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Abstract

The presence of pesticide residues in cultural heritage collections poses health risks to museum professionals, making miti-
gation essential. This study evaluates gamma radiation as a decontamination strategy through two complementary experi-
ments. Standard solutions of organochlorine pesticides (dichlorodiphenyltrichloroethane, hexachlorobenzene, and lindane)
were irradiated to assess degradation, while model materials (cotton, wood, vegetable fiber, and feathers) were artificially
contaminated and irradiated with 30 kGy. Analyses by gas chromatography—mass spectrometry, Fourier-transform infrared
spectroscopy, colorimetry, and scanning electron microscopy demonstrated pesticide degradation without significant chemi-
cal, chromatic, or structural alterations, highlighting ionizing radiation as a promising method for decontaminating cultural
heritage materials.
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Introduction

Chemical treatments have long been employed for the
preservation of museum collections worldwide. Since
the eighteenth century, collectors and museum profes-
sionals have resorted to toxic substances, such as arsenic,
mercury salts, and other biocides, to protect objects from
pest-related damage. Infestations can cause scientific,
cultural, aesthetic, and financial losses, which historically
motivated the use of diverse chemicals. The application of
herbicides, fungicides, and insecticides intensified by the
late nineteenth century [1]. Synthetic organic pesticides,
particularly organochlorines such as dichlorodiphenyl-
trichloroethane (DDT), hexachlorobenzene (HCB), and
lindane (y-HCH), were introduced and widely adopted in
the mid-twentieth century, becoming common agents in
the treatment of cultural heritage collections [1, 2].

Ionizing radiation has been widely studied for the deg-
radation of organic pollutants and pesticides in environ-
mental matrices such as wastewater, soils, and food, with
numerous successful results reported [3—10].

These studies demonstrated that ionizing radiation can
induce molecular bond cleavage, dechlorination, and oxi-
dation reactions, leading to the degradation of persistent
organic pollutants. Although the chemical and physical
complexity of cultural heritage materials differs from that
of the matrices studied in previous research, the underly-
ing degradation mechanisms are comparable. Therefore,
the results obtained in these studies provide valuable refer-
ence data for adapting irradiation parameters and under-
standing degradation mechanisms that could be useful for
cultural heritage applications.

Despite the proven efficiency of ionizing radiation for
pesticide degradation in various matrices, large-scale
applications remain limited. To date, only one study [11],
has experimentally investigated its use for the decontami-
nation of model materials related to cultural heritage. That
work demonstrated the feasibility of applying ionizing
radiation to mock-ups contaminated with permethrin, a
synthetic pyrethroid widely used in museum environments.
Organochlorine pesticides, widely applied to heritage col-
lections historically, remain unaddressed by experimental
research in this specific decontamination context.

This study expands this line of research to include
organochlorine compounds: DDT, HCB, and y-HCH,
aiming to provide insight into their degradation under
gamma irradiation. Experimental evidence from previous
investigations mentioned above suggests that relatively
low absorbed doses can induce efficient degradation,
supporting the feasibility of extending this technique to
cultural heritage decontamination. In cultural herit-
age practice, absorbed doses recommended for pest and
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mold eradication typically range from approximately
0.5-10 kGy, with higher doses (up to~25 kGy) being
applied only in specific and carefully justified cases,
depending on the material sensitivity and conservation
objectives [12], which overlaps with the effective degra-
dation range reported for these compounds in the scientific
studies mentioned previously.

This study was carried out in two complementary experi-
mental phases to establish both the treatment doses and the
practical applicability of gamma radiation for pesticide
mitigation in cultural heritage contexts. In the first phase,
standard solutions of historically applied organochlorine
pesticides were irradiated to isolate the fundamental effects
of ionizing radiation and to generate baseline data on degra-
dation behavior and dose optimization. This solution-based
model provides an essential first step for understanding
degradation mechanisms without interference from com-
plex solid matrices. In the second phase, model materials
made of cotton fabric, wood, vegetable fiber, and feathers
were artificially contaminated with the same pesticides and
irradiated with 30 kGy under conditions relevant to cultural
heritage decontamination. Together, these experiments pro-
vide essential insights that contribute to the groundwork for
future applications of irradiation in the decontamination of
cultural heritage materials.

While previous studies have examined pesticide irradia-
tion [13—15], this is the first to systematically assess organo-
chlorine degradation in solid-state mock-ups representative
of heritage materials. The experimental results obtained
from these models are presented and discussed with the aim
of informing future applications for the treatment of real
cultural heritage objects.

Theory

Pesticides and chemical preservatives have historically
been applied to museum objects through brushing, spray-
ing, fumigation, injection, or direct powder contact [16—18].
Their use aimed both to control active infestations and to
prevent future damage. Although initially conceived as a
discreet and non-invasive technology [19, 20], the use of
pesticides has left a problematic legacy in many museum
collections.

Cultural heritage preservation manuals until the 1980s
recommended the application of these pesticides to wooden
objects, textiles, and other organic materials [21-25]. Cur-
rently, the conservation of cultural heritage in institutions
preferably relies on non-toxic treatment techniques, com-
bined with the implementation of integrated pest manage-
ment strategies [16, 26].

Despite the lack of precise data on the half-life of pes-
ticides, semi-quantitative assessments have been studied



Journal of Radioanalytical and Nuclear Chemistry (2026) 335:1229-1250

1231

[27]. The half-life is an important indicator of pesticide’s
persistence. Even non-persistent pesticides currently in use
can remain stable in indoor environments for extended peri-
ods compared to outdoor environments, due to the absence
of sunlight, humidity, or other degradation processes. In a
museum environment, where pesticide-treated objects are
generally stored under controlled conditions of temperature,
humidity, and reduced light exposure, these conditions may
be viewed as being favorable to the stability of the pesticides.
In this scenario, pesticides could have a longer half-life.

Even though frequent historical application involved high
concentrations, ranging from 100 ppm [18] to 25,000 ppm
[28], analytical studies reveal wide variability in residue lev-
els in museum collections, from less than 0.01 ppm to over
21,000 ppm [29]. Records documenting these treatments are
often incomplete or absent, making it difficult to assess the
extent of contamination [30-32]. As a result, many collec-
tions have undergone various chemical treatments with few
documented records.

Physical evidence of unknown past treatments is mani-
fested in certain objects: faded colors, powdery or crystalline
residues (Fig. 1), excessive stiffness, brittle textile fibers,
labels with incomplete treatment information, persistent
odors, and ancient objects that appear unusually resistant to
the passage of time [1, 33]. All these characteristics can indi-
cate that pesticides were applied to ensure greater longevity
for organic objects, which are often attacked by insects and
fungi.

The contamination risks are not limited to professionals
who handle these objects, such as conservators, curators, and
researchers. Currently, the involvement of indigenous com-
munities in museum curatorial activities has been a key ele-
ment in the renewal of traditional anthropological museums.
In this new context, indigenous groups visit museum storage
areas and work directly with the collections housed in these

Fig. 1 Indigenous bench with white crystalline efflorescence, treated
with DDT, possibly in the 1950s. Object RG 7235 — Museum of
Archaeology and Ethnology (MAE/USP). Photo: Ader Gotardo

institutions. In many cases, members of these communities
request the use of some items for ceremonial purposes. In such
situations, potential contamination of these objects restricts
their use and poses a health risk to those who will physically
use them. It also poses an environmental threat, as objects rein-
tegrated into routine use may be reused in religious ceremonies
or buried in the soil by indigenous community leaders [34].
Therefore, it is important to reverse or at least mitigate the
contamination of these items to rehabilitate them for broader
use and re-evaluate how objects were and continue to be pre-
served in museums.

Ionizing radiation offers a promising approach for degrad-
ing persistent organic contaminants. The mechanism involves
the generation of reactive species such as hydroxyl radicals
(eOH), hydrated electrons (e™,), and hydrogen atoms (He)
through the radiolysis of water [35-37]. These reactive species
can attack the chemical bonds in pesticide molecules, leading
to fragmentation and the formation of less toxic byproducts.
The primary degradation pathways involve dechlorination,
hydroxylation, and cleavage of aromatic rings, depending on
the molecular structure of the pesticide.

The absorbed dose necessary for degradation varies with
the chemical nature of the contaminant and the matrix. Pre-
vious studies on environmental samples have demonstrated
significant pesticide degradation at doses as low as 1-12 kGy
[38—40].

This theoretical framework underpins the application of
gamma irradiation as a potential method for pesticide mitiga-
tion in cultural heritage collections, aiming to achieve effective
decontamination while preserving the integrity of historical
materials.

Experimental
Sample preparation

The following pesticide reference materials were purchased
from Dr. Ehrenstorfer (Augsburg, Germany). The family,
mode of action, molecular formula, and chemical structure of
the selected pesticides are as follows:

(a) Dichlorodiphenyltrichloroethane (DDT), 97.8% chemi-
cal purity: organochlorine group—insecticide/aca-
ricide. CAS number: 50-29-3. Molecular Formula:
C,4HyCls.
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(b) Hexachlorobenzene (HCB), 99.9% chemical purity:
organochlorine group—fungicide. CAS number: 118—
74-1. Molecular Formula: C¢Cl.

Cl
Cl Cl

Cl Cl
Cl

(c) Lindane (y-HCH), 99.7% chemical purity: organochlo-
rine group — insecticide/acaricide/rodenticide. CAS
number: 58-89-9. Molecular Formula: CiH¢Cly.

le)

Cl Cl

Qlln-

In order to prepare the diluted solutions, residue-analysis
grade organic solvents (acetone and methanol) from Lab-
synth (Sdo Paulo, Brazil) were used. Individual stock solu-
tions (1,000 ppm) were prepared for each pesticide: DDT
and y-HCH were dissolved in methanol, whereas HCB was
dissolved in acetone. Each compound was diluted separately
using the same solvent as its reference standard. Working
solutions were prepared at concentrations of 0.1, 0.2, 0.5,
1.0, 5.0, and 10.0 ppm, specifically designed for quantita-
tive validation and calibration curve construction in GC-MS
analyses. These solutions were stored in sealed, dark con-
tainers under refrigeration to minimize degradation.

The selected concentration range of working solutions
used in this study was based on values reported in the litera-
ture for both applied treatments and pesticide residues found
in heritage collections, as previously mentioned. Therefore,
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the chosen concentration range was considered realistic and
representative for experimental purposes, enabling the eval-
uation of degradation mechanisms under controlled condi-
tions without introducing excessive contamination that could
obscure analytical interpretation.

To simulate realistic contamination scenarios in anthro-
pological collections, representative model material sam-
ples were selected: cotton fabric (3.0 1.0x 0.1 cm), buriti
fiber (Mauritia flexuosa) (3.0x1.0x0.1 cm), balsa wood
(Ochroma pyramidale) (3.0x1.0x0.2 cm), and chicken
feathers (2.0%x2.0x0.5 cm).

Each material type was individually contaminated using
10.0 ppm solutions of one of the following pesticides: DDT,
HCB, and y-HCH. Concentration was chosen as a repre-
sentative value (falling within the broad range reported in
museum collections) to simulate realistic contamination
while ensuring controlled and comparable experimental
conditions across all distinct batches of samples (Fig. 2).

Previous studies on the distribution of biocides and pes-
ticides in porous materials guided our approach to prepar-
ing the samples (mock-ups). Unger [41] observed that up to
90% of a biocide may remain concentrated within the first
5 mm beneath the surface of a wooden artifact. In a related
study, Shugar and Sirois [42] analyzed mock-ups of varying
thicknesses (2.5, 5, and 10 mm) and found that the thin-
nest samples contained the highest arsenic concentrations,
whereas thicker ones retained approximately half as much.
These findings demonstrate that pesticide residues tend to
accumulate near surfaces, and that thinner mock-ups may
therefore overrepresent surface contamination. In light of
this, the present study employed thin mock-ups to simulate
surface-related contamination processes while facilitating
the evaluation of decontamination efficiency.

Contamination of the mock-ups followed a standardized
and reproducible procedure. Each specimen was weighed
and immersed in 10 mL of a 10.0 ppm pesticide solution
within an Erlenmeyer flask. The flasks were placed on a
magnetic stirrer (Cienlab, Campinas, Brazil) and agitated
continuously for 8 h to promote homogeneous compound
penetration. After this period, samples were removed and
transferred to clean beakers. Residues adhering to the flask

n'"‘,,~ vr"
3 ,,-!Iﬁqy:

Fig.2 From left to right: mock-ups made of cotton, vegetable fiber,
wood, and feathers contaminated with pesticides. The figure is not to
scale; actual sample dimensions are provided in the description above
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walls were recovered by rinsing each vessel with 20 mL of
hexane, which was added to the corresponding beaker. Sam-
ples were then air-dried at room temperature, and their final
masses were recorded to detect any variation resulting from
the contamination process. A separate batch of mock-ups
was prepared for each pesticide to ensure that every mate-
rial set was exposed exclusively to a single compound, with
no mixtures.

Following contamination, the materials were divided into
three experimental conditions: (a) non-irradiated controls,
(b) irradiation under dry conditions, and (c) irradiation after
surface humidification with distilled water. For the latter, a
fine mist of distilled water was applied to the surface imme-
diately before irradiation, while dry samples were processed
without any pre-treatment.

Each specimen was placed in a zip-lock polyethylene bag
that was partially closed, sufficient to prevent material loss,
to ensure consistent handling and avoid cross-contamination
while still allowing limited air exchange (Fig. 3).

Although the pesticides under study are poorly soluble in
water [43], samples were lightly moistened before irradiation
to assess the possible influence of humidity on degradation
efficiency. Although humidification is generally avoided in
cultural heritage treatments because of the risks it poses to
sensitive materials, it may be applied by conservators under
carefully controlled protocols.

Radiation processing

All irradiation experiments were conducted at the Multipur-
pose Gamma Irradiation Facility, a ®®Co gamma irradiator
(IAEA Category IV) at the Radiation Technology Center
(CETER/IPEN-CNEN, Sio Paulo). Samples were irradi-
ated in batch mode with samples positioned in a stationary
position.

Fig. 3 Batch of wood mock-ups

In this experiment, standard pesticide solution samples
at concentrations of 1.0; 5.0 and 10.0 ppm were irradiated
with doses of 1, 3, 6, 10, 25, 50, and 100 kGy at a dose rate
of 5kGy.h™L.

In the first stage, the solutions were placed in sealed glass
vials and labeled according to their concentrations. These
vials were then grouped into plastic containers based on
their assigned doses, streamlining the batch processing of
the material. Samples were irradiated at low temperature to
maintain solution stability using artificial ice packs. No tem-
perature monitoring was conducted, as the ice packs were
used only to prevent heating and preserve the solutions under
cool conditions recommended by the manufacturer.

The selected dose range (1-100 kGy) was designed to
explore the relationship between absorbed dose and pesticide
degradation. The lower range (<25 kGy) corresponds to val-
ues typically used in cultural-heritage applications such as
pest and mold control, whereas higher doses (50-100 kGy)
were included exclusively to assess the effect of absorbed
dose on radiation-induced degradation. These upper-dose
experiments were not intended for direct application to herit-
age artifacts, since such exposure could compromise mate-
rial integrity.

For the second experiment, the irradiation doses applied
to the mock-up materials were defined according to the out-
comes of the preliminary tests, seeking a balance between
effective pesticide removal and preservation of the sub-
strates. The samples were exposed to a total absorbed dose
of 30 kGy, delivered at a dose rate of 5 kGy-h".

All irradiation procedures were performed in the air
atmosphere, with samples placed in non-airtight plastic con-
tainers that allowed oxygen exchange, ensuring the presence
of reactive oxygen species generated by radiolysis.

Absorbed doses were verified using polymethyl meth-
acrylate (PMMA) dosimeters (Harwell Amber 3042 and

contaminated with 10.0 ppm
DDT, separated into the three
experimental conditions: a con-
trol, b dry and ¢ moistened DDT
CONTROL
SAMPLE 31

WOOD

DDT DDT
DRY MOISTENED
SAMPLE 32 SAMPLE 33
WOOD WOOD
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Red 4034) and measured with a Thermo Scientific Genesys
20 UV-Vis spectrophotometer.

Pesticides analysis

Studies involving real museum collections often rely on
swab sampling to quantify pesticide residues, as this repre-
sents a minimally invasive and ethically acceptable approach
consistent with institutional policies and with the participa-
tion of Indigenous and originating communities in curato-
rial decision-making [44]. As this work was conducted with
model materials rather than original artifacts, destructive
analyses were employed to allow a more detailed investiga-
tion of degradation processes.

To the extraction of the contaminated mock-ups, each
sample was first weighed to establish its initial mass. The
specimens were then immersed in 10 mL of hexane and kept
under agitation on a magnetic stirrer (Cienlab, Campinas,
Brazil) for 24 h to promote complete extraction of the pes-
ticide. Following this step, the materials were transferred
to clean beakers and left to dry at room temperature. After
drying, the samples were reweighed to register possible
mass variations. Finally, the extracts were concentrated and
re-dissolved in 0.5 mL of hexane for subsequent chromato-
graphic analysis.

Pesticide concentrations were determined by gas chroma-
tography—mass spectrometry (GC—MS) using a Shimadzu
GC-MS 2020 system coupled with a GC-2010 quadrupole
mass analyzer (Shimadzu Corporation, Kyoto, Japan). The
analyses were performed with a DB-5 analytical capillary
column (5% phenylsilicone, 95% methylsilicone; 30 m
length, 0.25 mm internal diameter, 0.25 um film thickness;
Agilent Technologies, Santa Clara, USA; J&W Serial No.
USN108762H).

The GC oven program was set as follows: the initial tem-
perature was set to 60 °C and held for 1 min; the temperature
was then increased at a rate of 10 °C/min up to 250 °C and
held for 15 min. Injection was performed in split ratio mode
(5.0) with an injection volume of 3 pL. Helium (99.999%
chemical purity) was used as the carrier gas with a column
flow rate of 1.63 ml/min. The detection parameters of the
mass spectrometer are detailed in Supplementary Table S1.

Analytical method validation included assessments of
selectivity, linearity, limit of detection (LOD), limit of
quantification (LOQ), precision, and accuracy, following
procedures described in the literature [45-48]. Linearity
was evaluated by least-squares regression of calibration
curves, with R?>0.99 (Supplementary Figures S1-S7) as
the acceptance criterion. LOD and LOQ were estimated
from the standard deviation of the response (o) and the
slope of the calibration curve (s), using 3.30/s and 100/s,
respectively. Precision and accuracy were assessed through
replicate analyses and recovery tests, expressed as relative
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standard deviation (RSD %) and recovery percentage (%R),
respectively. Detailed validation parameters are presented
in Supplementary Tables S2-S5. Since there is no specific
published standard for laboratories involved in pesticide resi-
due control in cultural heritage objects, various documents
were consulted to develop a methodology appropriate for the
objectives of this study.

The radiation chemical yield (G-value) was calculated
for each absorbed dose. G represents the number of radicals,
excited states, or other products formed or lost in a system
absorbing 100 eV of energy [49]. These results provide valu-
able insights into the nature of radiolytic reactions. The defi-
nition of the G-value is determined using Eq. (1), as defined
by Kurucz et al. [50]:

o IR,
D(6.24x 10') M

where, [R] is the difference in pesticide concentration
in moles per dose of 10'°, D is the absorbed dose in Gy,
6.24 x 10" is the conversion factor from Gy to 100 eV L7},
and N, is Avogadro’s number (6.02 X 10%%). To calculate the
G-value in the International System of Units (SI) (in pmol
T71), the value was multiplied by 0.1036 [6, 39]. The calcula-
tion of the G-value considers the difference in concentration
relative to the initial concentration of the solutions (0 kGy).

Samples were analyzed in triplicate for method valida-
tion, quintuplicate for standard solutions and triplicate for
the model materials analysis. Mean values were used for
reporting pesticide concentrations before and after irradia-
tion. Quantification was based on calibration curves devel-
oped during method validation, and results were processed
using the GCMS Postrun Analysis software (Shimadzu
Corporation).

Characterization of irradiated model material
samples

Colorimetric analyses were performed with a Spectropho-
tometer PCE-CSM 8 (PCE Deutschland GmbH, Meschede)
using the CIEDE2000 system and SQCS8 software (0°/45°
geometry; 8 mm aperture). Before each session, white and
black spectra were recorded with calibrated standards. Due
to the small sample size, one central point was measured
on each specimen; in feathers, the flattest region near the
rachis or tip was chosen. The parameters AE*, AL*, Aa*,
and Ab* were calculated to quantify color variation. AE*
represents the overall difference in color perception, while
AL* expresses lightness variation. Results were interpreted
according to Hardeberg [51], AE* < 3 indicates impercepti-
ble changes, 3—6 denotes noticeable but acceptable variation,
and > 6 corresponds to unacceptable alteration.
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FTIR analyses were performed with an Agilent Cary 630
ATR spectrometer, operating in the 4000-400 cm™' range,
with 128 scans collected at a resolution of 2 cm™!. Each
spectrum was recorded with air as the background, followed
by baseline correction. For each sample, three independ-
ent spectra were acquired, and the average peak area values
obtained from these measurements were used for analysis.

The most relevant vibrational modes were selected to
monitor potential secondary effects in the analyzed mate-
rials based on FTIR-ATR measurements. In addition to
the qualitative assessment obtained through visual inspec-
tion of the FTIR-ATR spectra, a complementary quanti-
tative approach was implemented by generating plots that
compare variations in the intensity of selected vibrational
bands. The monitored bands were selected according to their
established assignment in FTIR-ATR spectra of lignocel-
lulosic and proteinaceous materials and their frequent use
in the literature for tracking structural changes and degra-
dation processes. For each band, mean absorbance values
were calculated from the FTIR-ATR spectra and compared
across experimental conditions. For irradiated samples, the
results are expressed as the difference (A) between the mean
band intensity of irradiated specimens and that of the non-
irradiated control (0 kGy). For non-irradiated materials,
band intensities were compared with those obtained from
non-contaminated reference samples. For data treatment
purposes, variations exceeding 0.05 absorbance units were
considered relevant. Although no standardized thresholds for
acceptable band intensity variation in FTIR-ATR analyses
of cultural heritage materials are currently established in the
literature, this value was adopted as an indicative criterion
to support the evaluation of the results.

Eventual structural modifications in the samples were
examined by Scanning Electron Microscopy (SEM). Both
non-irradiated controls (0 kGy) and irradiated specimens
(30 kGy), under dry and moistened conditions, were ana-
lyzed. Imaging was carried out with a Hitachi TM3000

microscope set to an accelerating voltage of 15 kV. Sample
fragments were affixed to holders using conductive carbon
tape, with additional strips applied to the edges to enhance
conductivity and reduce charging artifacts. Micrographs
were obtained at magnifications ranging between 50 X and
300x.

The identification of degradation byproducts in the solid
matrices was beyond the scope of the present work, due
to the strong influence of matrix-derived interferences on
GC-MS spectra; this aspect is addressed in detail for stand-
ard solutions and should be explored in future studies using
complementary analytical approaches.

Results and discussion

Effect of ionizing radiation on removal of pesticide
residues

Standard solutions

In this first experiment, the results show that, overall, higher
absorbed doses are associated with greater percentage reduc-
tions in concentration. However, the degradation efficiency
varied according to the chemical nature of each pesticide and
its initial concentration.

DDT exhibited significant sensitivity to gamma radiation.
More than 90% degradation was achieved at a dose of 1 kGy
for 1.0 and 5.0 ppm solutions, and at 6 kGy for the 10.0 ppm
solution. The chemical yield of radiation for DDT degrada-
tion is noted to be high across all solution concentrations
(Table 1).

The 1.0 ppm solution fell below the method’s detection
limit (LOD =0.05 ppm) at 100 kGy. The slightly higher deg-
radation efficiency observed at lower pesticide concentra-
tions can be attributed to reduced competition among DDT
molecules for reactive species generated by radiolysis, such

Table 1 Residual concentrations and removal percentages of DDT at each absorbed dose. Values represent mean + standard deviation (n=3).

Removal percentages were calculated from these mean concentrations

DDT Standard Solutions
Absorbed 1.0 ppm 5.0 ppm 10.0 ppm
dose (kGy) - - -
Concentration (ppm) Removal (%) Concentration (ppm) Removal (%) Concentration (ppm) Removal (%)
0.08+0.01 92 0.11+0.01 98 1.8+1.0 82
3 0.07+0.01 93 0.10+0.01 98 1.0+0.3 90
0.07+0.01 93 0.10+0.01 98 0.81+0.10 92
10 0.07+0.01 93 0.09+0.01 98 0.73+0.30 93
25 0.06+0.01 93 0.08+£0.02 98 0.53+0.20 95
50 0.05+0.01 95 0.08+£0.01 98 0.48+0.10 95
100 <LOD <LOD 0.07+0.01 98 0.47+0.10 95

<LOD: Below the limit of detection
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as hydroxyl radicals (eOH), hydrated electrons (e’aq), and
hydrogen atoms (He). Under more dilute conditions, these
reactive species are more likely to interact with individual
pesticide molecules rather than recombine or react with
intermediates, resulting in a higher apparent degradation
rate.

Chromatographic and mass spectral data indicate that
DDT underwent partial degradation, yielding products con-
sistent with dichlorodiphenyldichloroethane (DDD) and
dichlorodiphenyldichloroethylene (DDE), in agreement with
classical dechlorination routes reported in the literature [52]
(Supplementary Figure S10).

These compounds are structural analogues of DDT that
differ by the loss of chlorine and hydrogen atoms: DDD
results from reductive dechlorination, while DDE is formed
by dehydrochlorination. Both transformations reduce the
degree of chlorination, leading to less acutely toxic metab-
olites. DDT and its derivatives consist primarily of C-C,
C-H, and C-Cl bonds [53], and the radiolytic cleavage of
C—Cl bonds promotes the formation of these less chlorinated
congeners, thus potentially lowering overall toxicity.

HCB also displayed dose-dependent degradation. A
reduction greater than 45% was achieved at absorbed doses
between 6 and 10 kGy, depending on the initial concen-
tration, whereas reductions exceeding 90% were obtained
at 100 kGy for the 1.0 and 10.0 ppm solutions (Table 2).
Although HCB degradation generally increased with
absorbed dose, the 5.0 ppm solution exhibited lower degra-
dation efficiency than the 10.0 ppm sample at 100 kGy. This
apparent inconsistency may reflect solvent—solute effects
in acetone (e.g., partial volatilization) and cannot exclude
minor preparation variability for this batch (e.g., pipetting
or adsorptive losses). Such factors could transiently limit the
homogeneous availability of HCB to react with radiolyti-
cally generated radicals, producing concentration-dependent
deviations.

Pentachlorobenzene (PeCB) was suggested as a poten-
tial degradation product, consistent with previous findings

that radiolysis of highly chlorinated aromatic compounds
may proceed via stepwise dechlorination [54, 55] (Sup-
plementary Figure S11).

y-HCH exhibited high sensitivity to gamma radiation,
achieving degradation rate of more than 90% (below the
LOD of 0.10 ppm) at 100 kGy for the 1.0 ppm solution.
For the 5.0 ppm and 10.0 ppm solutions, degradation rates
reached 88% and 84% at 100 kGy, respectively (Table 3).

Additionally, the radiation chemical yield for y-HCH
degradation is relatively more effective in less concen-
trated solutions. For instance, in the 1.0 ppm solution,
vy-HCH concentration is reduced below the quantification
limit (LOQ =0,36 ppm) with a 10 kGy dose, whereas in
the 10.0 ppm solution, the reduction is only 82% at the
same radiation dose. This enhanced efficiency in dilute
solutions is attributed to the more favorable stoichiomet-
ric ratio (radical-pesticide ratio) between the y-HCH mol-
ecules and the highly reactive species generated during
methanol radiolysis (e.g., «CH,OH), thereby reducing
competition for the destructive radicals.

The isotopic pattern and fragmentation profile are
consistent with chlorinated aromatics compounds, sug-
gesting trichlorobenzenes (TCB) as degradation prod-
ucts of y-HCH, consistent with mechanisms involving
electron attachment to the chlorinated ring followed by
C—Cl1 bond cleavage [56] (Supplementary Figure S12).
As observed for DDT, solutions dissolved in methanol
showed enhanced degradation efficiency, likely due to the
higher yield of reactive intermediates generated by solvent
radiolysis.

Pesticides can degrade through physical, chemical, and
biological processes [57, 58]. For the discussion of the
presented results, the focus will be on chemical phenom-
ena. This effect depends on the chemical composition or
the type of chemical bonds present in the analyte. Authors
have pointed out that interaction with solvated electrons
results in higher degradation yields in polar solvents com-
pared to non-polar solvents [8, 59].

Table 2 Residual concentrations and removal percentages of HCB at each absorbed dose. Values represent mean + standard deviation (n=3).

Removal percentages were calculated from these mean concentrations

HCB Standard Solutions

Absorbed 1.0 ppm 5.0 ppm 10.0 ppm

dose (kGy) - - X
Concentration (ppm) Removal (%) Concentration (ppm) Removal (%) Concentration (ppm) Removal (%)
0.89+0.30 11 484+1.0 3 10+0.5 0

3 0.72+0.10 28 435+1.5 13 9.62+0.30 4
0.53+0.20 47 2.86+1.8 43 9.60+0.50 4

10 0.24+0.10 75 244+1.1 51 7.43+0.80 26

25 0.16+0.06 83 2.09+0.20 58 7.24+0.20 28

50 0.15+0.06 85 2.06+0.70 59 6.12+0.70 39

100 0.07+0.10 92 1.59+0.40 68 0.16+0.10 98
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Table 3 Residual concentrations and removal percentages of y-HCH at each absorbed dose. Values represent mean + standard deviation (n=3).

Removal percentages were calculated from these mean concentrations

y-HCH Standard Solutions

Absorbed 1.0 ppm 5.0 ppm 10.0 ppm

dose (kGy) - - X
Concentration (ppm) Removal (%) Concentration (ppm) Removal (%) Concentration (ppm) Removal (%)
0.71+0.10 29 4.05+0.50 19 2.87+1.0 71

3 0.62+0.20 38 3.67+1.0 27 265+1.2 74

6 0.57+0.10 43 3.10+0.70 38 2.65+0.40 74

10 <LOQ <LOQ 3.02+0.40 40 2.62+0.60 74

25 <LOQ <LOQ 2.09+0.40 58 2.57+0.40 74

50 <LOQ <LOQ 1.27+0.40 75 1.83+0.50 82

100 <LOD <LOD 0.61+0.30 88 1.62+0.80 84

<LOD: Below the limit of detection

The solvents used for preparing the solutions are polar
and therefore contribute to the chemical yield of radiation.
However, the behavior of methanol (CHsOH) and acetone
(CsHO) differs significantly. The highly reactive species
generated during the radiolysis of these solvents can interact
with the analytes, initiating their degradation.

When methanol is exposed to ionizing radiation, radi-
olysis occurs, leading to the formation of reactive species
such as hydroxyl radicals (¢OH), hydrogen radical (He),
and methyl (¢CHs) or hydroxymethyl (¢CH,OH) radicals
[60]. Although methanol can act as a scavenger of hydroxyl
radicals, its radiolytic products remain chemically active and
can promote degradation through hydrogen abstraction and
dechlorination reactions. In addition, secondary oxidation
and reduction reactions within the solvent system may sus-
tain degradation chains, further enhancing the breakdown
of analytes.

In the case of acetone, radiolysis generates acetyl
(CH3COe) and methyl radicals (eCHs), which tend to
undergo self-reactions or recombination, forming more
complex and less degradable byproducts [61]. These ace-
tone-derived radicals can react with pesticide fragments,
leading to the formation of stable, high-molecular-weight
compounds that are poorly susceptible to further radiolytic
degradation. This behavior may explain the lower degra-
dation efficiency observed for HCB solutions compared to
those prepared in methanol.

Considering these differences, it can be inferred that the
solvent used in pesticide preparation can be a key factor
influencing degradation efficiency. In this study, DDT and
v-HCH were dissolved in methanol, whereas HCB was dis-
solved in acetone. For DDT, doses of 1 kGy across all con-
centration ranges resulted in significant degradation percent-
ages. Y-HCH showed a similar response, demonstrating high
degradation efficiency with the same 1 kGy dose. In the case
of HCB, the 10.0 ppm solution required a dose of 100 kGy to
be nearly completely degraded. Pesticide solutions prepared

in methanol exhibited higher radiolytic degradation rates at
lower absorbed doses, likely due to the generation of sim-
pler, more reactive radicals that favor analyte breakdown,
compared to the more complex degradation pathways and
the formation of stable byproducts associated with acetone.
These solvent effects also help explain the concentration-
dependent degradation trends observed in this study, as
the availability and reactivity of solvent-derived radicals
directly influence pesticide breakdown efficiency at differ-
ent concentrations.

The efficiency of pesticide removal can be quantitatively
assessed by the radiation chemical yield (G-value), which
expresses the number of molecules degraded per 100 eV of
absorbed energy. At lower doses, G-values were higher, indi-
cating more efficient degradation per unit of energy depos-
ited in the system. As the absorbed dose increased, G-values
declined markedly, reflecting the progressive consumption
of the parent pesticide molecules and the increasing com-
petition from radiolytically generated intermediates (Sup-
plementary Table S6). This trend has also been reported in
studies involving the radiolytic degradation of halogenated
organics, where secondary reactions between intermediates
and radicals become dominant at higher doses [39].

The decline and stabilization of G-values above approxi-
mately 25 kGy indicate that most of the original pesticide
molecules have already been degraded, and that further
irradiation mainly promotes reactions among intermediate
species, leading to secondary products rather than additional
removal of the target compound. From a practical stand-
point, this behavior is particularly relevant for cultural herit-
age applications, where maintaining the structural and visual
integrity of objects is critical. The observed dose-response
behavior and G-value trends suggest that radiation treat-
ments for contaminated heritage collections should prioritize
achieving sufficient decontamination at the lowest feasible
dose. Once the degradation curve begins to plateau (Sup-
plementary Figures S7 to S9), as indicated by stabilized
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G-values, further increases in dose yield diminishing returns
in decontamination efficiency and heightened risks of physi-
cal alteration. These results established the experimental
basis for the second phase of this study, guiding the selection
of irradiation conditions applied to model material samples
representative of heritage-relevant substrates.

Comparison of the acute oral toxicity (LDs,) values
between the original pesticides and their potential degrada-
tion products suggests that ionizing radiation leads to the
formation of less toxic substances (Table 4). Degradation
products such as DDD, DDE, pentachlorobenzene (PeCB),
and trichlorobenzene (TCB). exhibit significantly higher
LDs, values compared to their parent compounds, indicat-
ing lower acute toxicity. However, acute toxicity represents
only part of the toxicological profile. Chronic exposure
effects and environmental persistence must also be consid-
ered. Compounds such as PeCB are classified as persistent
organic pollutants (POPs) under the Stockholm Convention,
due to their bioaccumulative nature and long environmental
half-lives.

Therefore, while gamma irradiation may reduce acute
toxicity by promoting molecular breakdown, the formation
and persistence of certain chlorinated byproducts highlight
the need for complementary toxicity assessments and cau-
tious interpretation of decontamination outcomes. It should
also be noted that the identification of degradation products
in this study was based on the visual inspection of chro-
matographic profiles and comparison of characteristic mass
fragmentation patterns, rather than direct analysis against
certified reference standards.

Model materials samples

Considering the results obtained in the first phase experi-
ments, the irradiation dose of 30 kGy was selected for the
model materials as an optimal compromise between effec-
tive pesticide degradation and preservation of the substrate
integrity. Doses above 25 kGy showed a decline in G-values,
indicating a change in radical reactivity and an increased
tendency for interaction with intermediate species rather
than with the parent pesticide molecules.

The choice of 30 kGy also reflected the heterogeneous
composition of the model substrates, which may respond
differently to ionizing radiation than homogeneous liquid
solutions. Although this dose is slightly higher than those
typically employed for routine disinfection of artworks, it
has been reported to cause no significant adverse effects on
cultural heritage materials and is also used in the polym-
erization of resins for the consolidation of fragile artifacts,
with reported applications reaching up to 40 kGy [12].
Although standard-solution experiments identified approx-
imately 25 kGy as an efficient degradation threshold, a
slightly higher dose was adopted to verify whether simi-
lar or enhanced effects could be achieved in solid matrices.
This approach provided additional insight into the role of
material heterogeneity in radiolytic processes and generated
data more directly relevant to real-world applications in the
decontamination of cultural heritage materials. Furthermore,
excessive doses could potentially induce undesirable physi-
cal or chemical alterations in the materials, such as color
shifts, microstructural damage, or secondary degradation.

The overall results (Fig. 4) demonstrated that gamma
irradiation was effective in degrading the three tested pesti-
cides, although the extent of removal varied according to the
substrate and the irradiation conditions. GC-MS analyses
of the model material samples were performed in triplicate
for each condition (control, dry irradiation, and moistened
irradiation). Representative chromatograms are presented
in the Supplementary Material S13-S24. The reported deg-
radation values correspond to the mean peak areas of the
triplicate analyses.

For DDT, the treatment achieved high removal rates in
vegetable fiber (69% dry, 95% moist) and in cotton fabric,
where complete degradation was observed under dry con-
ditions (100%), though efficiency was lower under moist
irradiation (64%). Wood exhibited moderate removal effi-
ciency, with degradation values increasing from 23% under
dry to 69% under moist conditions, suggesting that the
presence of moisture enhanced the formation of reactive
species and improved contaminant accessibility within the
porous matrix. In contrast, feathers showed limited removal
(21-45%), highlighting their lower responsiveness to the
treatment (Fig. 4).

Table 4 Comparison of the toxicity of irradiated pesticides and their potential degradation products [62, 63]

Pesticide Stockholm Convention Status Mammals—Acute oral ~ Possible degrada- Stockholm Conven- Mammals—Acute
LD;, (mgkg ) tion product tion Status oral LDs, (mg
kg™
DDT Annex B (restricted use) 87 DDD Not listed 600
DDE 880
HCB Annex A +C (elimination & unin- 10 PeCB Annex A+C 1125
tentional release)
y-HCH Annex A (elimination) 76 TCB Not listed 1830
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I Control - Non-irradiated
I Dry irradiate sample
[ Moistened irradiated sample

100

Removal %

Cotton Vegetal Fiber Wood Feather

DDT

Fig.4 Removal (%) of DDT under different processing conditions of the model material samples at 30 kGy. The values represent the average of
three repetitions and their SD

For HCB, removal was consistently high across sub-  substrates exhibited markedly lower values, confirming
strates, reaching complete degradation in vegetable fiber  the higher persistence of this pesticide. In vegetable fiber,
under dry conditions and in cotton fabric in both conditions =~ removal decreased significantly under moist conditions
(99-100%). Feathers showed little difference between dry ~ (48% dry, 21% moist), suggesting that the presence of
and moist irradiation (90% and 88%), indicating high sus-  water may have altered radical availability or diffusion
ceptibility of this pesticide to radiolytic degradation. Incon-  within the matrix. Similarly, wood showed moderate effi-
trast, wood exhibited lower removal efficiency, particularly  ciency (38% dry, 15% moist), while feathers displayed
under moistened conditions (70% and 34%, respectively), minimal degradation (<4%), consistent with their com-
suggesting that its denser structure and lower porosity may  pact and low-polarity surface characteristics. These results

have limited the penetration of reactive species and, conse-  indicate a strong resistance of y-HCH to radiolytic break-
quently, the overall degradation yield (Fig. 5). down across most substrates (Fig. 6).
For y-HCH, however, gamma irradiation proved less Detailed concentration values of the irradiated samples

efficient overall. While cotton fabric again showed nearly  are provided in Supplementary Table S6.
complete removal (99% in both conditions), the other
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Fig.5 Removal (%) of HCB under different processing conditions of the model material samples at 30 kGy. The values represent the average of

three repetitions and their SD

Among the compounds studied, the overall average deg-
radation rate, HCB showed the highest degradation rate
(77%), followed by DDT (61%) and y-HCH (41%). Sub-
strate characteristics also played an important role. Cotton
and vegetable fiber showed higher removal rates (93% and
61%, respectively) than wood (51%) and feathers (45%).
The degradation efficiency of the organochlorine pesticides
studied was strongly influenced by their molecular structure
and physicochemical properties, particularly the degree of
chlorination, aromaticity, and hydrophobicity. Among the
compounds analyzed, HCB and DDT exhibited the high-
est removal rates, whereas y-HCH showed a similar overall
trend (greater efficiency under dry conditions) but with sig-
nificantly lower degradation percentages.

@ Springer

HCB, composed of a fully chlorinated benzene ring,
combines high chemical stability with strong susceptibility
to direct radiolysis. Its high electron density and molecular
symmetry favor efficient energy absorption and subsequent
C—Cl bond cleavage even in the absence of water. The pro-
cess is largely independent of solubility, which is extremely
low (= 0.0047 mg L") [43]. Consequently, HCB degrada-
tion reached nearly complete removal in most substrates,
particularly in cotton and vegetable fiber, while slightly
lower efficiencies were observed in wood samples. This
difference may be associated with the denser structure and
higher lignin content of wood, which could limit the diffu-
sion of reactive species and the mobility of pesticide mol-
ecules within the matrix.
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Fig. 6 Removal (%) of HCB under different processing conditions of the model material samples at 30 kGy. The values represent the average of

three repetitions and their SD

DDT, although less chlorinated, also contains two aro-
matic rings that stabilize intermediate radicals formed dur-
ing irradiation. Its degradation was enhanced under mois-
tened conditions, in which hydroxyl radicals (éOH) derived
from water radiolysis promote oxidative and stepwise
dechlorination reactions. With a slightly higher water solu-
bility (20.006 mg L) [43], DDT molecules can partially
interact with moisture layers within the substrates, facilitat-
ing indirect radiolysis via radical attack. The presence of
thin water films on humidified substrates probably enhances
radical transport and accessibility. This key factor explains
the higher degradation rates observed in moist samples, par-
ticularly in wood, vegetable fiber and feathers.

In contrast, y-HCH, despite being substantially more
soluble in water (~8.5 mg LYY [43], has a saturated,

non-aromatic cyclohexane structure that limits electron
delocalization and susceptibility to oxidative attack. Its
saturated, non-aromatic molecular configuration hin-
ders the stabilization of reactive intermediates, leading
to slower and less efficient degradation. Its degradation
occurs mainly through stepwise dechlorination, a process
that is also more sensitive to matrix effects. In complex
matrices such as wood and feathers, which are rich in
lignin and keratin, competition for reactive radicals may
further contribute to the lower degradation efficiency
observed.

Thus, while HCB and DDT achieved nearly complete
degradation under the applied experimental conditions,
v-HCH displayed higher resistance, with only partial
removal in lignocellulosic and proteinaceous substrates and
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significant degradation only in cotton fabric, whose cellulose
matrix is chemically less reactive toward free radicals.

Overall, these findings reinforce that although all organo-
chlorine pesticides are susceptible to ionizing radiation, the
dominant degradation mechanism (direct versus indirect
radiolysis) depends more on molecular structure than on
solubility. Consequently, the differences observed among
substrates and irradiation conditions reflect the balance
between radical accessibility, molecular reactivity, and
matrix composition.

Colorimetric analyses revealed that gamma irradiation
generally produced only minor alterations in the visual
appearance of the tested materials (Fig. 5), with almost all
AE* values remaining below the perceptibility threshold
(AE* <3). Detailed values of AE*, Aa*, Ab*, and AL* for
all samples are provided in Supplementary Table S7. The
graphs presents average values, assuming a standard reading
error of +0.01%.

For DDT, irradiated samples exhibited generally minor
color changes, with moist irradiation tending to better pre-
serve the original color appearance in most substrates. The
main exception was feathers under moist conditions, which
showed higher AE* values (Fig. 7a), indicating a perceptible
but still acceptable color variation.

Chromatic analysis (Aa*, Ab*) revealed that irradiation
predominantly induced a shift toward yellow across most
substrates, suggesting a common irradiation-related effect
(Fig. 7b). Deviations from this trend were observed for veg-
etal fiber under moist conditions, which showed a displace-
ment toward the blue region (negative Ab*). In contrast,

(@)
5~ Dry irradiated sample
Bl Moistened irradiated sample
4 -
34
= 2.53
w *
< 3
5.
1.47
1.31
1
0.74 0.56 0.61
0.41 g
0 oL
Cotton  Vegetable Fiber Wood Feathers

DDT

Fig. 7 Colorimetric variation of DDT-contaminated model materials
after gamma irradiation. a Total color difference (AE*) for cotton,
vegetal fiber, wood, and feather under dry and moistened conditions.
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feathers, under both dry and moist conditions, exhibited a
more pronounced shift toward the blue—green region (nega-
tive Aa* and Ab*), indicating a distinct chromatic response
compared to the other substrates.

For HCB, colorimetric changes were generally limited
across all substrates, with AE* values remaining below the
perceptibility threshold under both dry and moistened condi-
tions (Fig. 8a).

Chromatic analysis (Aa*, Ab*) revealed that irradia-
tion of HCB-contaminated samples predominantly resulted
in a shift toward the yellow region (positive Ab*) across
most substrates, suggesting a consistent irradiation-related
chromatic response (Fig. 8b). Minor variations in hue were
observed depending on substrate and irradiation condi-
tion. Vegetal fiber and wood showed slight shifts toward
the red—yellow quadrant, while feathers, especially under
moist conditions, exhibited a more pronounced displace-
ment toward higher Ab* values. Cotton under moistened
conditions exhibited a slight chromatic deviation toward the
green—blue region, differing from the predominantly yellow
shift observed in the other substrates.

For y-HCH, colorimetric changes were more pronounced
and strongly dependent on both substrate and irradiation
condition. While cotton and vegetal fiber showed moderate
AE* values, moist irradiation of wood resulted in a clear
increase in total color difference, exceeding the perceptibil-
ity threshold. Feathers also exhibited noticeable alterations,
particularly under dry irradiation (Fig. 9a).

Chromatic analysis (Aa*, Ab¥) indicates a more scattered
response compared to DDT and HCB, with no dominant
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b Chromatic variation (Aa* vs Ab*) of the same DDT-contaminated
model materials after gamma irradiation
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Fig.8 Colorimetric variation of HCB-contaminated model materials
after gamma irradiation. a Total color difference (AE*) for cotton,
vegetal fiber, wood, and feather under dry and moistened conditions.
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Fig. 9 Colorimetric variation of y-HCH-contaminated model materi-
als after gamma irradiation. a Total color difference (AE*) for cotton,
vegetal fiber, wood, and feather under dry and moistened conditions.

trend toward yellowing (Fig. 9b). Overall, these results
reinforce that y-HCH shows a higher propensity for visu-
ally perceptible changes in certain substrates highlighting its
more complex interaction with both radiation and material
matrices contaminated with this pesticide.

Colorimetric analyses indicated overall stability across
most materials, with the exception of y-HCH and the mois-
tened wood and dry feather samples, which exhibited more
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b Chromatic variation (Aa* vs Ab*) of the same HCB-contaminated
model materials after gamma irradiation, illustrating hue shifts for
cotton, vegetal fiber, wood, and feather

pronounced color variations. These alterations may be linked
to the generation of hydroxyl radicals (¢OH) during water
radiolysis. In the presence of oxygen, these radicals can form
highly reactive peroxides that contribute to the degradation
of organic substances [64].

Although most colorimetric measurements remained
within the perceptibility threshold of AE* <3, suggest-
ing only moderate changes, visual inspection revealed
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significant alterations outside the measured areas. In par-
ticular, moistened textiles and moistened vegetable fibers
displayed localized signs of oxidation, especially along their
edges, which were not fully captured by instrumental meas-
urements (Fig. 10).

This underscores the importance of complementing col-
orimetric data with visual examination, as the latter can
reveal subtle surface alterations that may be relevant for
conservation decision-making process.

FTIR analyses confirmed that the degradation of organic
substrates under irradiation can be tracked through varia-
tions in characteristic vibrational bands. As reported in the
literature, the initial decomposition of most organic com-
pounds involves cleavage of C—H bonds [65], an effect
that can be detected by FTIR. In cellulose-based materials,
monitoring C—O—C and C=0 bands provides direct evidence
of polymeric degradation, since changes in their intensity
reflect a decrease in the degree of polymerization due to
glycosidic bond rupture and oxidative processes [66—70].
In this study, vegetable fibers proved particularly sensi-
tive, with marked changes at 2920 cm! (C-H), 1162 cm!
(C-0-C), and 1029 cm™! (C-0), indicating their vulner-
ability to irradiation under moist conditions. Similarly, vari-
ations observed in bands attributed to protein components,
such as Amide I and II, suggest structural modifications in
protein-rich materials [70-73], and are commonly used to
monitor denaturation and degradation processes, as in the
case of featherwork.

Among the evaluated materials, vegetable fibers and
feathers proved to be the most susceptible to alterations
induced by irradiation under moist conditions. Composed
of cellulose and keratin, respectively, these materials exhib-
ited changes in bands associated with C-H, C-0, C-O-C
stretching and Amide I and II, suggesting greater vulner-
ability to the combined action of organic contaminants and
free radicals generated during processing. An important
aspect concerns the vegetable fiber samples and the bands
at 2920 cm™' (C-H), 1162 cm™' (C-0-C), and 1029 cm™'

Fig. 10 Cotton sample con-
taminated with HCB, irradiated
under moist conditions, shown
before (left) and after (right)
irradiation, exhibiting oxidation
along the lower edge
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(C-0), which proved particularly sensitive to induced altera-
tions. Monitoring their intensity allowed for distinguishing
the different responses of the materials to irradiation, con-
tributing to a more accurate assessment of the secondary
effects of the treatment.

Protein-based substrates also showed susceptibility, par-
ticularly feathers, where reductions in Amide I, II, and III
bands were detected. Such decreases in absorbance are com-
monly associated with keratin degradation, reflecting pep-
tide chain cleavage, protein fragmentation, and reduction in
molecular weight [71]. According to these authors, both the
secondary and primary structures of proteins can be affected:
the former through disruption of hydrogen bonds and the
latter through oxidation of carbonyl and amide groups. By
contrast, cotton and wood were more resistant, exhibiting
only minor variations in characteristic bands under the same
conditions. These findings confirm that vegetable fibers and
feathers are the most susceptible substrates, particularly
when irradiated under moist conditions, whereas cotton
and wood maintain higher stability. The main alterations
observed are summarized in Table 5 and the FTIR spectra
are available in Supplementary Material S13-15.

Although infrared spectroscopy is widely employed to
monitor structural changes in cellulosic and proteinaceous
materials, the derivation of direct quantitative degradation
parameters from FTIR data remains challenging. There are
no normative standards indicating, for example, that a given
percentage reduction in a vibrational band can be unequivo-
cally interpreted as evidence of degradation. This limitation
is well recognized in the literature, which recommends the
use of FTIR primarily as a qualitative or semi-quantitative
analytical tool [74]. Nevertheless, several studies (including
the present one), consider variations in band intensity to
be a valid indicator of degradation processes, particularly
when evaluated in conjunction with complementary analyti-
cal evidence.

Based on the results presented in this section, and in
agreement with the colorimetric data presented previously,
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Table 5 Variations in band intensities under ionizing radiation exposure. The symbol | indicates a decrease in band intensity, whereas 1 indi-

cates an increase

Pesticide Material Trend under moist irradiation Trend under dry irradiation
DDT Vegetable Fiber 2920 (C-H) 1 No change
‘Wood No change 1031 (C-0) 1
Feathers No change No change
Cotton No change No change
HCB Vegetable Fiber 2920 (C-H) |, 1732 (C=0) |, 1242 (C-0-C) |, 1162 (C-0-C) | e No change
1029 (C-0) |
Wood No change No change
Feathers No change 1522 (N-H/C-N) Amida II
1 e 1626 (C=0) Amida
I
Cotton 3330 (O-H) |, 1160 (C-0-C) | e 1030 (C-O) | No change
y-HCH Vegetable Fiber 2920 (C-H) 1, 1732 (C=0) 1, 1162 (C-0-C) 1 e 1029 (C-0) 1 2920 (C-H) 1t
Wood No change 1031 (C-0) |
Feathers 1626 (C=0) Amidal | No change
Cotton No change No change

a clear distinction was observed between samples processed
under dry and moist irradiation conditions. Moist irradiation
was consistently associated with a stronger tendency toward
visual and structural alterations. This can be explained by
the radiolysis of water, which generates reactive species such
as hydroxyl radicals (éOH), hydrogen atoms (eH), and aque-
ous electrons (e”,,). These species readily promote oxidation
reactions and induce the cleavage of structural bonds within
the substrates [36]. As further noted by Sistach and Ferrer
[75], oxidation processes alter hydrogen bonding and modify
the availability of chemical groups, particularly through the
reduction of hydroxyl functionalities, reinforcing the inter-
pretation that oxidative processes were more likely to occur
in moist-irradiated samples.

In contrast, dry-irradiated samples did not exhibit the
appearance of new relevant bands, suggesting that this
condition did not lead to the formation of new functional
groups, significant spectral shifts, or extensive degradation
of the matrices. The only exception was a band detected
at~2364 cm™!, observed exclusively in cotton samples con-
taminated with HCB and irradiated. Although its precise
origin could not be fully determined, this feature may be
related to CO, adsorption or to a vibrational contribution
from the contaminant itself, without clear evidence of struc-
tural damage to the material.

Overall, fabric and wood samples demonstrated higher
resistance to degradation under the tested conditions, with
only minor variations in the intensities of characteristic
bands, even under moist irradiation. Their stability may
be attributed to the lower availability of reactive groups
or to the compact structure of lignocellulosic matrices. By
contrast, vegetable fibers and feathers were more prone
to structural changes when irradiated in the presence of

moisture. These findings indicate that moist irradiation
can trigger variable effects depending on the nature of the
substrate, the contaminant present, and the interaction of
radiolysis products with the matrix. In the context of cul-
tural heritage conservation, the practice of pre-humidify-
ing materials to enhance contaminant degradation should
therefore be approached with caution, as it may result in
undesirable secondary effects. Dry irradiation, on the other
hand, proved to be the most stable and reliable condition,
preserving the spectroscopic and chemical integrity of the
majority of the analyzed substrates.

SEM analyses were performed at different magnifica-
tion levels and across distinct regions of the artificially
contaminated model material samples, including the sur-
face and, in the case of wood, fractured cross-sections.
These varied points of analysis were recorded in order to
investigate whether ionizing radiation processing could
induce structural or topographical changes in the samples,
both in non-irradiated controls and in those irradiated
under dry and moist conditions.

In the cotton sample, the intact ligaments that form the
weft and warp of the fabric structure are clearly visible,
as well as in the vegetable fiber sample. The wood mock-
up displays, in the fractured cross-section, the vessels and
fibers that comprise their anatomical structure. Similarly,
in the feathers sample, the rachis, barbules, and penna-
ceous barbs remain well-preserved. Figure 11 illustrates
the monitored areas in this experiment.

A comparison revealed that these structures were per-
fectly preserved following irradiation. The topographic
features of the irradiated samples showed no signs of dam-
age, even when exposed to different irradiation conditions.

@ Springer
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Fig. 11 Monitored areas in cotton, vegetable fiber, wood, and feathers samples mock-ups

Table 6 Comparative efficiency of dry and moist irradiation in pesti-
cide degradation

Pesticide Analyzed model materials

Vegetable Fiber Wood Feathers Cotton
DDT Wet Wet Wet Dry
HCB Dry Dry Dry Dry / Wet
y-HCH Dry Dry Dry Dry / Wet

The images of the analyzed samples are available in Sup-
plementary Table S8-10.

Table 6 presents a summary of the best irradiation
performance for pesticide degradation according to the
analyzed samples. The data show that the effectiveness of
ionizing radiation in pesticide removal depends not only

@ Springer

on the irradiation conditions but also on the physicochemi-
cal characteristics of the substrates themselves.

Conclusions

The results demonstrate that gamma irradiation is an effec-
tive method for significantly reducing the concentrations of
the analyzed organochlorine pesticides and holds consider-
able potential for the decontamination of cultural heritage
materials.

The first experimental phase, conducted with standard
solutions, provided fundamental insights into degradation
behavior, dose—response relationships, and radiation chemi-
cal yields (G-values). The degradation products identified
exhibited lower acute toxicity than their parent compounds,
supporting the relevance of ionizing radiation as a pesticide
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mitigation strategy in heritage conservation. These find-
ings informed the selection of a 30 kGy dose for the second
experimental phase using model materials, representing a
compromise between effective pesticide degradation and
preservation of material integrity.

The degradation efficiency was strongly influenced by
both the chemical structure of the pesticides and the charac-
teristics of the substrates. These differences reflect variations
in molecular reactivity toward the oxidizing and reducing
species generated by ionizing radiation. Highly chlorinated
aromatic compounds such as HCB showed a greater pro-
pensity for C—Cl bond cleavage through direct radiolysis,
whereas non-aromatic saturated molecules such as y-HCH
were more resistant, relying mainly on slower dechlorina-
tion reactions.

Substrate properties also affected performance. Porous
materials favored higher pesticide removal, while dense or
protein-rich matrices limited radical diffusion and interac-
tion. Moist irradiation did not uniformly enhance degrada-
tion across all contaminated materials, and its effect varied
depending on the availability and mobility of reactive spe-
cies within each substrate. This condition was particularly
beneficial for DDT in materials such as wood, feathers, and
vegetable fiber.

Colorimetric, FTIR-ATR, and SEM analyses indicate
that irradiation, especially under dry conditions, did not
induce severe or readily detectable chemical, chromatic, or
structural alterations in the model materials within the sen-
sitivity limits of the applied analytical techniques. However,
minor variations were observed in specific cases, particularly
under moistened conditions, highlighting the need for cau-
tious interpretation.

Taken together, the combined findings of both experimen-
tal phases suggest that gamma irradiation at 30 kGy under
dry conditions may offer a controlled and potentially viable
approach for the mitigation of organochlorine pesticide con-
tamination in heritage materials, when carefully justified
and applied. Given that this dose exceeds those typically
used in routine heritage disinfestation practices, its applica-
tion should be considered on a case-by-case basis, ideally
informed by dialogue between conservation professionals
and relevant stakeholders, weighing potential secondary
effects on materials against the benefits of contaminant
reduction, particularly in critical scenarios involving occu-
pational health risks, severely contaminated collections, or
repatriation processes where alternative mitigation strategies
are limited.

Future research should extend these investigations to a
broader range of historical contaminants, additional sub-
strate types, and real contaminated museum objects, as well
as include long-term monitoring and a detailed assessment
of degradation products formed within solid matrices, in
order to further refine irradiation parameters and support the

development of evidence-based guidelines for the responsi-
ble use of ionizing radiation in cultural heritage pesticide
mitigation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10967-025-10700-3.
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