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ARTICLE INFO ABSTRACT

Handling Editor: Piotr Ulanski The presence of pesticides in cultural heritage items poses significant health risks to museum professionals and

others who handle contaminated objects. Therefore, alternative effective decontamination methods are essential.

Keywords: Ionizing radiation, particularly gamma radiation, has emerged as a promising technique for this purpose, as
Gafr{“}a irradiation previous studies have demonstrated its effectiveness in degrading organic pesticides in various substrates. This
Pes“‘:ldef . study investigates the application of gamma radiation for decontaminating model materials artificially
Decontamination

contaminated with permethrin made of cotton fabric, wood, vegetable fiber, and feather. Samples were irradi-
ated with gamma rays with 30 kGy, under two distinct conditions: dry and moistened samples. Quantification of
permethrin was performed using gas chromatography—mass spectrometry (GC-MS). Gamma radiation effect was
analyzed using colorimetry, and scanning electron microscopy (SEM). Under dry conditions, permethrin removal
was 93 % for the cotton sample, 66 % for the vegetal fiber, 83 % for the wood, and 16 % for the feather. In
contrast, under moistened conditions, removal rates were 88 % for cotton, 57 % for vegetal fiber, 71 % for wood,
and 94 % for the feather mock-ups. Results showed no significant colorimetric changes, except for the feather in a
moistened condition, nor any changes in the morphological properties of the samples. These findings suggest that
gamma radiation is a feasible method for decontaminating cultural heritage materials, offering a potential so-
lution for mitigating pesticide contamination in museum collections.

Cultural heritage

1. Introduction

Chemical treatments are traditional methods used for the preserva-
tion of many collections around the world. Since the 18th century,
collectors and museum professionals have employed a variety of toxic
substances through the direct application of pesticides to improve the
conservation of objects. The constant threat of pests has driven diverse
measures to protect these items, as infestations can lead to scientific,
cultural, aesthetic, financial, and other significant losses.

The use of pesticides, including herbicides, fungicides, and in-
secticides, have been widely used in collections (Angelova et al., 2023;
Odegaard and Sadongei, 2005). Synthetic pyrethroids, such as

permethrin (PMT), are persistent insecticides and it has been suggested
for use in sprays due to its rapid effects and long-term efficacy (Linnie,
2001). Introduced in 1984 for insect and fungus control, permethrin
provided advantages over traditional substances such as camphor,
naphthalene, and paradichlorobenzene (Kiihn, 1986). Among the pes-
ticides used in cultural heritage, permethrin belongs to the pyrethroid
class and has been widely used in museums due to its low cost and easy
accessibility. Additionally, it is still marketed and employed by some
museum professionals, despite the recommendation of non-toxic tech-
niques in the field of cultural heritage conservation (Delgado Vieira and
Vasquez, 2024).

Since the 2000s, various studies have investigated methods to reduce
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pesticide contamination in cultural heritage objects. Techniques tested
include controlled aspiration and wet cleaning (Glastrup, 2001; Tello,
2006; Anderson et al., 2014; Odegaard et al., 2014), supercritical fluid
extraction (SFE) using carbon dioxide under varying process parameters
(Tello, 2006; Tello and Unger, 2010; Unger, 2012; Worle et al., 2020),
laser cleaning (Asmus, 2011; Schmidt et al., 2017), biological removal
using specialized microorganisms (Roane and Snelling, 2010), and
thermal degradation through exposure to high temperatures (Paz and
Wilke, 2022). Each of these methods presents specific advantages and
limitations, and their applicability must be carefully evaluated to ensure
effective pesticide reduction without compromising the integrity of the
object. To date, these approaches remain in the research phase and have
not yet been systematically implemented by cultural institutions.

Ionizing radiation has been successfully used for the degradation of
organic pesticides in soils, food, aqueous waste, and other substrates
(Abdel Aal et al., 2001; Basfar et al., 2012; Brabo, 2015; Chowdhury
et al., 2014; Ciarrocchi et al., 2021; Duarte et al., 2007; Javaroni et al.,
1991; Khedr et al., 2019; Lépine, 1991; Lippold et al., 1969; Luchini,
1995; Mori et al., 2005). However, there are no documented experi-
ments in the literature demonstrating that ionizing radiation can
degrade pesticides applied to tangible cultural objects, nor previous
studies showing the degradation of permethrin using ionizing radiation.

The objective of this study is to evaluate the effectiveness of ionizing
radiation, specifically gamma radiation, in degrading permethrin
applied on model materials, with the goal of identifying the most suit-
able conditions for pesticide mitigation. The study investigates the po-
tential of gamma radiation as a decontamination method for objects
composed of materials commonly found in museum collections, such as
cotton, wood, vegetable fibers, and feathers. The experimental results
obtained from model materials are presented and discussed with a view
toward informing future applications in the treatment of real cultural
heritage objects.

2. Materials and methods
2.1. Chemicals and reagents

The reference material of permethrin of isomers cis (30,3 %) and
trans (61,5 %) was provided by Sigma-Aldrich (St. Louis, USA). The
chemical structure, molecular formula and chemical name (IUPAC), as
well as the family and mode of action for permethrin are outlined as
follows:

Permethrin: Insecticide (Synthetic pyrethroid group).

(3-phenoxyphenyl)methyl 3-(2,2-dichloroethenyl)-2,2-dimethylcy-
clopropane-1-carboxylate.

C21H20C1203

H
H.
o
H.
H
H
CJ-\.\/U

Organic solvents (residue analysis grade) were used for dissolving,
extracting, and clean-up including acetone (Labsynth, Sao Paulo, Brazil)
and hexane (Sigma-Aldrich, USA).

2.2. Pesticide standard solutions

Permethrin is soluble in acetone, methanol, ether, and xylene, but
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has low solubility in water. Acetone was chosen as the solvent to dissolve
permethrin and prepare solutions at different concentrations, as it has
low toxicity compared to other solvents. A stock solution of permethrin
1000 ppm was prepared in acetone. This stock solution was then diluted
with acetone to produce working solutions at concentrations of 0.1, 0.2,
0.5, 1, 2.5, 5, and 10 ppm. The solutions were stored in sealed con-
tainers, in a refrigerator and in the dark to protect them from light.

2.3. Mock-ups preparation

Replicating the physical characteristics of real museum objects in
experimental studies is a complex task, given the wide variety of ty-
pologies, manufacturing techniques, and materials used in cultural ar-
tifacts. For this reason, the use of standardized model materials is a
common and practical approach in the literature. Previous studies have
shown that, regardless of the total thickness of a mock-up, pesticide
residues tend to concentrate near the surface. Unger (2012) reported
that up to 90 % of a biocide can be retained within the first 5 mm
beneath the surface of a wooden object. Similarly, Shugar and Sirois
(2012) investigated pesticide distribution in mock-ups of different
thicknesses (2.5 mm, 5 mm, and 10 mm) and found that the thinnest
samples (2.5 mm) exhibited the highest concentration of arsenic, while
the 5 mm and 10 mm samples had similar levels—approximately half of
those in the 2.5 mm samples. These findings suggest that thinner sam-
ples may actually overrepresent surface contamination, which is
particularly relevant for assessing exposure risk and evaluating the
effectiveness of decontamination treatments.

With this framework in mind, samples of raw cotton fabric (3.0 x 1.0
x 0.1 cm), buriti fiber intertwined (3.0 x 1.0 x 0.1 cm), balsa wood (3.0
x 1.0 x 0.2 cm), and chicken feather (2.0 x 2.0 x 0.5 cm) were
contaminated with a 10 ppm permethrin solution (Fig. 1).

The choice of 10 ppm permethrin concentration for sample
contamination was based on data available in the literature regarding
the use and detection of pesticides on cultural heritage objects. Ac-
cording to Unger et al. (2001), conservation manuals suggest the
application of permethrin solutions with concentrations ranging from
100 to 25,000 ppm for the treatment of insect-infested cultural objects.
However, quantitative studies on pesticide residues in museum objects
remain limited. Available data indicate a wide range of detected con-
centrations, from as low as 0.01 ppm (Uden et al., 2014) to as high as 21,
000 ppm (Salmo et al., 2017).

Given this wide variation, the choice of 10 ppm aims to represent a
feasible concentration, consistent with values found in quantitative
studies. This concentration is suitable for simulating realistic contami-
nation conditions in the laboratory, enabling an effective assessment of
pesticide decontamination and its potential impacts on materials
representative of cultural heritage, while avoiding excessive exposures
that could complicate result analysis.
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Fig. 1. From the left to the right: cotton, vegetal fiber, wood and feather mock-
ups contaminated with permethrin 10 ppm. The image is for illustrative pur-
poses only and does not represent the actual scale of the samples. The sample
dimensions are described above.
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The contamination process of the model materials involved several
sequential steps. Initially, each mock-up was weighed to record its initial
mass. It was placed into an Erlenmeyer flask containing 10 mL of a
standard pesticide solution at a concentration of 10 ppm. This setup was
kept on a magnetic stirrer (Cienlab, Campinas, Brazil) for 8 h to ensure
uniform contact and absorption of the pesticide. After this period, the
material was transferred to a clean beaker. The Erlenmeyer flask was
rinsed with 20 mL of hexane, and the resulting wash solution was also
transferred to the same beaker. Subsequently, the beaker with the mock-
up was left to dry at room temperature. Finally, the model material was
weighed again to record any changes in its mass after the contamination
process.

2.4. Radiation processing

Two separate experiments were conducted to evaluate the effects of
ionizing radiation on permethrin. The first experiment involved the
irradiation of standard permethrin solutions at varying concentrations
to assess the interaction between ionizing radiation and the synthetic
pyrethroid. The second experiment aimed to examine the effects of ra-
diation processing on model materials artificially contaminated with
permethrin.

Samples were irradiated with gamma-rays at the Multipurpose
Gamma Irradiation Facility at the Radiation Technology Center (CETER)
of the Nuclear and Energy Research Institute (IPEN-CNEN/SP).

In the first experiment, standard pesticide solutions were prepared at
concentrations of 1, 5, and 10 ppm. These solutions were irradiated with
absorbed doses of 0 (control), 1, 3, 6, 10, 25, 50, and 100 kGy. To
facilitate batch processing, the solutions were organized into labeled
plastic containers according to their assigned doses. During the irradi-
ation process, the containers were placed in insulated styrofoam boxes
containing artificial ice packs to maintain a refrigerated temperature.
The irradiation was performed at a dose rate of 5 kGy h™. The pH of the
pesticide standard solutions was not monitored during the irradiation
experiments, as the primary focus of this study was on the decontami-
nation of pesticides applied to material samples rather than in liquid
form.

The primary purpose of using high absorbed doses in this initial
phase was to evaluate the interaction between the pesticide and ionizing
radiation, identifying the potential for degradation under varying con-
ditions. It is important to note that these high doses were not intended
for direct application to cultural heritage materials, as such levels may
induce adverse effects on the integrity of these items.

The second experiment examined the effects of ionizing radiation on
model materials made of cotton fabric, wood, vegetable fiber, and
feathers contaminated with a standardized concentration of 10 ppm of
permethrin. These mock-ups were divided into three distinct groups:
control samples (non-irradiated), irradiated samples under dry condi-
tion, and irradiated samples under moistened condition. For the moist-
ened condition, distilled water was lightly sprayed onto the samples
before irradiation, while the dry samples received no pre-treatment. All
samples were individually sealed in zip-lock plastic bags (Fig. 2).

In the second experiment, the irradiation dose range applied to the
model materials was selected based on the results of the first experiment,
balancing effective pesticide decontamination with the need to mini-
mize any detrimental effects on the materials being treated.

An additional aim of the second experiment was to evaluate whether
the presence of water could influence the degradation of the pesticide
during radiation treatment. While wetting cultural heritage materials is
generally avoided due to the risk of damage, certain conservation
treatments incorporate water under controlled conditions to minimize
associated risks. With this context in mind, the inclusion of moistened
samples was designed to assess whether this approach could yield
different or satisfactory outcomes in pesticide degradation.

It is important to note that permethrin is not soluble in water
(ILO-WHO International, 2021), and thus the moistening process would

Radiation Physics and Chemistry 238 (2026) 113204

Fig. 2. Batch of cotton mock-ups contaminated with 10 ppm permethrin,
separated into the three experimental conditions (control, dry and moistened).

not extract this contaminant from the samples. The mock-up samples
were irradiated with absorbed doses of 30 kGy conducted at a dose rate
of 5 kGy h™?

2.5. Extraction procedure

The extraction process of the model materials samples began with
weighing the contaminated mock-ups to record its initial mass. The
material was then eluted in 10 mL of hexane and placed on a magnetic
stirrer (Cienlab, Campinas, Brazil) for 24 h to ensure thorough extrac-
tion. After this period, the material was allowed to air dry in a clean
beaker at room temperature. Once dried, it was weighed again to
document any changes in mass. Subsequently, the analyte was re-
suspended in 0.5 mL of hexane prior to chromatographic analysis.

2.6. Chromatographic conditions

A Shimadzu GC-MS 2020 (Shimadzu Corporation, Kyoto, Japan) gas
chromatograph (GC, 2010) with quadrupole mass analyzer and the
analytical capillary column DB-5 (5 %phenylsilicone, 95 % methyl-
silicone; 30 m, 0.25 mm L.D., 0.25 mm film thickness) (Agilent Tech-
nologies, Santa Clara, California, USA, J&W Serial Number
USN108762H) were used.

The program of GC was set as follows: the initial temperature of the
oven was 60 °C and held for 1 min, and then the temperature 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.

2.7. Pesticides analysis

To validate the analytical method, parameters including selectivity/
specificity, linearity/working range, limit of detection (LOD), limit of
quantification (LOQ), precision, and accuracy were evaluated. Since
there is no specific published standard for laboratories involved in
pesticide residue control in cultural heritage objects, various documents
were consulted to develop a methodology appropriate for the objectives
of this study (INMETRO, 2020; Peters et al., 2007; Ribani, 2004).

To determine the analyte quantities, equations from the calibration
curves were used using GCMS Postrun Analysis software from Shi-
madzu® and Origin® 2022b. Model materials samples were analyzed in
triplicate, and the mean value was calculated to describe the degrada-
tion of the tested pesticides. The recovery rates for model material ex-
periments ranged between 62 % and 103 %. These parameters are in
accordance with the criteria established by the European Commission,
which considers recovery rates between 70 % and 120 % acceptable for
pesticide residue analysis in complex matrices such as food (EC
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European Commission, 2021), and are therefore deemed acceptable
within the context of this study.

2.8. Pesticide radiation chemical yield (G-value)

The radiation chemical yield (G-value) was calculated for each
absorbed dose in the first experiment. G represents the number of rad-
icals, excited states, or other products formed or lost in a system
absorbing 100 eV of energy (Getoff, 1996). These results provide valu-
able insights into the nature of radiolytic reactions. The definition of the
G-value is determined using equation (1), as defined by Kurucz et al.
(1991):

G [RINA 1
D(6.24 x 106)

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 L’l, and NA is Avogadro’s number (6.02 x 10%%). To
calculate the G-value in the International System of Units (SI) (in pmol
J‘l), the value was multiplied by 0.1036 (Mohamed et al., 2009; Ciar-
rocchi et al., 2021). The calculation of the G-value considers the dif-
ference in concentration relative to the initial concentration of the
solutions (0 kGy).

2.9. Colorimetric analysis

To evaluate the results, the parameters AE*, AL*, Aa*, and Ab* were
determined for each sample. AE* represents the total color difference
and is calculated by comparing the three-dimensional reference values
L*, a*, and b* to determine the distance between two colors within the
CIELAB color space. AL* indicates the variation in lightness, where
positive values signify increased brightness and negative values denote
reduced brightness.

The CIE 1976 Lab* color space, published by the Commission
Internationale d’Eclairage (CIE) in 1976, has become the universally
accepted reference system for quantifying color perception
(International Commission on Illumination, 2004). A more advanced
measure of color difference is the CIEDE2000 equation, derived from the
CIELAB color space. Compared to earlier color difference equations
within the CIELAB space, the CIEDE2000 equation demonstrates a
higher level of sophistication and computational complexity (SHARMA
et al., 2005). These parameters are calculated by the following equation

(2):

AL'\?  /AC\? AH'\? AC AH
AEg =/ [ — R
° \/(kLSL> +(kc5c) +(kHSH) "

TkCSC kHSH (2)

Hardeberg (2001) proposes a range of values for the acceptability of
color differences. In this study, the colorimetric analysis results will be
interpreted based on this criterion: AE*, ;, value of less than 3 indicates a
hardly perceptible effect, values between 3 and 6 are noticeable but still
acceptable, while values greater than 6 are considered unacceptable.

Colorimetric measurements were conducted using a Spectropho-
tometer PCE-CSM 8 (PCE Deutschland GmbH, Meschede) equipped with
the CIEDE2000 color coordinate system and SQC8 Color Management
Control System (0°/45° geometry; 58 mm diameter aperture) connected
to a computer. Each measurement positioned the analyzed point at the
center of a white tile for reference, with spectra of white and black
recorded using calibrated standards before each measurement session.

Due to the small size of the samples, only one reading point was
taken on each of them. The selected monitoring point was the central
area of each sample. Considering the anatomy of the feathers, the
reading was performed in the flattest area, which is usually near the
rachis (in the central shaft) or at its tip.
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2.10. Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) was performed to detect
structural changes in the samples, both non-irradiated (0 kGy) and
irradiated (30 kGy), under dry and wet conditions. SEM images were
acquired using a Hitachi TM3000 microscope operating at an acceler-
ating voltage of 15 kV. The sample fragments were mounted on a holder
with conductive double-sided carbon tape, and the ends of the samples
were coated with a thin layer of carbon tape to improve conductivity and
minimize electron charging effects. The images were captured at mag-
nifications ranging from 50x to 300x.

3. Results and discussion
3.1. Effect of ionizing radiation on removal of pesticide residues

3.1.1. Standard solutions

In this first experiment, the results indicate that, in general, an in-
crease in absorbed dose correlates with a higher percentage reduction in
concentration. Permethrin degradation in solution exceeded 80 % at
initial concentrations of 1 ppm and 10 ppm when subjected to absorbed
doses of 100 kGy and 50 kGy, respectively. The 5 ppm solution showed a
reduction of only 77 % within the same dose range. The 5 ppm solution
shows no detectable peaks at an absorbed dose of 100 kGy, remaining
below the method’s detection limit (LD = 0.18). It was observed that the
degradation of permethrin is more effective in more concentrated so-
lutions. Comparing the 1 ppm and 10 ppm concentrations, both sub-
jected to the same radiation dose of 100 kGy, the 10 ppm concentration
exhibited a higher degradation rate than the 1 ppm concentration. This
suggests that at higher concentrations, the radiation’s effectiveness in
degrading permethrin is greater (Table 1).

Under y-irradiation, acetone does not simply function as a solvent;
rather, it serves as the primary target of the radiation beam, trans-
forming into a source of reactive species. The radiolysis of acetone pri-
marily produces acetyl radicals (CH3CeO), methyl radicals (eCH3), and
solvated electrons (Barker, 1962; Spinks and Woods, 1990). These
reactive species can interact with permethrin, potentially initiating the
breakdown of its molecular structure, including the C-Cl bonds, ester
C-O bonds, and the unsaturations in the aromatic ring. This leads to
processes such as dechlorination, ester cleavage, and ring fragmenta-
tion, converting permethrin into less chlorinated fragments or small
acids and carbonyls. As the absorbed dose increases, the pool of radicals
formed per unit volume also rises, thereby enhancing the likelihood of
radical-permethrin collisions and, consequently, improving the removal
efficiency, as observed in the data. At very low concentrations of
permethrin (1 ppm), some radicals may recombine or react with
acetone, thereby limiting the degradation process. However, at higher
concentrations (5-10 ppm), the greater number of target molecules al-
lows for more effective competition for the available radicals, resulting
in higher removal rates at intermediate doses.

Permethrin is degraded into byproducts that were not fully identified
by the NIST reference library of the GC-MS. However, we identified the
presence of aliphatic hydrocarbons, phenols, and carbon dioxide (CO5)
as the main degradation products. Exposure of the permethrin solution
to 100 kGy of radiation resulted in a significant breakdown of molecular
chains, indicating a potential process of oxidation and mineralization.
Confirming this would require additional analyses, which fall outside
the scope of this study, as its primary focus is on investigating the
decontamination of model material samples.

However, these degradation products are consistent with the ex-
pected mechanisms of photodegradation and oxidation mentioned in the
literature (Creeger), where cleavage of permethrin’s ester bond leads to
the formation of smaller compounds. The generation of CO5 suggests
partial or complete mineralization of the organic structure of
permethrin, while the phenols may be related to aromatic fragments
remaining from its original structure. Thus, radiation induces
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Table 1
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Comparison of permethrin standard solutions irradiated at their respective absorbed doses.

Absorbed dose (kGy) Standard Solutions

1 ppm*

5 ppm*

10 ppm*

Concentration (ppm) Removal (%)

Concentration (ppm)

Removal (%) Concentration (ppm) Removal (%)

1 1.099 2.09 2.995
3 1.083 3.58 1.914
6 1.058 5.76 1.875
10 0.966 13.95 1.780
25 0.769 31.51 0.874
50 0.388 65.42 0.692
100 0.206 81.61 <LD

2.14 10.268 2.15
37.46 10.230 2.52
38.73 5.045 51.93
41.83 5.009 52.27
71.42 3.126 70.21
77.39 1.137 89.17
<LD 1.117 89.35

@ Targeted concentration (ppm).

degradation similar to photodegradation, but more intense, resulting in
the formation of byproducts ranging from hydrocarbons to inorganic
compounds. To date, no studies on permethrin radiolysis have been
identified, making result comparisons unavailable.

G-values are important indicators of radiolytic reactions. The effi-
ciency of pesticide removal can be quantitatively described in relation to
the chemical yield of radiation. The results suggest that these values
decrease as the absorbed dose increases, due to the degradation of the
analytes and the competition between degraded pesticide molecules and
reactive radicals. As the absorbed dose increases, the concentration of
intermediates increases while the pesticide concentration decreases.
This increases the likelihood of reactive radicals reacting with inter-
mediate molecules instead of the original compound, resulting in lower
G-values (Ghaffar et al., 2023).

This suggests that pesticide degradation is directly influenced by the
applied radiation dose, with higher doses resulting in greater reductions
in analyte concentrations but with a tendency for G-values to decrease
from doses of 25 kGy onwards (Table 2).

Based on the obtained results, the decision to irradiate the model
material samples at 30 kGy was made to balance effective pesticide
degradation with the preservation of the materials. At doses exceeding
25 kGy, a decrease in G-values was observed, suggesting a shift in radical
reactivity, with a greater likelihood of interaction with intermediate
molecules rather than the original pesticide compound. Additionally,
higher radiation doses could potentially cause secondary negative ef-
fects on the physical and chemical integrity of the materials, such as
color and structural changes, or other forms of degradation.

The choice of 30 kGy also considered the heterogeneous nature of the
model materials, which may respond differently to radiation compared
to liquid standard solutions. While the initial experiments with standard
solutions identified 25 kGy as a threshold for effective degradation, the
slightly higher dose of 30 kGy was selected to evaluate whether it would
yield comparable or improved results in these complex materials. This
approach also allowed for the investigation of how material heteroge-
neity might influence radiolytic reactions, generating data that is more
relevant and potentially applicable to the decontamination of real

Table 2
G-value according to the absorbed doses for standard permethrin solutions.

Absorbed dose Standard solution

kGy) 1 ppm* 5 ppm*” 10 ppm*
G-values (pmol J-  G-values (pmol J-  G-values (pmol J-
1) 1) 1)

1 5.18E-05 2.61E-04 5.38E-04

3 2.96E-05 1.54E-03 1.96E-04

6 2.38E-05 7.96E-04 2.13E-03

10 3.43E-05 5.16E-04 1.29E-03

25 3.11E-05 3.52E-04 6.93E-04

50 3.23E-05 1.91E-04 4.40E-04

100 2.01E-05 <LD 2.20E-04

cultural heritage items.

3.1.2. Model materials samples

In this second experiment, the interactions of ionizing radiation on
permethrin decontamination applied to model material samples were
investigated. The data in Table 3 show the concentrations of irradiated
samples under both dry and moistened conditions.

At a dose of 30 kGy, the cotton sample showed a greater reduction in
pesticide concentration under dry conditions. Likewise, the vegetal fiber
sample and the wood mock-up experienced a more pronounced decrease
in the dry state compared to the moistened condition. In contrast, the
feather sample exhibited minimal pesticide removal when dry but
showed a significant reduction when moistened (Fig. 3).

The comparison between the estimated pesticide removal from the
standard permethrin 10 ppm solution at 30 kGy (approximate linear
interpolation estimate 74 %) and the decontamination efficiencies
observed in model material samples reveals significant insights into the
influence of material composition on the effectiveness of radiation in
pesticide degradation.

The standard permethrin solution exhibits a higher decontamination
efficiency than some of the model materials, such as vegetal fiber (dry
and moistened samples), wood (moistened sample) and feather (dry
sample). This suggests that the standards solutions allows for a more
efficient interaction between the reactive species generated by radiation
and the pesticide residues, as there are fewer organic substances in the
solution to compete for these reactive species.

On the other hand, the model materials samples contain a variety of
organic compounds, which may limit the availability of reactive species
to interact with the pesticides. This interference could reduces the
overall effectiveness of the radiation in breaking down the pesticide
residues.

However, some materials demonstrated removal efficiencies even
greater than that of the standard solution. Cotton samples (both dry and
moistened), wood (dry), and feather (moistened) all exhibited higher
permethrin degradation, suggesting that these substrates may possess
characteristics that favor the diffusion or exposure of the pesticide to
reactive species, even in the presence of organic matter. This indicates
that under certain conditions, specific material properties can enhance

Table 3
Comparison of model material samples after and before irradiation at 30 kGy in
different conditions. The values represent the average of three repetitions.

Model Materials Concentration (ppm)

Control” (0 Dry Irradiated Moistened Irradiated
kGy) Sample Sample
Cotton 10 0.67 1.16
Feather 10 8.42 0.61
Vegetal 10 3.39 4.27
Fiber
Wood 10 1.69 2.88

# Targeted concentration (ppm).

# Targeted concentration (ppm).



A.C. Delgado Vieira et al.

I Control
I Dry irradiated sample
I Moistened irradiated sample

Removal %

T T T

Feather

T
Wood

T
Cotton

T
Vegetal Fiber

Fig. 3. Removal (%) of permethrin under different processing conditions of the
model material samples at 30 kGy. The values represent the average of three
repetitions and their DP.

the reactivity and accessibility of permethrin to degradation.

The results clearly show that the material matrix plays a decisive role
in determining the efficiency of radiolytic pesticide removal. Materials
such as cotton and wood exhibited greater degradation under dry con-
ditions, likely because excess moisture competes with permethrin for
reactive species, which may quench the reaction or redirect radical ac-
tivity. In contrast, feather samples, composed of keratin and character-
ized by low hydrophilicity, showed limited removal when irradiated in a
dry condition, but a marked increase in degradation when moistened
(from 16 % to 94 %), possibly due to improved permethrin diffusion and
enhanced generation of reactive species in the presence of water.

Vegetal fiber consistently exhibited the lowest removal rates under
both dry and moistened conditions. Despite being the least porous
among the tested materials, buriti fiber is chemically complex, with high
contents of cellulose and extractives (Demosthenes et al., 2020). These
compounds may promote strong binding to permethrin or scavenge
reactive species, decreasing the efficiency of radiolytic degradation.
Materials with such complex organic compositions appear to inhibit the
full potential of reactive species, especially when compared to simpler
systems like the standard solution (Basfar et al., 2012).

Taken together, the observed differences can be attributed to a
combination of factors, including physical structure, chemical compo-
sition, and the presence or absence of moisture, which collectively in-
fluence the accessibility of permethrin to degradation pathways.

The decontamination behavior of the model materials can be
grouped into two main trends: cotton, vegetal fiber, and wood per-
formed better under dry irradiation, while the feather sample showed
significantly greater removal when irradiated in the moistened condi-
tion. Overall, the decontamination values for the pesticide in dry con-
ditions were more satisfactory, with the exception of the feather sample,
which demonstrated better performance when irradiated in the moist-
ened condition. This suggests that moisture may enhance pesticide
removal for certain materials, while it appears to slightly inhibit the
effectiveness of radiation on others, such as cotton, vegetal fiber, and
wood model material samples.

3.2. Color changes in model materials samples

The model materials samples irradiated showed mostly minimal
changes in AE* values, except for the feather irradiated under moistened
conditions, which indicated a significant change in color perception
(Fig. 4). All other samples remained within the limit proposed by
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Fig. 4. Total color difference (AE*) comparison of model material samples after
and before irradiation at 30 kGy in different conditions. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Hardeberg (2001), AE* < 3, where the color change is hardly
perceptible.

AE* values quantify the magnitude of a color difference but do not
necessarily indicate the direction of that difference (Hardeberg, 2001).
For a more comprehensive understanding of the color changes caused by
irradiation, it is essential to examine the individual color parameters
(Marusic et al., 2016). Table 4 shows the values of AL*, Aa*, and Ab* for
each mock-up sample.

The colorimetric parameters evaluated under different irradiation
conditions are presented in Fig. 5.

The cotton mock-up irradiated in the dry condition showed minimal
perceptible changes in the color coordinates, indicating that the irradi-
ation had a minimal impact on its hue. In contrast, the sample irradiated
in the moistened condition exhibited more pronounced color changes,
with no significant variation in luminosity, but alterations suggesting a
shift toward a cooler colors.

The vegetal fiber sample irradiated in the dry condition showed a
decrease in luminosity and changes in hue, with a slight shift toward
reddish tones, resulting in a change that was not overly intense. The
sample irradiated in the moistened condition also showed reduced lu-
minosity, although less pronounced. The variations in red and yellow
hues were more moderate compared to the dry condition.

The wood sample irradiated in the dry condition showed a slight
decrease in luminosity, with noticeable changes in hue, particularly
toward yellow, while the changes in the other color coordinates were

Table 4
Perception of color changes in the model material samples before and after
irradiation at 30 kGy under different conditions.

Material Irradiation Condition Sample AL* Aa* Ab*
Cotton Dry 0,25 0,05 0,18
Moistened 0 -0,16 -0,28
Vegetal Fiber Dry -2,18 1,46 0,43
Moistened -1,57 1,00 0,51
Wood Dry —-1,05 0,33 1,26
Moistened -0,23 -0,05 0,74
Feather Dry —-0,34 0,21 0,23
Moistened —7,96 —0,67 -2,15
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Fig. 5. Comparative values of the Aa* and Ab* parameters of model material samples irradiated under different conditions.

subtler. In the moistened condition, the changes were more discrete. The
reduction in luminosity was less pronounced, and the color variations,
including the shift toward yellow, were also more subtle.

Finally, the feather mock-up irradiated in the dry condition showed a
slight change in color, with a modest decrease in luminosity and small
alterations in the red and yellow hues. In contrast, the feather irradiated
in the moistened condition showed much more significant changes, with
a substantial loss in luminosity and intense variations in hue. The values
of Aa* slightly decreased and shifted toward the greenish range, while
Ab* also reduced, tending toward blue. These values indicated a much
more significant change, with a large loss in luminosity and more intense
variations in hue, especially in the a* and b* coordinates, resulting in a
noticeable alteration in the color of the feather. The irradiation of this
sample in the moistened condition seems to have amplified the effects of
color change, leading to visible and pronounced alterations in the
feather’s color.

Materials such as cotton, vegetal fiber, and wood demonstrated
greater stability, with subtle changes in both dry and moistened condi-
tions. In these samples, the changes remained within the limits of
imperceptible changes, suggesting that decontamination of these ma-
terials through ionizing radiation processing could be safely applied to
cultural heritage items made from these materials.

In the case of the feather sample, it is important to consider that the
very process of humidifying the material may have caused topographical
rearrangements, which could have led to changes in the geometry of the
analyzed point. Previous studies indicate that featherwork can be
exposed to radiation up to 200 kGy without changing their chromatic
properties (Delgado Vieira et al., 2021). Therefore, further experiments
on feather materials are needed to evaluate whether it is indeed the
irradiation in the moistened condition that is responsible for these
changes or whether the humidification process itself, along with the
potential removal of natural surface impurities from the material, is the
main factor causing these alterations.

3.3. Scanning electron microscopy (SEM) analysis

Fig. 6 presents SEM images of model material samples before and

after processing with irradiation under both dry and wet conditions. In
the textile sample, the intact ligaments that form the weft and warp of
the fabric structure are clearly visible, as well as in the plant fiber
sample. The wood sample displays, in the fractured cross-section, the
vessels and fibers that comprise its anatomical structure. Similarly, in
the feather sample, the rachis, barbules, and pennaceous barbs remain
well-preserved. A comparison revealed that these structures were
perfectly preserved following irradiation. The topographic features of
the irradiated samples showed no signs of damage, even when exposed
to different irradiation conditions.

4. Conclusions

The results demonstrate that gamma radiation is an efficient method
for significantly reducing the concentration of permethrin, both in
standard solutions and in model material samples, and holds potential
for decontaminating cultural heritage items. The removal of permethrin
from samples irradiated in dry conditions showed satisfactory values,
except for the feather mock-up, which performed better when moist-
ened. However, in this moist condition, the sample exhibited a color
change beyond the ideal limits. Although this condition showed a high
decontamination rate, the color change is undesirable. However, further
tests on this material are necessary to determine whether the observed
change was caused by the moistening process, which may have altered
its topography and removed inherent surface dirt, or if it resulted from
the radiation treatment in a moistened condition.

In general, irradiation under dry conditions is recommended, as it
achieved effective decontamination while minimizing physical or visual
changes. For heritage objects, moistening the material before irradiation
to reduce contaminants may result in negative side effects that should be
carefully considered. In such instances, the involvement of a conservator
is essential to assess potential damage and define the most appropriate
protocol.

Based on the findings of this study, gamma irradiation at a dose of 30
kGy under dry conditions is recommended as a reference protocol for the
treatment of heritage objects containing moderate to high concentra-
tions of permethrin. This condition provided satisfactory
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Fig. 6. SEM micrographs of non-irradiated and irradiated of model material samples irradiated under different conditions.

decontamination efficiency across most tested materials while mini-
mizing the risk of visual or structural damage. For heritage items with
lower pesticide concentrations, lower irradiation doses may be consid-
ered, especially when the primary goal is to mitigate occupational
exposure risk rather than achieve complete degradation.

Although the feather sample showed significantly higher removal of
permethrin when irradiated in the moistened condition, it also exhibited
pronounced chromatic alterations that are considered unacceptable
according to conservation guidelines for cultural heritage interventions.
Therefore, practical applications should prioritize treatments that bal-
ance decontamination efficacy with material integrity. In all cases,
preliminary testing and close collaboration with conservation pro-
fessionals are essential to ensure that the treatment meets both decon-
tamination goals and preservation standards.

Overall, the pesticide removal rates presented here suggest that
ionizing radiation could be a viable technique for removal pesticides

from cultural heritage collections. However, the application of ionizing
radiation on heritage items must be carried out within specific limits to
avoid undesirable side effects. Future research should consider whether
other pesticides applied in museums are also susceptible to degradation
by this technique.
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