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ABSTRACT: Circumstances of criminal activities involving radioactive materials may mean fiber evidence recovered from a crime scene could
have been exposed to materials emitting ionizing radiation. The consequences of radiation exposed fibers on the result of the forensic analysis and
interpretation is explored. The effect of exposure to 1-1000 kGy radiation doses in natural and synthetic fibers was noticeable using comparative
forensic examination methods, such as optical microscopy, microspectrophotometry, and thin-layer chromatography. Fourier transform infrared
spectroscopy analysis showed no signs of radiation-induced chemical changes in any of the fiber structures. The outcome of the comparative methods
highlights the risk of “false negatives’ associated in comparing colors of recovered fibers that may have been exposed to unknown radiation doses.
Consideration of such results supports the requirement to know the context, including the environmental conditions, as much as possible before

undertaking a forensic fiber examination.
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Textile fibers transferred during an activity can be used as physi-
cal evidence in support of investigations or as evidence in court.
For instance, an object left at a crime scene by a suspect may have
fiber evidence that can link a suspect to the crime scene or in
the very least provide investigative clues about the suspect’s envi-
ronment (1).

The importance of fibers as evidence will depend on a forensic
scientist’s ability to methodically examine and compare fibers col-
lected from a crime scene with fibers collected from known
sources, such as a suspect’s garments, vehicle, or residence. Often,
fiber examinations are complicated by the effects of environmental
degradation of fibers (e.g., UV, heat, and moisture) and in some
cases, the intentional alteration and destruction of all transient evi-
dence by devious suspects (e.g., bleach, solvents) (1,2).

It is possible that in some circumstances fiber evidence recov-
ered from what appeared to be a routine crime scene may have
been exposed to materials emitting ionizing radiation. Unlikely as
it may seem, criminal activities involving radioactive materials
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have been the center of attention for some time (3). Recent figures
published by the International Atomic Energy Agency (IAEA) con-
firm there have been over 1340 incidents of nuclear materials traf-
ficking and associated criminal activities investigated within the
period of 1993 and 2007 (3). The IAEA believe that this figure
represents a conservative estimate of the true figure, with growing
concerns that more sophisticated and organized trafficking in
nuclear materials may be occurring undetected. More concerning is
that these incidents illustrate the potential threat of radioactive
materials falling into the wrong hands (4,5). Given that the traffick-
ing and illegal possession of radioactive materials constitute a
breach of state or national law, a thorough criminal investigation
into the circumstances of the situation will be warranted (6,7).

There have been extensive studies into the mechanisms for radia-
tion damage (radiolysis) and in characterizing the performance of
materials exposed to ionizing gamma radiation (8,9). Details
regarding radiolytic mechanisms, such as the destruction of func-
tional groups (e.g., carbonyl and carboxyl groups) and the forma-
tion of new molecules (e.g., chain scission, recombination, and
cross-linkages), can be readily sourced from the literature (9).

Studies have mainly focused on the following aspects: assessing
the performance of irradiated polymeric materials commonly used
in the food packaging industry (10); characterizing the physiochem-
ical and mechanical properties of polymers enhanced using radioly-
sis to catalyze chemical reactions; and assessing the stability of
materials exposed to hard radiation environments often encountered
in nuclear power plants, industrial irradiation facilities, and space
crafts (11).
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TABLE 1—The properties for commonly used radioisotopes.

Isotope Activity Range Common Use Form Half Life Emissions
Cesium-137 (Cs-137) 37 GBq*-81.4 TBq"  Teletherapy, blood irradiations, Solid; pressed powder 30.1 years  Beta and gamma
and sterilization facilities radiation
Cobalt-60 (Co-60) 27 GBg-185 TBq Teletherapy, industrial Solid; metal 5.3 years  Beta and gamma
radiography, and sterilization radiation
facilities
Iridium-192 (Ir-192) 1200-2700 GBq Industrial radiography and Solid; metal 74 days Beta and gamma radiation
low-dose brachytherapy
Radium-226 (Ra-226)  3.7-370 GBq Low-dose brachytherapy Solid, metal 1600 years Alpha and gamma radiation
Strontium-90 (Sr-90) 111 TBq-18.5 Pqu Radio-thermoelectric (RTG) Solid, oxide powder 28.8 years  Beta radiation
generators
Americium-241 3.7-370 GBq Well logging, thickness, Solid, oxide powder 433 years Alpha radiation
(Am-241) moisture, and conveyor gauges
Plutonium-238 3.7-370 GBq Heat sources for power Solid, oxide powder 88 years Alpha radiation
(Pu-238) generation (RTG)

*1 GBq = 1 x 10° Becquerels.
jl TBq = 1 x 10° Becquerels.
1 PBq=1x 10" Becquerels.

Radiation exposure (or absorbed dose) is generally measured
using the standard international (SI) unit called the gray (Gy). The
radiation exposure is equivalent to the energy “deposited” in a
kilogram of a substance by the radiation. The important concept is
that exposure is measured by what radiation does to substances, not
anything particular about the radiation itself. This allows us to
unify the measurement of different types of radiation (i.e., particles
and wave) by measuring what they do to materials. As a point of
reference, radiation exposures >6 Gy are almost certain to be fatal
to humans (12).

In one study, paper substrates often used in manuscripts and
books were irradiated and then characterized to ascertain if ionizing
radiation could be effectively exploited in mitigating biodegradation
in archival and historical material (13). Exposures to 14.4 kGy
showed no discoloration or had any discernible impact on the
mechanical properties of the paper substrates compared with artifi-
cially aged samples and the nonirradiated controls (13).

In a study into the effects of electron beam radiation on forensic
evidence, writing inks on paper substrates were exposed to doses
<30 kGy. The study reported a noticeable change in the UV fluo-
rescence properties and a visible slight yellowing of the paper sam-
ples; however, the results suggested ionizing radiation had very
little impact on the chemical analysis of writing inks (14). Similar
studies at higher radiation exposures have shown significant radia-
tion effects in document inks and dyes, and also in paper sub-
strates. In particular, thin-layer chromatography revealed altered
dye component mobilities and in one sample, the formation of a
new dye component. It is likely that radiolysis of some of the
organic constituents of the ink and paper substrate, combined with
the elevated temperatures (from the electron irradiation process)
contributed to these observed effects (15).

The present study focuses on radiation-induced deterioration of
textile fibers and the potential impact of radiation-damaged fibers
on the result of the forensic analysis. Of the few studies conducted
examining the effects of ionizing radiation of physical evidence,
most of the work has focussed on the electron beam irradiation
processes (commonly used to biologically sanitize mail). As such, a
variety of fibers were exposed to significantly higher radiation doses
(compared to electron beam irradiators) to simulate exposures most
likely to be encountered from commercial radioisotopes indentified
in Table 1. Despite the fact that the radioisotopes indentified in
Table 1 are generally considered to be hazardous, this study will
focus on high activity radioisotopes (e.g., cesium-137, cobalt-60,

and iridium-192) commonly used in industry (e.g., radiography,
gauges) and in medicine (e.g., radiotherapy, blood irradiators).

The high total activity required for these applications and their
widespread use in developed countries make these sources a signifi-
cant security risk if they were used inappropriately or for malevo-
lent intentions (e.g., radiologic dispersion device).

This study aims to assess the effects of ionizing radiation on a
select choice of colored natural and synthetic textile fibers, includ-
ing cotton, wool, acrylic, polyester, and nylon fibers. Conscious of
the fact that a limited number of samples were used in this study,
the intention of this work was to provide a representation of com-
monly found fiber samples and was not intended to be a population

study.
Reported are a range of comparative forensic assessment tech-
niques including optical microscopy, microspectrophotometry

(MSP), Fourier transform infrared (FTIR) spectroscopy, and thin-
layer chromatography (TLC) that were used to assess the major
characteristics of the fibers (i.e., color, morphology) that were
exposed to increasing doses of ionizing radiation.

Finally, this paper will attempt to establish whether or not ioniz-
ing radiation can compromise textile fiber evidence and if it is the
case, is there a dose threshold where fiber evidence would still be
exploitable?

Methods and Materials

Irradiation Parameters

To simulate realistic radiation exposures that forensic evidence
might be subjected to in a variety of hypothetical scenarios, several
key assumptions were established. These included the proximity of

TABLE 2—Total radiation doses accumulated from hypothetical scenarios.

Source and Nominal Time Total Dose
Activity (GBq) (h) (c. kGy)

Ir-192 (2700 GBq) 24 7350

Scenario

Fiber evidence is

situated 1 mm from the source
Fiber evidence is situated

1 mm from the source
Fiber evidence is situated

10 mm from the source

Cs-137 (370 GBq) 168 4750

Co-60 (185,000 GBq) 1 570
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the evidence to the source, the exposure time, and the activity
range for certain radioactive sources.

The premise for this research was that the sample fibers would
be situated in close proximity (i.e., 1, 10, and 100 mm) from an
unshielded source for a notional time period ranging from 24 h to
7 days. The third and most important parameter identified a num-
ber of radioactive sources commonly available in Australia that
pose the greatest security risk (16,17).

TABLE 3—Selection of fibers used in this study.

Fiber Category ~ Brand and Origin Color Details

Acrylic Basics, China Blue (048), Red (027), Black (113),
and White (101)

Polyester Giitermann, Germany Blue (309), Red (156), Black (000),
and White (800)

Nylon Birch, China Clear and Smokey

Pure Virgin DMC Laine Colbert  Blue, Red, Black, and White

Wool Tapestry Wool,
France

Cotton Giitermann, Greece Blue (5123), Red (2074),

Black (5201), and White (5709)
TABLE 4—TLC extraction and elution methods.
Fiber Type Extraction Method Elution Solvents

Acrylic fibers Petrick et al. (12) Ethyl acetate (CHEM Supply),
absolute ethanol (CHEM Supply),
and distilled water (70:35:30 v/v,
respectively)

n-propanol (CHEM Supply),
methanol (CHEM Supply),
deionized water, and ammonia
(BDH ANALAR) (6:3:1:4 v/v
respectively)

n-butanol (AJAX), ethanol (AJAX),
ammonia (BDH), pyridine (CHEM
Supply) and water (8:3:4:4:6 v/v
respectively)

Ethyl acetate (CHEM Supply),
absolute ethanol (CHEM Supply),
and distilled water (70:35:30 v/v,

respectively)

Wool fibers Wiggens et al. (18)

Cotton fibers Wiggens et al. (18)

Polyester fibers Petrick et al. (12)

The a priori absorbed dose values for the forensic samples cal-
culated using the described parameters, ranged from 6.7 Gy to
c. 11 MGy. However, careful analysis of the data suggested that
the irradiation dose values ranging from 1 to 1000 kGy satisfacto-
rily (and realistically) covered the majority of situations. It was
determined that if the onset of radiation damage was not evident at
1000 kGy, then the likelihood of damage occurring would be negli-
gible. Table 2 illustrates several hypothetical situations whereby
transient textile fibers that have been exposed to industrial radioac-
tive sources can accumulate significant radiation doses.

A MDS Nordion GammaCell (model 220 Excel) cobalt-60
research irradiator was used to simulate in-sifu radiation exposure
to the sample fibers. The irradiation exposure times (ranging from
minutes to days) that are required to attain the appropriate doses
were calculated via the use of simple mathematical relationships
(12). Irradiation doses were measured and extrapolated using Har-
well Perspex PMMA (batch 3042s) and Ceric-cerous (batch CCT)
dosimeters. The ambient temperature in the irradiation chamber
was c. 37°C.

Sample Preparation

The textile fiber yarn used in this study was sourced from domes-
tic haberdashery and craft retail outlets and consisted of three syn-
thetic yarns (polyester, acrylic, and nylon) and two natural yarns
(cotton and wool). Specific characteristics of the sample yarns,
including the manufacturer’s details, are scheduled in Table 3.

Ten individual fibers, ¢. 5 cm in length from each of the differ-
ent textile yarn samples, were collected to account for expected
variations in both natural and to a lesser extent synthetic fibers.
The fibers were prepared for irradiation by placing them in
unbleached paper envelopes to minimize any potential radiolytic
interaction of the envelope and the samples during the irradiation
process. Because the irradiation process resulted in considerable
damage in some samples and envelopes, the samples were carefully
transferred to fresh light tight paper envelopes.

Optical Microscopy

Optical microscopy of the fiber samples was undertaken as a
means to compare macroscopic properties of the irradiated fiber

\
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FIG. 1—Micrographs of black, blue, red, and white colored acrylic fibers before irradiation (top); and the same acrylic fibers after 1000 kGy radiation

exposure (bottom).
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samples to their respective control (0 kGy) fibers. Any changes to
color, size, and the shape of the irradiated fibers that could perhaps
infer radiation damage was noted and assessed.

Optical microscopy assessments were performed in triplicate.
Fibers (c. 1 cm in length) were sampled from three different yarns
for each category of fibers. The fibers were mounted onto a glass
microscope slide using a dilute (50:50) glycerol-water solution
(Chem-Supply, Port Adelaide, Australia) with a refractive index
(RI) of 1.4007. Images were collected using a Leica DMR Fiber
Comparison microscope integrated with a Canon Powershot G5 5.0
megapixel digital camera.
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Microspectrophotometry

A SEE 2100 MSP (CRAIC Technologies, San Dimas, CA) inte-
grated with proprietary spectral software was used to gather objective
color information on the various fiber samples. Fiber samples were
prepared and mounted for analysis using the same technique
described previously for optical microscopy. MSP measurements
were in transmission mode (15x objective magnification). The inten-
sity (in % transmission) vs. wavelength (4 in nm) was measured
between 380 and 880 nm, at 50 scans per measurement, using a
75W Xenon lamp (OSRAM, Munich, Germany).

Infenady |Arbiirary wnits)

Insensity (Arbitrary units)
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FIG. 2—Microspectrophotometry graphs of (a) black, (b) blue, (c) red acrylic fibers; (d) black, (e) blue, (f) red polyester fibers; (g) black, (h) blue, (i) red
cotton fibers; and (j) black, (k) blue, (I) red wool fibers exposed to increasing doses of radiation.
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A reference scan of the background (glass slide) was taken
before collecting five sample scans at different positions along vari-
ous samples, to account for inherent variations (e.g., nonhomo-
genous uptake of dyes; surface anomalies; thickness variation; and
the presence of contaminants). Further treatment of the data with
spectral software allowed the results to be presented in the form of
average spectra.

FTIR Microspectrometry

FTIR is particularly well suited for obtaining unique molecular
information on a microscopic scale from substrates, contaminants,
and additives, which have distinctive functional groups including
esters, carboxylic acids, amides, proteins, alcohols, and carbo-
hydrates. Samples for each category of fiber were prepared for IR
microscopy by cutting a 0.5 mm section from three individual fiber
strands. The cut sections were carefully positioned in a SpectraTech
diamond compression cell. The sections were placed under the
infrared objective of a Thermo-Nicolet NicPlan® IR microscope
(Thermo Fisher Scientific, Waltham, MA). The image was centered
and the IR beam focused on the sample so that a transmission
spectrum was obtained. A background spectrum was collected by
focusing on just the diamond window.

All fiber samples were measured in triplicate and at a scan rate of
256 cycles and a 4/cm resolution. Spectra were afterward analyzed
using Thermo-Nicolet OMNIC Custom Software v 7.1 (including
Peak Resolve v7.0 and Spectral Interpretation Guide v1.0; Thermo
Fisher Scientific) proprietary add-on software packages. To assist
with data presentation, IR spectra were normalized to a common
intensity scale using Kaleidagraph v4.6 (Synergy Software, Reading,
PA), a commercial graphing and data analysis software package.

Thin-Layer Chromatography

Thin-layer chromatography (TLC) analyses of all the fibers used
in this study were performed using Merck™ TLC silica gel 60 Fpsy

L]

plates (Darmstadt, Germany). The extraction and development
methodology specific to each fiber type was adapted from various
sources of literature (18,19). All dye samples were removed from
the fiber substrate by cutting three 1 cm lengths of the fiber from
three different fiber strands, followed by extraction with the appro-
priate solvents in micro vials (Agilent Technologies, Santa Clara,
CA).

The extracted solutions were spotted onto the activated plate
(activated by heating the TLC plate to 100°C for 10 min) using
glass capillary tubes and allowed to air-dry to remove any residual
extraction solvent. The nonirradiated dye sample (control) was spot-
ted onto each plate as an internal reference standard. The spots
were labelled 1 through 8 (from left to right: control to 1000 kGy).
An individual lane (s) was also used to qualitatively determine any
banding contributions by the solvent system. All the plates were
eluted using mobile phases specific to the type of fiber. The mobile
phases are identified in Table 4.

The developed plates were imaged and digitally recorded under
white light and long wavelength UV light (350-650 nm). The TLC
plate images were enhanced (i.e., brightness, color, contrast) using
Adobe Photoshop image processing software to allow for more accu-
rate measurements of the retention factor (Ry) values of the samples.

Results and Discussion
Acrylic

The effects of ionizing radiation in acrylic fiber samples were
clearly evident using optical microscopy. Figure 1 shows progres-
sive radiation damage to acrylic fibers. The black, blue, and red
colored acrylic fibers showed considerable fading and color change.
Fading in the colored acrylic fibers was apparent after a 5 kGy
exposure, and the colorfastness progressively deteriorated with
increasing dose.

MSP color spectra for acrylic fibers confirmed the optical
microscopy observations. The MSP color profiles for black acrylic

ch

dj

FIG. 3—FTIR spectrum of (a) acrylic, (b) polyester, (c) cotton, and (d) wool fibers before irradiation (top); and after 1000 kGy radiation exposure

(bottom).
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FIG. 4—Comparative FTIR spectra of (a) black, (b) blue, and (c) red acrylic fibers before and after 1000 kGy irradiation.

fiber (Fig. 2a) show a significant profile change occurring at expo- radiation. The prominent features in the blue acrylic fiber spectrum
sures of 100 kGy and above, notably with the increasing intensity (a shoulder at c¢. 460 nm and a peak at ¢. 550 nm) clearly dimin-
of the peak at c¢. 580 nm. Acrylic blue and red MSP spectra ishes with dose and is subsequently incorporated into a broad
(Fig. 2b,c, respectively) show similar changes with increasing rounded peak centered at c. 510 nm. In Fig. 2c, there is a gradual



COLELLA ET AL. « EFFECT OF IONIZING GAMMA RADIATION ON NATURAL AND SYNTHETIC FIBERS 597

increase in intensity and bathochromic peak shift from c. 455 to
460 nm. There were no noticeable changes in the MSP spectrum
for the white acrylic fiber (figure not shown).

A possible explanation for the observed gradual changes in the
colored acrylic MSP spectra is attributed to the ionization of pi ()
and sigma (o) electrons in the conjugated aromatic chromophores,
resulting in bond incisions and subsequent breakdown of the dyes.

TABLE 5—TLC retention factors (Ry) for acrylic fibers.

Control 1kGy 5kGy 10kGy 50kGy 100 kGy 500 kGy 1000 kGy

Retention factors (Ry) for black acrylic fiber
Normal light

065 065 0.64 0.63 0.62 0.62 0.63 0.64
047 047 047 0.46 0.46 0.46 0.46 0.46
045 045 045 0.44 0.44 0.44 0.44 0.44
042 042 042 0.41 0.41 0.41 0.41 0.41
0.40 040 040 0.39 0.39 0.39 0.39 0.39
450 nm
065 065 0.64 0.63 0.62 0.62 0.63 0.64
047 047 047 0.46 0.46 0.46 0.46 0.46
042 042 042 0.41 0.41 0.41 0.41 0.41
- - - - - - 0.18 0.18
- - - - - - 0.11 0.11
Retention factors (Ry) for blue acrylic fiber
Normal light
045 045 045 0.45 0.45 0.45 0.45 0.46
038 038 038 0.38 0.38 0.38 0.38 0.39
035 035 035 0.35 0.35 0.35 0.35 0.35
450 nm
- - - - - - 0.78 0.78
- - - - - - 0.62 0.64
- - - - - - 0.55 0.56
045 045 045 0.45 0.45 0.45 0.45 0.45
- - - - 0.38 0.38 0.39 0.39
035 035 035 0.35 0.35 0.35 0.35 0.35

Retention factors (Ry) for red acrylic fiber
Normal light
050 050 0.50 0.50 0.50 0.51 0.52 0.53
044 044 044 0.45 0.45 0.45 0.45 -
042 042 042 0.43 0.43 0.44 - -
450 nm
050 050 050 0.50 0.50 0.51 0.52 0.53
046 046 046 0.46 0.47 0.47 0.48 -

/
/

Figure 3a shows a representative FTIR spectrum within the mid-
infrared region (4000 and 1000/cm) of acrylic fibers before and
after exposure to 1000 kGy. The acrylic fiber used in this study
was identified as polyacrylonitrile/methyl acrylate (PAN/MA) co-
blend. All acrylic fibers show a major and intense peak at
c. 2244/cm because of the —CN bond. The presence of the
¢. 1730/cm is indicative of the carbonyl group from the MA ester
(1,20). Other major bands appear at c. 2930, 1450, and 1230/cm.
These bands are all indicative of aliphatic functional groups,
namely, CH, absorption band, CH; asymmetric deformation vibra-
tion, and the acrylate CO stretch. The presence of the same charac-
teristic absorption bands after irradiation suggests that the polymer
matrix of acrylic fibers is not damaged by relatively high radiation
exposures.

Spectral characteristics of basic dyes, normally used as dispersive
colorants in PAN/MA, are typically present between 1620 and
1520/cm (1). A closer examination of the spectral region between
1800 and 1000/cm was undertaken to assess whether any spectral
variations could be attributed to radiation damage. The task was
complicated by the fact that the basic dyes used are normally mix-
tures and the level of fiber dye is low, normally about 1-2% (19).
Baseline corrected infrared absorbance spectra for black, blue, and
red acrylic fibers before and after 1000 kGy irradiation are shown
in Fig. 4.

Spectral features (shown in Fig. 4a) observed at c. 1586 and
1527/cm in the control (0 kGy samples) are attributed to a basic
black mixed dye class. These features, along with several other
undesignated basic dye peaks at c¢. 1551, 1500, 1483, and
1249/cm, fade with increasing radiation exposure (21). These
peaks are no longer visible in fibers exposed to doses >100 kGy
and compliment MSP and optical microscopy observations. Simi-
lar observations are noted in Fig. 4b (loss of bands at c. 1597,
1510, 1400 and 1270, 1249, and 1232/cm) and in Fig. 4¢ (loss
of bands at c¢. 1570 and 1155/cm). These band assignments are
associated with Basic Blue 41 (CI No. 11154) and Basic Red
27.

Thin-layer chromatograms for acrylic black, blue, and red dye
extracts imaged in normal and UV (450 nm)/orange filtered light-
ing conditions (chromatograms not shown) were used to derive
retention factor (Ry) values reported in Table 5. TLC analysis of
the acrylic fibers showed slight discoloration (of the

\ N\
I

FIG. 5—Micrographs of black, blue, red, and white colored polyester fibers before irradiation (top); and the same polyester fibers after 1000 kGy exposure

(bottom).
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chromatograms) and band broadening in fibers exposed to doses
>100 kGy. However, the calculated Ry values (shown in Table 5)
suggest there were no significant changes in dye mobility (i.e.,
the bands and color separations were consistent with increasing
radiation).

UV-filtered light chromatograms of the colored acrylics pro-
vided further insight. Although there were no signs of missing
or new band gaps under normal light, UV-filtered light revealed

1.2

some evidence of band broadening and the evolution of addi-
tional minor bands at high doses (100 and 500 kGy). In particu-
lar, the additional bands in black (R; =046 and 0.21), blue
(R;=0.39 and 0.35), and red (R; = 0.45 and 0.42) acrylic fibers
were observed at doses greater that 100 kGy, which can possibly
be attributed to radiolytic degradation of one or more of the
chromophores present in the dyes, including additives such as
optical brighteners.
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FIG. 6—Comparative FTIR spectra of (a) black, (b) blue, and (c) red polyester fibers before and after 1000 kGy irradiation.



COLELLA ET AL. « EFFECT OF IONIZING GAMMA RADIATION ON NATURAL AND SYNTHETIC FIBERS 599

Polyester

Comparative microscopy of black and red dispersive colored
polyester fibers shown in Fig. 5 substantiates the progressive radi-
ation damage (i.e., considerable fading and color change) with
increasing ionizing radiation exposure. Fading in the black and

TABLE 6—TLC retention factors (Ry) for polyester fibers.

Control 1kGy 5kGy 10kGy 50kGy 100 kGy 500 kGy 1000 kGy
Retention factors (Ry) for black polyester fiber
Normal light
0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.87
0.84 0.84 0.84 0.84 0.84 0.84 0.84 0.84
0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
450 nm
- - - - - - 0.85 0.85
- - - - - - 0.78 0.78
- - - - - - 0.65 0.65
- - - - - - 0.50 0.50
Retention factors (Ry) for blue polyester fiber
Normal light
0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.87
0.84 084 084 0.84 0.84 0.84 0.84 0.84
450 nm
0.84 084 084 0.84 0.84 0.84 0.84 0.84
Retention factors (Ry) for red polyester fiber
Normal light
0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.87
082 0.82 0.82 0.82 0.82 0.82 0.82 0.82
450 nm
- - - - - 0.82 0.82 0.82
- - - - - - 0.46 0.46
- - - - - - 0.31 0.32
- - - - - - 0.22 0.22

1.5

Absorbance (AU)

\/

0.5

red colored polyester fibers was apparent after 5 kGy exposure
and progressively deteriorated with increasing dose. The blue col-
ored fibers showed considerable resistivity to fading and
discoloration.

The MSP color spectra for black polyester fiber (Fig. 2d) show a
gradual profile change occurring at exposures of 100 kGy and above,
notably with the increasing intensity of the peak at c¢. 625 nm. The
polyester red MSP spectrum (Fig. 2f) showed significant changes
with increasing radiation. In particular, a prominent shoulder
(c. 475 nm) and trough (c. 625 nm) clearly diminish with dose and
is subsequently incorporated into a broad rounded peak centered at
¢. 525 nm. Noticeable changes were not present in the blue (Fig. 2¢)
and white polyester fibers (figure not shown) spectra.

Figure 3b shows a representative FTIR spectrum within the mid-
infrared region (4000 and 1000/cm), for polyester fibers before and
after exposure to 1000 kGy. All polyester fibers show a major and
intense peak at c¢. 1720/cm corresponding to the conjugated C=O
stretching vibrations (1,22).

Other major bands appear at c. 1420, 1240, 1100, and 1000/cm.
These absorption bands are all indicative of the C-C stretching
vibration in the aromatic ring, C-O-C unsymmetric and symmetric
stretch of the ester, and C=C unsaturated stretch, respectively (23).
The presence of the same characteristic absorption bands after irra-
diation suggests the polyester fibers (at first glance) are undamaged
by relatively high radiation exposures. A closer examination of the
spectral region between 1800 and 1000/cm was undertaken to
assess whether any spectral variations in the main polyester absor-
bance peaks, or the spectral characteristics of dyes (typically pres-
ent between 1620 and 1520/cm), could be attributed to radiation
damage (23).

Previous studies suggested the stretching vibration of the aro-
matic ring (C-C; ¢. 1620/cm) to be radiolytically stable (21,24).

Bladk nylon (control) - O kGy
Bladk nylon - 1000 kGy

1 1 1

1800 1600

1400 1200 1000

-1
Wavenumbers (cm )

FIG. 7—Comparative FTIR spectra of black nylon fiber before and after 1000 kGy irradiation.
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However, the other prominent absorbance bands (identified earlier)
are reported to be affected by radiation. In particular, the carbonyl
absorption (C=0; ¢. 1720/cm) peak increased with increasing radi-
ation. This is most likely due to a break in the backbone of the
molecule resulting in the formation of an alkoxyl radical and subse-
quent recombination with hydrogen to form R-COH (23). Baseline
corrected infrared absorbance spectra for black, blue, and red poly-
ester fibers before and after 1000 kGy irradiation are shown in
Fig. 6.

Peak broadening in the C=0O (c. 1720/cm) and O-C-O
(c. 1240/cm) peaks observed in the baseline corrected IR spectra
show some evidence of radiolytic damage. The relatively low con-
centration of dispersed dyes in polyester (similarly with acrylic
dyes) made it problematic to determine the extent of radiolytic
damage to the polyester dyes (1).

Retention factor (Ry) values for the colored polyester fiber dyes
derived from the thin-layer chromatograms are reported in Table 6.
TLC analysis for all the colored polyester dyes showed no signifi-
cant changes in dye mobility. The calculated Ry values for black
polyester dye were stable with increasing radiation. However, there
was some evidence (particularly noticeable with filtered light) of
band separation and discoloration at high doses (>100 kGy). Analy-
sis of the blue polyester dye TLC also showed stability across the
sample set. TLC analysis for red polyester showed significant
changes with increasing radiation. The consistent Ry values (0.87
and 0.82) suggest no changes in the dye mobility; however, there
was noticeable discoloration (under visible and UV lighting condi-
tions) as expected at higher doses.

Nylon

The black (smokey) and clear fibers (images not presented)
showed no evidence of discoloration or color fading with increas-
ing radiation exposure. Although the relatively featureless MSP
spectra (figures not shown) for both the clear and the black nylon
fibers suggest there is no deterioration of the dye constituents, the
fibers became very brittle and difficult to handle at higher doses.

Figure 7a shows a representative FTIR spectrum within the mid-
infrared region of 4000 and 1000/cm, of Nylon 6-6 fiber before
and after 1000 kGy. They show the typical polyamide bands at

¢. 3300/cm (N-H stretching), c¢. 1640/cm (C=0 stretching; amide
1); ¢ 1540/cm (NH bending; amide 2) and c. 1467/cm (CH,
bending). Other characteristic band assignments included the CH
stretching bands at 2950 and 2850/cm, and at c. 1278/cm (C-N
stretching and NH bending; amide 3), c¢. 1200/cm (NH wagging;
amide 3), and c. 1150/cm (C-C stretching vibration) (24-26).
There was no evidence of radiation damage, such as the formation
of new peaks, existing peak broadening/splitting, or reduction in
peaks that could be seen in the nylon infrared spectrum after expo-
sure to high doses of radiation.

Figure 7b shows baseline corrected infrared absorbance spectra
between the 1800 and 1000/cm spectral region of the fiber before
and after 1000 kGy irradiation. No anomalies were identified in the
infrared absorbance spectra, which could be attributed to the radio-
lytic decomposition of the black dye constituents.

TLC analysis for the black nylon fiber in visible and filtered
light (results not shown) showed no changes in the dye mobility or
missing bands or discoloration that might be attributed to radiation
damage.

Cotton

The colored cotton fibers (shown in Fig. 8) displayed similar
changes to those seen in the acrylic fibers. The onset of radiation
damage (fading) was noticeable after 5 kGy and significantly pro-
gressed with increasing exposure. All the cotton fibers displayed
very little color (appearing completely washed out) after being
exposed to high radiation doses >500 kGy.

The progressive deterioration of the black and red colored cotton
fibers (shown in Fig. 2g.i, respectively) was readily observed with
MSP. The MSP spectra for both colored fibers significantly altered
at 500 kGy and were relatively featureless at 1000 kGy (approach-
ing what appeared to be a typical white MSP spectrum). The MSP
spectrum for blue cotton fiber (Fig. 2h) also suggests some measure
of radiation damage; however, MSP results were not consistent
with optical microscopy. Upon close examination of the 1000 kGy
blue cotton sample, residual coloring along the center axis of the
fiber was evident. It is very likely that MSP data measurements
were taken along the center axis, thereby influencing the MSP
results from the expected typical white MSP spectrum. The white

FIG. 8—Micrographs of black, blue, red, and white colored cotton fibers before irradiation (top); and the same cotton fibers after 1000 kGy exposure

(bottom).
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FIG. 9—Comparative FTIR spectra of (a) black, (b) blue, and (c) red cotton fibers before and after 1000 kGy irradiation.

color cotton spectra (figure not shown) indicated no discernible
changes with increasing dose and appeared very similar to the
1000 kGy exposed cotton fibers.

Figure 3¢ shows a representative FTIR spectrum within the mid-
infrared region (4000 and 1000/cm) of cotton fibers before and
after 1000 kGy. Cotton fibers generally consist of predominantly
80-90% cellulose, 5% hemicelluloses and pectin, 5% water, with

minor varying quantities of waxes, proteins, and ash (1,24). The
major constituents account for the presence of characteristic bands
at ¢. 3300 and 2900/cm because of polymeric OH (or hydroxyl
associated with H-bonding) and C-H (1) asymmetric stretch,
respectively (1). The modes in the 1800 to 1500/cm region are
from the carboxylate anion (c. 1652/cm), as well as some overlap-
ping involvements of C-H bending vibrations. The region below
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1500/cm, the fingerprint region, is made up of additional bands
that correlate mainly with carbohydrates and other bio-constituents,
such as the CH3 asymmetric deformation (c. 1370/cm) and the
C=0 and/or —OH deformation vibration (c. 1060/cm) (21). No evi-
dence of radiation damage, such as the formation of new peaks,
existing peak broadening/splitting or reduction in peaks, could be
seen in the cotton infrared spectrum after exposure to high doses of
radiation.

The spectral characteristics of dyes are typically present between
1620 and 1520/cm (22). A closer examination of the spectral
region was undertaken to assess if any spectral variations could be
attributed to radiation damage.

Baseline corrected infrared absorbance spectra for black, blue,
and red cotton fibers before and after 1000 kGy irradiation
(shown in Fig. 9a—c) suggested there were no discernible differ-
ences in the FTIR spectra, which conflicted with general MSP
and optical microscopy observations. While the effects of ionizing

TABLE 7—TLC retention factors (Ry) for cotton fibers.

Control 1 kGy 5kGy 10kGy 50kGy 100kGy 500 kGy 1000 kGy

Retention factors (Ry) for black cotton fiber

Normal light
044 044 044 0.44 0.44 0.44 - -
036 036 036 0.36 0.36 0.36 - -

450 nm
046 046 046 0.46 0.46 0.46 0.46 0.46
036 036 036 0.36 0.36 0.36 0.30 0.30
Retention factors (Ry) for blue cotton fiber
Normal light

049 050 050 0.50 0.50 0.50 - -
034 037 037 0.37 0.37 0.37 - -

450 nm
033 034 034 0.34 0.34 0.34 0.34 0.34
036 037 037 0.37 0.37 0.37 0.31 0.31

Retention factors (Ry) for red cotton fiber

Normal light
041 041 0.41 0.41 0.41 0.41 - -
032 031 031 0.31 0.31 0.31 - -

450 nm
043 043 043 0.43 0.43 0.43 0.43 0.43
0.31 0.31 0.30 0.30 0.30 0.29 0.27 0.27

/1
\/

N

radiation may not have manifested in chemical differences, it is
likely that the shade differences observed using optical micros-
copy and MSP can be attributed to the radiolytic degradation of
dyes.

Chromatograms for cotton black, blue, and red dye extracts
imaged in normal and UV (450 nm)/orange filtered lighting condi-
tions were used to derive retention factor (Ry) values reported in
Table 7. TLC analysis of the colored cotton dyes showed no signif-
icant changes in dye mobility (with the exception of fiber dyes
exposed to doses >100 kGy). At higher doses, evidence of discolor-
ation, mobility changes (AR; ranging from 0.03 to 0.06) and band
loss were noted, and possibly attributed to radiolytic decomposition
of the dyes. The missing R¢ bands for the black (0.44 and 0.36),
blue (0.50 and 0.37), and red (0.41 and 0.31) cotton dyes were evi-
dent under both lighting conditions for samples exposed to doses
>100 kGy.

Wool

The colored wool fibers (Fig. 10) were slightly affected by ioniz-
ing radiation. The onset of radiation damage (fading) varied from
10 to 50 kGy. High exposures (i.e., >500 kGy) appeared to signifi-
cantly fade the red colored wool fibers, and to a lesser extent, the
black and blue wool fibers.

The MSP spectra for the black and red colored fibers (Fig. 2./,
respectively) show evidence of progressive radiation-induced dam-
age with increasing exposure. In particular, the red wool fiber MSP
spectra showed a significant change in profile, most notably an
increase in intensity centered on the trough at ¢. 550 nm.

At higher doses, the MSP spectrum for the red wool fibers
showed some similarities to that of the white wool fiber (figure not
shown). The MSP spectrum of the blue wool fiber in Fig. 2k
showed no evidence of degradation with increasing ionizing
radiation.

Figure 3d shows a representative FTIR spectrum within the mid-
infrared region of 4000 and 1000/cm, of wool fibers before and
after 1000 kGy. The presence of characteristic bands at c¢. 3300 and
2900/cm because of polymeric OH (or hydroxyl associated with
H=bonding) and C-H (1) asymmetric stretch, respectively, is associ-
ated with the major constituents of wool (i.e., keratin and cystine)

FIG. 10—Micrographs of black, blue, red, and white colored wool fibers before irradiation (top); and the same wool fibers after 1000 kGy exposure

(bottom).
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FIG. 11—Comparative FTIR spectra of (a) black, (b) blue, and (c) red wool fibers before and after 1000 kGy irradiation.

(1,28). A strong characteristic band at c¢. 1650/cm (amide 1) is
attributed to the C=O0 stretch vibration indicative of the alpha helical
structure. The amide 2 characteristic peak at c¢. 1538/cm corre-
sponds to N-H bending and C-N stretching vibrations in the alpha
helical structure. Amide 3 at ¢. 1230/cm corresponds to the in-phase
combination of the C-N stretching and C=0O bending vibrations

(25,28). Similar to cotton fiber, the region below 1500/cm, the fin-
gerprint region, is made up of additional bands that correlate mainly
with carbohydrates and other bio-constituents, such as the CHj;
asymmetric deformation (c. 1370/cm) and the C=0 and/or -OH
deformation vibration (¢. 1060/cm) (25,28). No evidence of radia-
tion damage, such as the formation of new peaks, existing peak
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TABLE 8—TLC retention factors (Ry) for wool fibers.

Control 1kGy 5kGy 10kGy 50kGy 100 kGy 500 kGy 1000 kGy

Retention factors (Ry) for black wool fiber
Normal light

0.86 0.86 0.86 0.89 0.89 0.89 0.89 0.89
0.83 0.83 0.3 0.83 0.83 0.83 0.83 0.83
073 073 0.73 0.73 0.73 0.73 0.73 0.73
0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69
450 nm
0.80 0.80 0.80 0.81 0.81 0.81 0.81 0.81
071  0.71 0.71 0.71 0.71 0.71 0.71 0.71
0.66 0.66 0.69 0.69 0.69 0.69 0.69 0.67

Retention factors (Ry) for blue wool fiber
Normal light

0.86 0.87 0.87 0.87 0.87 0.87 0.87 0.87

071 073 0.73 0.73 0.73 0.73 0.73 0.73

0.64 0.67 0.69 0.69 0.69 0.69 0.69 0.69

041 043 043 0.43 0.43 0.43 0.43 0.43
450 nm

0.63 0.66 0.66 0.66 0.66 0.66 0.66 0.66

041 043 043 0.43 0.43 0.43 0.43 0.43

Retention factors (Ry) for red wool fiber
Normal light

0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82

072 072 072 0.72 0.72 0.72 0.72 0.72
450 nm

0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67

TABLE 9—Summary of radiation damage observed in the fibers used in
this study.

Fiber Properties Observed Radiation Damage

Category Color Microscopy MSP FTIR TLC
Acrylic Black Yes Yes - Marginal
Blue Yes Yes Marginal ~ Marginal
Red Yes Yes - Marginal
White - - - -
Polyester ~ Black - Yes - -
Blue - No - -
Red - Yes - -
White - - - -
Cotton Black Yes Yes - Marginal
Blue Yes Marginal - Marginal
Red Yes Yes - Marginal
White - - - -
Wool Black Marginal No - -
Blue No No - -
Red Yes Yes - -
White - - - -
Nylon Smokey - - - -
Clear - - - -

broadening/splitting or reduction in peaks could be seen in the wool
infrared spectrum after exposure to high doses of radiation.

A closer examination of the 1800 and 1000/cm spectral region
was undertaken to assess whether any variations could be attributed
to radiation damage. Figure 11 shows baseline corrected infrared
absorbance spectra for black, blue, and red wool fibers before and
after 1000 kGy irradiation.

Previous studies have shown that the most significant changes
(attributed to visible/UV radiation damage) occur in the amide 1
and amide 2 regions, indicating an increase in disordered structures
and the possible formation of fatty acids from the oxidation of
lipids in wool (23).

These observations were not evident in the wool IR absorbance
spectra, suggesting that different radiation energies (i.e., UV photon

radiation versus gamma [y] radiation) may lead to different interac-
tion mechanisms with the wool. Furthermore, no anomalies were
identified in the infrared absorbance spectra, which could be attrib-
uted to the radiolytic decomposition of dyes. The most likely being
due to the relatively low concentrations of basic dyes (c. 1-2%)
used to color the wool fibers (20).

The TLC retention factor (Ry) values for the colored wool fiber
dyes are reported in Table 8. TLC analysis for all the wool dyes
(<100 kGy) in visible and filtered light showed no changes in the
dye mobility or missing bands or discoloration that might be attrib-
uted to radiation damage. However, all the colored fibers showed
varying levels of discoloration and fading (under both lighting con-
ditions) at doses >100 kGy.

Conclusions

The effects of ionizing radiation in natural and synthetic fiber
samples (summarized in Table 9) were noticeable using compara-
tive forensic examination methods, such as optical microscopy,
MSP, and thin-layer chromatography. In general, synthetic fibers
showed early signs of progressive fading and some discoloration in
radiation exposures >10 kGy. Natural fibers showed delayed onset
of radiolytic damage at exposures >50 kGy, suggesting natural
fibers were far more resilient to the ionizing radiation. This obser-
vation is consistent with radiation damage models in complex
organic molecules. Generally, the excitation energy (i.e., ionizing
gamma radiation) is transferred along the main C-C chain prevent-
ing chain scission. However, localized excitation in complex aro-
matic rings and functional groups (commonly found in dyes) will
be far more susceptible to bond scission (18).

An assessment of radiolytic degradation of fibers and the dyes
using FTIR analysis showed no signs of radiation-induced chemical
changes in any of the fiber structures. The dye analysis, however,
was inconclusive given that the dye concentration was typically
<2% in weight and the inherently poor sensitivity of nonpolar mol-
ecules such as organic dye compounds resulted in a poor IR signal
(21,29). Further work specifically assessing the extent of radiolytic
degradation of dyes would perhaps benefit in using Raman spec-
troscopy, knowing that molecular vibrations from nonpolar organic
molecules, such as organic dyes, are generally strong in the Raman
spectrum.

Unfortunately, the onset of ionizing radiation damage is depen-
dent on a range of variables (i.e., radioactive source, activity, dis-
tance, and time), which can manifest in just a few minutes’
exposure.

The radiolytic degradation observed in this study is compara-
ble to the chemical degradation of dyes influenced by environ-
mental exposures such as sunlight (30). Although the incident
photon energies are disparate between solar radiation (c. 107"
joules; Apax = 500 nm) and for Co-60 gamma radiation (c. 1078
joules; Ey =1.3 MeV), the radiation damage mechanisms and
subsequent degradation of the chromophore species are similar
(9,30).

Nevertheless, apart from some marginal chemical changes and
progressive color fading, forensic exploitation of recovered fiber
evidence exposed to ionizing radiation is feasible, so long as
there are allowances for progressive fading effects. However, the
risk of “false negatives” associated in comparing colors of
retrieved fibers that may have been subjected to dissimilar radia-
tion exposures must be taken into account. These results support
the need to know the context, including the environmental condi-
tions, as much as possible before undertaking a forensic fiber
examination.
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