6-dichlorobenzene 176 | 23.0 176(27); 149(73); 124(40Q); 98(100); B4(56); 74(63) 40
N-cyanpethyl-N-ethyl-1,4- 189 | 26.1 | 1B9(19); 149(100); 120(73); 106(8); 92(21) 40
14 | Disperse Orange 37 diaminobenzene
: 4-amino-2,6-dichioro=4[(N-(2- 333 334(15); 333(27): 293(100); 265(21); 229(7); 201(33); 149(49); 10
cyanoethyl)-aminojazobenzene 120(41);100(15); 92(8)
1,4-diamino-2 5-dichicrobenzane 176 | 223 176(56); 149(28); 134(59); 98(100). 84(53) 40
15 | DisperseBrown 1 | 3 1 ioro-N,Nebis(2-hydroxyethyl)- 230 | 17.4 . 230(21); 199(100); 155(37); 127(13) 40 !
1,4-diaminobenzene
aniline ® 93 | 135 | 93(100); 66(40) 40
16 ' Acid Orange 10 &amian-hydmxynathaiene— 383 | 166 Not detecied ' 48 |

° 1, = retention time in TIC chromalogram (min); My (relative intensity) reports the major peaks (>5%) of each product down to mvz 50.
A maximum of 18 ions are reportad in descending M2 ; UV (%) = [peak area of identified reduction produci)}, [of the peak areas in the chromatogram of the
reduced sampie at a wavelength of 254 nm]. The identified reduction products were <0.5% of the tolal peak area in the unreduced HPLC/UV analysis of the
parent dye.

? identity confirmed with standard.

¢ Observed only after Na,S,0Q, reduction.

° Observed only after SnCl, reduction. |

* Only identified by HPLC/PB-MS in sample reduced with SnCli,.

' identity confirmed by thermospray-MS; ions detected include 371(100), 364(5), 319(4), and 274(9).

Reprinted with parmission from R.D. Voyksner et al., Enviren. Sci. Technol., 27 (1993) 1665. Copyright 1993 by the American Chemical Society.




Table 4. Comparison Of Particle Beam _C/MS ana GC/MS In Tentatively Identifying Compounds In An Azo

Dye Sample
PB LC/MS GC/MS
MW El NCI El NCI
1. | Aniline G3 X
2. | N-phenylformamide 121 X
3. | 4-nitroaniline 138 X
4. | N-cyanoethylaniline 146 X
5. | 4-phenylphenol 170 X X X
6. | 2,4.6-trimethoxy-1.3 5-triazine 171 X
7. | 2-chloro-4-nitroaniline 172 X x IoX
8. | 2.6-dimethoxy-4-(N N-dimethyl amino}-1.3.5- ,{
triazine 184 X
9. | N.N-bis{(cyanoethyl)aniline 199 X X X
10. | 2-bromo-4-nitroaniline 216 X X
11. | Sulfur (S8) 256 X X X
12. | 2-bromo-4.6-dinitroaniline 261 E X X X
13. | 4-bromo-N.N-bis(cyanoethyi)-aniline l
277 X X X
14, | Hexachlorobenzene 282 X X
15. | Tribromoanisole 342 X X X
16. | 4-(2'-chloro-4'-nitrophenylazo)-N.N-
bis(cyanoethyl)aniline 382 X X
17. | 4-(2'-bromo-4'6'-dinitrophenyl azo)-3-acetamido-
N.N-diethyl aniline
478 X X
18. | 4-(2'-chloro-4'-nitrophenylazo)-3-acetamido-N.N-
bis(ethy! ethonate)aniline
505 X
19. | 4-(2'-bromo-4'6'-dinitrophenyl azo)-5-acetamido-
2-methoxy-N N- diethylaniline
508 X X
20. | Disperse blue 79 624 X X
MW = molecular weight
PB = particle beam
E! = electronionization
NC! = negative chemical ionization (carbon dioxide)




Table 5. Predicted Success Of Varous LC/MS Techniques for The Characterization Of Selected
Dye Classes

MS Technigues
Particle Beam-LC/MS Thermospray
Dye Classes (ElCl) LC/MS Electrospray LC/MS
Sulfonated Azo @) = @
Cationic O i o
Azo (disperse) - - ®
Azo (solvent) = @ ®
Anthraquinone = i =
O =) -

v

>

fncreasing success for MS analysis in terms of sensitivily and specificity.
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chemical compounds. The analysis of such a large variety of compounds poses difficulties because of
differences in solubility, volatility, ionization efficiency, etc. Furthermore, some of the manufacturing precursors
to dyes are carried over to and are not removed from the final dye product. The result is a complex mixture
characterized not only by the dye itself, but also by several other compounds. “Most dyes, including sulfonated
azo dyes are nonvolatile or thermally unstable, and therefore, are not amenable to GC or gas phase ionization
processes. Thus, GC/MS techniques cannot be used. However, the combination of LC with MS enables the
separation of nonvolatile, thermally unstable, and polar dyes for introduction into the MS for identification. As a
result of interfacing LC with MS, three major types of interfaces and LC/MS techniques have been developed:
{1) Thermospray, (2) Particle Beam, and (3) lon Spray and Electrospray This chapter describes the apphcatnon
~of these LC/MS techniques in the analysis of dyes.:-
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