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Abstract
The premise of this research is that improved forensic discrimination for forensic fiber
examinations may be achievable by extraction of the dye from the fiber, followed by trace
analysis by a high resolution separation technique. Protocols have been developed for extraction
of unknown dyes from textile fibers based on three CE methods for dyes from six textile dye
classes. Although capillary electrophoresis (CE)/diode array detection (DAD) is useful for longer
fiber lengths, a more sensitive and selective technique such as CE/mass spectrometry (MS) is
needed to analyze the small amount of dye (2-200 ng) present on forensically relevant fiber
samples. Although this approach is destructive to the sample, only an extremely small sample is
required (~2 mm of a single 15 p diameter fiber). Automated micro-extractions and CE offer
reproducible sensitive analyses. CE/MS can separate extracted dye components and provide
semi-quantitative estimates of dye amounts as well as qualitative information to identify dyes.
Introduction

Fibers have achieved growing forensic significance because of their ubiquitous presence in
commercial products and at crime scenes. However, discovery of a fiber and its identification as

a particular fiber type may not, by itself, provide support for a forensic investigation. The history

of fiber examinations is characterized by a search for increased discrimination to render such



trace evidence more specific and discriminmating.' The analysis of dye components following
extraction from a fiber has the potential of increasing discrimination of fibers by comparison of
formulations of the dye(s) employed, relative amounts of dye present, and spectral fingerprints of
individual extracted dyes. Because recovered fibers range from 2-10 mm in length and contain 2-
200 ng of dye,” methods for analysis of extracted fiber dyes need to be sensitive.

Thin layer chromatography (TLC),*'* high performance liquid chromatography (HPLC),">"'¢
and capillary electrophoresis (CE)'"'® have been used for separation of extracted dyes. TLC
requires a relatively large amount of extracted dye for identification of all components, and TLC
reproducibility can be lacking. Concerns that dilution of injected dye concentrations in HPLC
columns (4-5 mm ID, 10-25 cm in length) may impact limits of detection have also been

d.'*" More efficient columns (narrow internal diameter, small particles, low dead-volume

voice
connectors, high pressure) can potentially ease these problems, but gradient elution may be
required to separate complex dye mixtures. Although detection limits of 200 pg/dye using single
or multi-wavelength detection have been reported, extracts of short fiber lengths of light dyes
shades sometimes yielded insufficient dye."

CE is an excellent tool for dye analysis because many dyes are ionized, depending on pH. CE
has other advantages: high efficiency, high selectivity, short analysis times/high sample
throughput, simplicity and ease of automation, low organic solvent consumption/waste, low
sample requirement (< 50 nL injected), and relatively low running costs. CE capillaries are

reusable, inexpensive, and can be used at a higher pH than most silica-based HPLC columns.*

Basic, reactive, and acid dyes have been separated with high resolution using CE.'>!"?'-33

The primary objective of the research presented here was to devise micro-scale extraction

protocols for dyes from four fiber types (acrylic, cotton, nylon, polyester) and to develop CE



protocols compatible with detection by diode array and mass spectrometry. MS detection offers
the dual capabilities of low detection limits and qualitative identification of dyes by molecular
weight and mass fragmentation. It is assumed here that the polymer type (acrylic, cotton, nylon,
polyester) for any unknown fiber can be determined using polarized light microscopy34 or
infrared spectroscopy prior to extraction and analysis. A further objective was the demonstration
of CE-DAD-MS analysis of dye extract from 2 mm length single fibers.
Methods and Materials

Solvents were added to single fibers in a 96-well plate on a BioMek 2000 automated
extraction workstation (Beckman-Coulter, Fullerton, CA) programmed extraction of specific
fiber-dye combinations. A plastic lid clamped over the plate minimized solvent evaporation
during extraction. Chemicals were analytical reagent grade. Dye standards, referenced by Colour
Index names, and fabric samples from manufacturers were used as provided.

Nylon fibers were treated with equal parts of aqueous ammonia, pyridine, and water (66 uL.
each), heated at 100 °C for 60 min.>> Complete extraction indicated presence of an acid dye.

Cotton fibers may be dyed with direct, reactive or vat dyes. The first stage of cotton fiber
extraction used 60:40 pyridine:water using (120 pL pyridine, 80 uL water) at 100 °C for 60 min;
complete extraction indicated a direct dye is present. If incomplete extraction occurred, 200 pL
of 1.5% NaOH solution was added, and the plate heated at 100 °C for 60 min. A complete
extraction signified that a reactive dye was present. If extraction was still incomplete, a vat dye
may be present. A 200 pL volume of reducing agent solution (0.8 g sodium dithionite, 0.5 g of
NaOH, 5.0 mL H,O, 33.0 mL of 1,2-dimethoxy ethane, and 66.0 mL of H,O) was added to the

remaining fiber sample in a 96-well plate, and heated at 100 °C for 30 min. When the plate was



placed in a fume hood without the cover, air oxidized the extracted vat dye to water insoluble
pigment with a corresponding color change.*

Acrylic fibers were treated with 50:50 formic acid:water (total volume 200 pL) at 100 °C for
60 min. Complete extraction after this step indicated that a basic dye is present.’’

Polyester fibers were treated with 200 puL of chlorobenzene at 100 °C for 60 min. Complete
extraction indicated presence of a disperse dye.”®

All extracts were dried at 60 °C to remove extraction solvents and reconstituted for capillary
electrophoresis by adding 190 puL water. CE separations were performed with a PACE-MDQ CE
system (Beckman-Coulter) equipped with a diode array detector, using 50 mm capillaries
(Polymicro Technologies, Phoenix, AZ). The CE methods employed group into three protocols
with conditions selected to provide efficient separation of multiple dye components and to be
sufficiently volatile for electrospray ionization (ESI)-MS detection.

Separation of acid, direct, and reactive dyes, from cotton and nylon fibers, was done with an
anionic buffer system of 15 mM ammonium acetate in acetonitrile-water (40:60, v/v) at pH 9.3.%
Vat dyes from cotton fibers can be separated after the addition of a reducing agent, sodium

dithionite, to this same buffer.>**

Extracts from acrylic fibers containing basic cationic dyes
were analyzed with a cationic buffer system of 45 mM ammonium acetate buffer in acetonitrile-
water (60:40, v/v) at pH 4.7.% Separation of hydrophobic disperse dyes from polyester was
performed by non-aqueous CE using 80 mM ammonium acetate in acetonitrile-methanol (75:25,
v/v) at pH 9. For CE-DAD analysis, hydrodynamic injections were made at 0.2 psi for 2 5.***°
Separations were performed at 25 °C with an applied voltage of 30 kV for the analysis of

direct, reactive, acid, and vat dyes and with 20 kV for the analysis of cationic dyes. For CE-

DAD-MS analyses, an external light source was modified to position the DAD window close to



the MS source. Light from a 75 W xenon lamp (Craic Technologies, Altadena, CA) was focused
using a 2.5 cm diameter lens onto a 1 mm diameter optical fiber, through a standard 0.8 mm
aperture located at a capillary window, and absorbance from 190 to 600 nm was monitored. A
Micromass Q-Tof Micro (Waters Corporation, Milford, MA) with a sheath flow interface' to an
ESI source was employed for MS. For positive CE-MS, the sheath liquid was 50/50
methanol/water with 1% formic acid at 1.7 pL/min. The nebulization gas was set at § psi, and the
ESI voltage and cone voltage were 3.7 kV and 17 V, respectively. In negative mode, the sheath
liquid was 50/50 isopropyl alcohol/water with 1% triethylamine at 10 pL/min. The nebulization
gas was set at 15 psi, and the ESI voltage and cone voltage were 4.8 kV and 44 V, respectively.
Hydrodynamic injections were performed at 1 psi for 5 s with the ESI voltage off.
Results and Discussion

CE analysis of anionic acid, direct, reactive, or vat dyes extracted from nylon and cotton
requires a high pH buffer to ensure that solutes were negatively charged.”” Anionic dyes are
soluble in water and were separated using a buffer consisting of 15 mM ammonium acetate in
40:60 acetonitrile:water at pH 9.3. Figure 1 shows the separation achieved for five acid, four
direct, and five reactive dyes within 15 min. Vat dyes are insoluble pigments that are applied to
cotton in the reduced water-soluble form and oxidized back to the water insoluble form on the
fiber. Vat dyes were extracted from cotton using sodium dithionite to reduce vat dyes to their
water-soluble leuco form. After oxidation during drying, dyes were reconstituted in
acetonitrile:water (40:60, v/v). By adding sodium dithionite to the anionic CE buffer, vat dye
extracts can be analyzed using the anionic CE protocol as for acid, direct, and reactive dyes.”*’
Figure 2 displays the separation of the major and minor components of three vat dye standards.

Small peaks represent minor components present in the three dyes and not in the blank.



Cationic basic dyes from acrylic require a low pH buffer for CE analysis. The CE separation
shown in Figure 3 was performed using a 45 mM ammonium acetate buffer in 60:40
acetonitrile:water at pH 4.7.%

Disperse dyes are poorly soluble in water and require non-aqueous CE conditions, such as a
conductive electrolyte dissolved in organic solvent(s). Separations of disperse dyes (not shown)
were achieved using an electrophoretic medium consisting of 80 mM ammonium acetate and
75% acetonitrile in methanol at pH 9.>%*°

CE/DAD enables comparison of fiber dye extracts based on peak migration times and their
UV/visible spectra. Figure 4 shows separation of a mixture of three blue acid dyes extracted from
a 10 cm fiber. The spectra are quite similar and could be difficult to distinguish; micro-
spectrophotometry conducted directly on the fiber produces a mixture spectrum that hides the
presence of three dyes. Elution order is consistent with the molecular structures shown: larger
anions and anions of lower charge elute first. However, UV/visible detection may not be
sensitive enough for use with extracts from the short fiber lengths generally encountered in
forensic cases.* For extracts from fibers lengths close to 1 cm, baseline noise increases relative
to the dye peak height. As the signal-to-noise ratio decreases, usefulness of the UV/visible
spectrum for component identification is diminished. CE/MS detection reduces the length of
fiber required to detect dye components extracted from single fibers. Figure 5 shows
reconstructed ion electropherograms of an extract from a single 2-mm length of acrylic fiber that

was dyed with three cationic basic dyes. The dye peaks are easily detected and mass spectra from

the extract match well spectra from dye standards.
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FIG. 1-Electropherogram at 214 nm for fourteen acid, direct, and reactive dyes (1 mg/mL).*
Peak identification: (1) neutrals; (2) acid blue 239; (3) acid yellow 156; (4) acid blue 324; (5)
acid red 337; (6) acid dye, no C.I.; (7) direct red 84; (8) direct orange 39; (9) direct yellow
58, (10) direct blue 71, first peak; (11) direct blue 71, second peak; (12) reactive blue 250;
(13) reactive red 198; (14) reactive blue 220; (15) reactive red 180; (16) reactive red 239.
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FIG. 2—Electropherogram at 214 nm for three vat dyes (1 mg/mL).*’ Peak identification: (1)
neutrals; (2) vat yellow 2; (3) vat orange 2; and (4) vat black 16.
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FIG. 3—Electropherogram at 214 nm for seven cationic dyes (1 mg/mL).*’ Peak

identification: (1) basic red 22; (2) basic yellow 21; (3) basic blue 159; (4) basic red 14; (5)
basic blue 41; (6) basic blue 45; (7) basic red 18.
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FIG. 4— Separation of three acid dyes extracted from a 10 cm nylon fiber. Peak
identification: (1) neutrals; (2) acid blue 239; (3) acid blue 277; and (4) acid blue 45. Diode
array electropherogram shown at left, electropherogram taken at 600 nm shown at right, and
structures shown at top.
Conclusions
Microextraction and capillary electrophoresis methods have been developed to span the analysis
of nylon, cotton, polyester, and acrylic fibers dyed with six different classes of textile dyes, i.e.,
acid, direct, reactive, vat, cationic, and disperse dyes. The analysis of dye extracts from single
textile fibers by CE/DAD has been demonstrated down to 1 cm fiber lengths and by CE/MS

down to 2 mm fiber lengths. Further research should further characterize detection limits for

extraction of dyes from various fiber types and validate these protocols on case work samples.



TmEN Standards Extracts

L 321.9593 i 322.0384
C.l. Basic Violet 16

TOF MSES+
W

T 346.9877 i 347.0239
C.l. Basic Blue 159 j
i —e T )
n% no - B
w | 333.0652 333.0433

C.l. Basic Yellow 28

ORI L‘L
00 200 200 MM AN NN R0 MM -

s S——
= e e we W9 we TR

Time (min) _ lon (m/z)

FIG. 5— (left) Reconstructed ion electropherograms for three basic dyes extracted from a
single 2 cm acrylic fiber. (right) Comparisons of mass spectra for dye standards and extracted
dye peaks (ion masses shown).
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