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Abstract

Ionizing radiation is an effective method for fungal decontamination of photographic heritage materials; however, its appli-
cation to glass plate negatives may induce optical darkening due to radiation-induced defects in the glass matrix. This study
investigates the influence of temperature during gamma irradiation and the potential of UVB light exposure as a non-thermal
bleaching strategy. Historical glass plate negatives were irradiated at 6 kGy under room temperature and dry-ice cooling,
while common soda—lime-silica glass samples were used as analogues to quantify optical changes. Low-temperature pro-
cessing mitigated color alterations without affecting decontamination efficacy, whereas UVB exposure promoted partial
recovery of transparency in a dose-dependent manner. The combined approach offers a viable strategy for balancing biocidal
effectiveness and optical preservation in glass-based photographic heritage.

Keywords Glass plate photographic negatives - Fungal contamination - Gamma irradiation - Ionizing radiation

disinfection - Cultural heritage preservation

Introduction

Historical glass plate photographic negatives constitute
important documentary artifacts, preserving visual records
between the mid-19th and early 20th centuries. These mate-
rials are composite systems, consisting of a glass substrate
coated with a light-sensitive photographic emulsion based
on silver halides dispersed in either collodion, or gelatin,
depending on the period of use [1]. While the glass sup-
port provides rigidity and dimensional stability, the organic
emulsion is highly sensitive to environmental fluctuations,
pollutants, and fungal activity. Consequently, glass plate
negatives often exhibit degradation phenomena such as sil-
ver oxidation, image fading, gelatin swelling, cracking and
biological colonization, especially under high humidity stor-
age conditions. [2-4]. Fungal contamination is one of the
most critical risks for photographic emulsions, as hyphae
can penetrate and metabolize the gelatin layer, releasing
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hydrolytic enzymes that cause irreversible staining, soften-
ing, and loss of image information. Ionizing radiation has
been explored as a decontamination method due to its bioc-
idal effect, achieved within the 8 + 2 kGy dose range rec-
ommended for mold, ensuring both microbiological safety
and the preservation of the material [5-9]. However, the
application of ionizing radiation to glass-based heritage
materials must consider the formation of radiation-induced
defects within the glass matrix. Gamma photons can gen-
erate color centers through the creation and trapping of
electronic defects, resulting in optical darkening, increase
absorbance in the visible region, and loss of image contrast.
These effects depend on factors such absorbed dose, glass
composition, and temperature during irradiation. Conven-
tional methods to recover transparency in irradiated glass,
such as heat treatments at temperatures starting from 100 °C
[10-12], are unsuitable for glass negatives, given the heat
sensitivity of photographic emulsion. Previous studies have
investigated the use of light radiation, such as sunlight and
mercury lamp, on irradiated glass materials, suggesting
a potential bleaching effect [13—15]. In this study, UVB
light exposure was chosen as bleaching treatment due to
its energy being sufficient to release positive or negative
charges trapped in the glass matrix which are responsible to
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activate color centers, and thus promoting the restoration of
transparency in the glass [16].

The use of low temperatures during ionizing radiation
processing has demonstrated a protective role on biologi-
cal and polymeric materials, mitigating the adverse effects
of irradiation [17-21]. This protective effect, when applied
using dry ice temperatures, may also benefit the irradia-
tion of glassy materials. Additionally, the reduced mobility
of crystalline defects at low temperatures can hinder their
immediate recombination, thereby decreasing the formation
or delaying the development of color centers. The slowdown
of radiation-induced chemical reactions at low temperatures
can help minimize undesirable side effects, such as glass
darkening. However, previous studies have also suggested
that cooling during irradiation could modify the sensitiv-
ity of microorganisms and other biological contaminants,
requiring an increase in the dose needed to achieve com-
plete decontamination, since reducing the temperature could
attenuate the biocidal effect of irradiation [17, 22, 23]. For
this reason, it was essential in the present study to evaluate
whether the standard disinfection dose would remain effec-
tive under low temperature irradiation processing.

Despite the growing interest in radiation-based conser-
vation strategies, few studies have examined the combined
effects of irradiation parameters and post-treatment recovery
on historical glass plate negatives. In particular, the influ-
ence of reduced temperatures during irradiation, which may
suppress defect formation through limited atomic mobility,
remains insufficiently explored in the context of photo-
graphic materials. Moreover, there is limited information on
the applicability of controlled light exposure as a non-ther-
mal approach to reverse radiation-induced optical changes.
In light of these gaps, the present study aims to establish an
innovative and alternative methodology for the treatment of
glass plate photographic negatives contaminated by fungi,
employing ionizing radiation processing without compro-
mising their original characteristics. The goal is to contrib-
ute to the sustainable conservation of these unique records,
ensuring their long-term preservation as vital elements of
cultural memory. This study investigates the influence of
temperature during ionizing radiation processing on histori-
cal glass plate negatives. Historical samples were exposed to
y-ray doses of 6 kGy, selected within the effective fungicidal
range [5, 24, 25], under two temperature conditions: room
temperature (RT) and dry ice (DI) cooling. Radiosensitiv-
ity was assessed in both temperature conditions through

Fig. 1 Samples of common
glass (CG) and glass plate pho-
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microbiological analysis. In addition to the historical mate-
rials, common glass samples were included as experimental
controls. These samples were used to systematically investi-
gate radiation-induced optical changes, particularly the for-
mation of color centers and their evolution under different
conditions. Since historical negatives are unique artifacts
and cannot be damaged or subjected to destructive analytical
procedures, common glass samples functioned as non-his-
torical analogues, enabling controlled evaluation of UV-Vis
absorbed changes, colorimetric shifts (AE) after irradiation
at different doses, the effect of temperature during irradia-
tion (RT vs DI) and kinetics of decay and UVB-induced
bleaching. These control samples allowed isolation of the
effects of radiation on the glass substrate itself, independent
of the photographic emulsion, thus providing essential base-
line data for interpreting changes observed in the historical
negatives. Furthermore, the study proposes a new methodol-
ogy for bleaching glass plate negatives that have undergone
darkening as a result of the irradiation-based decontamina-
tion process. The results provide new insights into the safe
and effective use of ionizing radiation for the conservation
of glass-based photographic heritage.

Experimental
Sample description

Four glass plate photographic negatives, measuring 9 x 6.5
cm and 2 mm in thickness, were selected for this study from
historical collections (Fig. 1). The samples were named
according to their origin. The glass plate negatives selected
from Cida Rivelli collection were designated by the initials
CR (CR1, CR2 and CR3), while the copy from the Zoology
Museum of the University of Sdo Paulo was identified as
MZ. No cleaning or surface intervention was performed to
ensure that the biological load, optical properties, and physi-
cal features reflected authentic historical state of each object.
These glass negatives exhibited signs of photographic emul-
sion oxidation, stains indicative of fungal contamination,
and emulsion loss along the edges. In addition to the histori-
cal materials, the common glass samples, used for prelimi-
nary and comparative tests, were named CG. These glass
pieces were obtained from contemporary photo frames and
cut into standardized dimensions of 3 x 1 cm and 2 mm
in thickness. These glass samples allowed isolation of the
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effects of radiation on the glass substrate itself, independent
of the photographic emulsion, thus providing essential base-
line data for interpreting changes observed in the historical
negatives.

Energy dispersive X-ray spectroscopy (EDS)

Qualitative elemental analyses of both the common glass
(CG) samples and the historical photographic glass plate
negatives were performed using energy dispersive X-ray
spectroscopy (EDS) to identify the base glass type of the
samples. Measurements were conducted with a Shimadzu
EDX-720 spectrometer. This technique enabled the identifi-
cation of the major and minor elements present in the glass
matrices, contributing to the characterization and compari-
son of the materials used in the study. The detection limits
of the EDX-720 system restrict measurable elements to those
with atomic numbers between sodium (Na) and uranium (U).
All measurements were carried out under atmospheric con-
ditions, and the analyses focused exclusively on qualitative
elemental identification.

Fourier transform infrared spectroscopy (FTIR-ATR)

To ensure the safe and effective application of gamma radia-
tion treatment to fungal-contaminated glass photographic
negatives, it was necessary to identify the constituent materi-
als of the samples, with emphasis on characterizing the type
of the photographic emulsion. This analytical step is essen-
tial, since different types of emulsions found in historical
glass plate negative, such as those based on collodion or gel-
atin, have distinct chemical compositions that directly influ-
ence their response to ionizing radiation. Fourier transform
infrared absorption spectra were obtained using an Agilent
Cary 630 FTIR spectrometer equipped with an Attenuated
Total Reflectance (ATR) module. FTIR-ATR spectra were
acquired using a diamond ATR crystal. The spectra were
recorded using Agilent MicroLab software, with automatic
baseline correction and atmospheric compensation to spec-
tral spectral resolution of 2 cm ™! and 128 accumulations per
spectrum, in the spectral range of 4000 to 400 cm™".

Irradiation process by gamma rays

The samples were exposed to gamma radiation at the Mul-
tipurpose Co-60 Gamma Irradiation Facility of the Nuclear
and Energy Research Institute — IPEN-CNEN/SP, Brazil,
located on the University of Sao Paulo campus. The facil-
ity’s current activity is approximately 13.0 PBq (350 kCi).
To evaluate the formation and evolution of radiation-induced
defects, the common glass samples (CG) were irradiated
with gamma radiation at absorbed doses of 2, 6, 10, 15,
and 25 kGy, at a dose rate of 1 kGy-h'l, divided in both

temperature conditions of room temperature (RT) and with
dry ice (DI). These doses were selected to cover both the
typical decontamination range (6—8 kGy) and higher values
relevant for studying defect kinetics, spectral signatures, and
bleaching behavior. The use of multiple dose levels allowed
detailed assessment of dose-dependent changes in absorb-
ance, colorimetric parameters, and UVB-induced recovery.
For glass negatives samples CR1, CR2, CR3 and MZ, the
absorbed dose of 6 kGy applied at a dose rate of 1 kGy.h™!
was selected because it falls within the minimum values in
the internationally recommended 8 + 2 kGy range for fungal
inactivation in cultural heritage materials while minimizing
the formation of radiation-induced optical defects. Samples
CR2 and MZ were irradiated at room temperature (RT) at
25 °C, while CR1 and CR3 were processed under dry ice
(DI) conditions placed inside a closed polystyrene container
filled with solid CO, pellets, stabilizing the sample tempera-
ture at approximately —73 °C throughout irradiation. Dosim-
etry was performed using polymethyl methacrylate (PMMA)
dosimeters positioned at the surface of each sample.

Microbiological analysis

Microbial contamination on the surface of the four glass
plate negatives (CR1, CR2, CR3 and MZ) was quantified
before and after irradiation using the contact-plate method.
Fungal isolation from the samples was performed using
sterile swabs moistened with sterile distilled water, which
were rubbed across the entire surface of each photographic
negative sample. Each swabs for each glass negative were
then streaked in sterile Petri dishes (90 x 15 mm) contain-
ing dichloram-glycerol (DG18) agar medium (NEOGEN®,
Lansing, MI, USA) plus 0.01% chloramphenicol (Pitt, Hock-
ing, 2009) [26, 27]. DG18 agar is a selective medium used
for counting and isolating xerophilic fungi in dry materials,
such as glass negative samples [28].

After plating, the plates were incubated in a BOD (bio-
chemical oxygen demand) incubator at 25 °C and relative
humidity of 47% for 15 days. After 15 days, the plates were
analyzed for the presence or absence of fungal growth and
the colony formed units (CFU/surface). Surface contamina-
tion was quantified using Petri dishes with a 9-cm diameter
(contact area = 63.6 cm?). Colony-forming units per square
centimeter (CFU/cm?) were calculated by dividing the num-
ber of colonies observed after incubation by the effective
sampling area. This unit is more appropriate for small rigid
substrates such as 9 X 6.5 cm glass plate negatives, avoid-
ing artificial extrapolation to 1 m? and providing a direct,
comparable metric for before/after irradiation analyses. The
different types of fungi were identified through morphologi-
cal macroscopic and microscopic analysis. For macroscopic
analysis, observe and reverse of the colonies, texture, size
and coloration were observed. For microscopy, a fragment
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of each fungal colony was placed between a slide and a cov-
erslip, stained with lactophenol cotton blue, and observed
under an optical microscope at 400x magnification.

The 6 kGy irradiated samples were divided into two
groups: irradiated at room temperature (RT) and irradiated
with dry ice (DI). The effectiveness of the decontamination
process was evaluated by comparing microbial growth pre-
and post-treatment.

Spectroscopy and colorimetric methods

All spectroscopic (UV-Vis) and colorimetric analyses were
performed exclusively on the common glass samples (CG),
which served as non-heritage analogues to systematically
investigate radiation-induced optical effects. As previously
explained, the historical photographic negatives could not be
subjected to repeated spectroscopic measurements due to the
sensitivity of their gelatin emulsions, the risk of mechanical
stress during handling, and their irreplaceable nature.

UV-Vis spectrophotometry

To obtain the UV-Vis spectra, the equipment from the com-
pany Thermo Scientific, model Genesys 20, was used. The
common glass samples were analyzed from a scan in the
wavelength, in the range of 280-800 nm, to measure the
absorption of ultraviolet and visible light by the samples and
evaluate the changes in transparency and color.

Colorimetric measurements

Colorimetric analyses were conducted using a portable
reflectance spectrophotometer PCE-CSM 8. The instru-
ment operates with a 0°/45° measurement geometry, a spec-
tral range from 400 to 700 nm, and uses the SQCS8 color
management system. This configuration is widely adopted
in studies requiring objective quantification of perceptual
color changes in transparent or semi-transparent materi-
als. Color coordinates were obtained in the CIELAB 2000
system, which provides improved perceptual uniformity
compared with the traditional CIELAB 1976 formulation
[29, 30]. Total color difference (AE) between irradiated and
unirradiated samples was calculated as Eq. 1.

2 2 2
_ (AL AC AH/ ACT \ ( AHr
sea= [ (25) - (25:) +(2) +m(25)(2%)
where AL’, AC’, and AH’ represent the differences in light-
ness, chroma, and hue, respectively; S;, S, and Sy, are the
corresponding weighting functions for lightness, chroma,

and hue; and k;, k., and kj; denote the parametric constants
associated with these same three components.

UVB bleaching procedures

For the bleaching treatment using light radiation, a UVB
lamp from the brand NOMOY was selected, with an emis-
sion spectrum ranging from 280 to 320 nm and a power out-
put of 26 watts. The gamma irradiated common glass sam-
ples (CG) were stored in light-protected packaging before
being exposed to UVB light for 60 hours inside an expanded
polystyrene box, and colorimeter readings were taken every
10 hours to obtain AE data. The gamma irradiated histori-
cal glass plate negatives (CR1, CR2, CR3 and MZ) were
exposed for 20 hours inside an expanded polystyrene box.
To more accurately assess the impact of the treatment on the
images contained in the glass negatives, photographs were
taken at 10-hour intervals during the exposure period using
a Nikon D5100 digital single lens reflex (DSLR) camera
equipped with a 55 mm lens. The images were converted
to positive using GIMP 2.10, an open-source image editing
software. The conversion process employed the ‘Invert’ and
‘White Balance’ tools, allowing for a more detailed anal-
ysis of the visual changes potentially caused by radiation
processing.

Results and discussion
Elemental composition of glass substrates

Energy-dispersive X-ray spectroscopy (EDS) confirmed that
all samples, CG, CR1, CR2, CR3 and MZ, correspond to
soda—lime-silica (SLS) glass, composed mainly of Si, Na,
Ca, Mg, and minor amounts of K and Fe (Table 1).

The additional components identified in the analysis,
such as magnesium, aluminum, titanium, and potassium

Table 1 Commom glass (CG) and glass plate negative (CR1, CR2, CR3 and MZ) composition (wt%)

Si Na Ca Mg Al K Fe S Ti Zr Cu Sr Ag Mn
CG 74.650  10.686 7.188 3450 3378 0.195 0.177 0.199 0.050 0.008 0.007 0.004 - -
CR1  74.338 8.217 9.569 3462 2763 0.208 0.182 0277 0.053 0.010 0.007 0.003  0.047 -
CR2  75.156 8.824 8.640 3401 3322 0.144 0.120 0.214 0.063 0.010 0.004 0.004 0.085 0.013
CR3 72314 8.295 15921 - 2.534  0.158 0334 0303 0.094 0.008 0.006 0.009 0.023 -
MZ 79.161 6.112 8.070 2827 2964 0417 0.111 0.164 0.045 0.010 0.006 0.004 0.098 0.012
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contribute to the stability and durability of the glass, and zir-
conium is used in combination with titanium as nucleating
agents [31, 32]. The detection of sulfur results from the use
of sodium sulfate (Na,SO,) during the glass manufacturing
process [14]. The iron detected in the samples can be con-
sidered an impurity derived from the mineral composition of
sand [33, 34]. The presence of silver in photographic nega-
tive samples CR1, CR2, CR3, and MZ is consistent with the
photographic development process, in which silver salts, the
photosensitive components of the emulsion, are converted
into metallic silver [35]. Samples CR2 and MZ containing
manganese, commonly used historically as a decolorizing
or refining additive of soda-lime glasses [36, 37] that can
oxidize under irradiation, leading to purple coloration. The
presence of Mn could be a significant variable in the inter-
pretation of radiation-induced optical effects. Other minor
amounts of impurities in the form of copper, strontium in the
samples less than 1%.

Photographic emulsion identification

The type of photographic emulsion present on the glass plate
negatives was identified using Fourier transform infrared
absorption with attenuated total reflectance (FTIR-ATR).
Figure 2 presents the FTIR-ATR spectra for the four photo-
graphic glass plate negative samples: CR1, CR2, CR3 and
MZ.

FTIR-ATR analysis of the four historical glass plate
negatives (CR1, CR2, CR3, and MZ) revealed characteris-
tic bands associated with organic compounds, particularly
within the 1700-1000 cm™ region. Bands at approximately
1630 and 1530 cm™! correspond to the amide I and amide IT
vibrations, respectively, and are consistent with the presence

Absorbance

T T T T T
3500 3000 2500 2000 1500 1000

Wavelenght (cm™)

Fig.2 FTIR-ATR spectra of glass plate negative samples

of gelatin, the primary binding material of the photographic
emulsion in glass negatives [38—42]. Variations in band
intensity among samples are attributed to differences in
emulsion thickness, surface coverage, and the heterogene-
ous conservation state of the historical negatives, rather than
to chemical degradation of the gelatin structure itself. Bands
observed in the 2350-2400 cm™! region are tentatively
assigned to carbon dioxide-related absorptions or carbon-
ate species. However, given their presence only in selected
samples, these features may also be related to surface con-
tamination or environmental residues rather than instrumen-
tal artifacts. Additionally, a broad band around 3300 cm™!
was observed and assigned to overlapping O—H (water) and
N-H (amide) stretching vibrations, further supporting the
presence of gelatin residues.

Radiation-induced optical changes in common glass
samples

To investigate defect formation in glass-based materials of
cultural heritage, controlled studies were conducted using
the common glass samples (CG) irradiated at 2, 6, 10, 15
and 25 kGy at room temperature (RT) and with dry ice (DI),
at a dose rate of 1 kGy-h™'.

UV-Vis absorbance

Due to the inherent transparency of glass, the control com-
mon glass samples (non-irradiated) exhibited UV-Vis spec-
tra without absorption bands. Upon interaction with ionizing
radiation, an increase in opacity and the development of an
amber hue were observed, leading to the induction of two
bands at 440 and 600 nm. These bands are associated with
the activation of color centers and nonbridging oxygen hole
centers (NBOHC:s) in the glass samples [43—-47]. Although
the radiation-induced bands are broad, absorbance values
at 440 and 600 nm were selected as representative points
to enable consistent comparative analysis across doses and
processing temperatures. These wavelengths correspond to
maxima commonly associated with radiation-induced color
centers in soda—lime silicate glass.

Figure 3 presents the UV-Vis spectra of the control (non-
irradiated) and irradiated common glass samples at doses
ranging from 2 to 25 kGy, both at room temperature (RT)
and with dry ice (DI), immediately after each y-ray irradia-
tion. As the absorbed doses increased, the intensities of the
bands at 440 nm and 600 nm also increased.

Table 2 presents the absorption values of the bands at
440 and 600 nm, obtained from the UV-vis spectra of the
samples irradiated at different irradiation doses and in the
two conditions of room temperature (RT) and with the use
of dry ice (DI). The instrumental uncertainty provided by
the manufacturer (+0.005 absorbance units) applies to all
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Fig.3 UV-vis spectra of control and gamma-irradiated common glass
samples, in RT (solid lines) and DI (dotted lines)

Table 2 Absorption values (Ae) at wavelengths of 440 and 600 nm of
the irradiated samples at RT and DI

440 nm 600 nm

Dose (kGy) RT DI RT DI

Control 0.027 0.027 0.027 0.027
2 0.113 0.093 0.067 0.058
6 0.212 0.178 0.114 0.098
10 0.303 0.234 0.156 0.124
15 0.335 0.267 0.169 0.139
25 0.417 0.339 0.206 0.173
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UV-Vis measurements and does not affect the comparative
trends discussed in this study.

The use of dry ice during gamma ray irradiation resulted
in lower absorption values compared with samples irradi-
ated at room temperature. The protective effect of low tem-
peratures can be attributed to the reduction in atomic and
molecular mobility within the glass. At cold temperatures,
the available energy for atomic and molecular movement
decreases, reducing the probability of recombination or dif-
fusion of crystalline defects induced by ionizing radiation
[21, 48]. Furthermore, the formation and mobility of reactive
species, such as free radicals, are restricted at lower tempera-
tures [19]. Additionally, the cooling effect of dry ice further
limits free radical propagation, reducing the formation of
defects in the crystalline structure.

In order to evaluate the decay behavior of irradiation
effects, the irradiated glass samples were stored in a dark
environment to prevent interference from light radiation.
Only the data at 440 nm are shown for clarity, as the absorb-
ance behavior at 600 nm exhibited the same qualitative trend
and did not provide additional information regarding the
bleaching kinetics. Data were collected from the 440 nm
band of UV-Vis spectra of samples after being irradiated for
a period of 30 days.

Figure 4 illustrated the decay behavior of the specific
absorption values at 440 nm in the UV-vis spectra of sam-
ples gamma irradiated at room temperature (RT) and with
dry ice (DI), at doses ranging from 2 to 25 kGy.

The response curve shows an initial rapid decay within
the first 24 hours, followed by a slower decay over the subse-
quent days, eventually reaching a plateau after 20 days. The
observed fluctuations may be associated with the relaxation
and recombination of radiation-induced electronic defects.
The use of dry ice during irradiation resulted in lower

0,45
0.40 —— control
—— 2 kGy
0,35
! —8— 6 kGy
0,30 r 10 kGy
@
€025 | 15kGy
2 | —¥— 25 kGy
2
L2
<

S 2

0 5 10 15 20 25
Time (days)

(b)

w
o

Fig. 4. 440 nm band absorption induced by gamma rays in common glass samples at RT (a) and DI (b), until 30 days
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absorption values at 440 nm throughout the entire 30-day
period. This trend is more pronounced at higher absorbed
doses, whereas at lower doses (up to 6 kGy) the recovery
kinetics for RT and DI samples are comparable within exper-
imental uncertainty. The findings of this study align with
previous research by Ezz-Eldin et al. [33] and Madbouly
et al. [49], which demonstrated that irradiation-induced
NBOHC defects are unstable at room temperature, leading
to the gradual decay of increased optical density over time.

Colorimetric changes

The total color difference index, expressed as AE, is the
primary parameter used to evaluate and quantify whether the
colorimetric changes observed in the irradiated samples are
perceptible to the naked eye. Table 3 presents the AE values
as a function of the absorbed doses for gamma irradiation,
recorded on the 1% and 30™ days, comparing the thermal
processing conditions at room temperature (RT) and under
dry-ice cooling (DI) at doses ranging from 2 to 25 kGy. The
uncertainty associated with colorimetric measurements was
+0.2 AE units, according to the instrument specifications.

To interpret the AE values obtained for the irradiated
samples, the classification criteria proposed by Hardeberg
[50] were adopted: AE values below 3 are considered mini-
mally perceptible to the human eye and therefore generally
do not represent a significant impact on the visual appear-
ance of the material. Values between 3 and 6 are classified as
perceptible but acceptable, indicating that although a chro-
matic change occurs, it remains tolerable within conserva-
tion contexts. Values above 6 are considered unacceptable,
as they reflect clear and potentially compromising visual
alterations affecting the aesthetic and documentary integrity
of the object. Based on this classification, it is possible to
evaluate the visual impact of ionizing radiation on the irradi-
ated glass samples.

For the gamma-irradiated samples, AE values exceeded
the threshold of 6 even at the lowest tested dose of 2 kGy.
Under RT conditions, the AE value was 9.023, while under
DI conditions it was 7.56. These values fall within the

Table 3 Total color difference (AE) values of common glass samples
irradiated at room temperature (RT) and with dry ice (DI), calculated
on the 1% and 30" days after processing, at doses of 2 to 25 kGy

RT DI
Dose (kGy) Day 1 Day 30 Day 1 Day 30
2 9.023 4.898 7.558 4.140
6 18.519 10.604 14.863 8.540
10 26.104 15.435 18.845 10.947
15 30.024 17.333 22472 12.614
25 35.542 21.217 25.615 14.618

“unacceptable” range and increased progressively with dose
up to the maximum of 25 kGy. Samples irradiated at low
temperature exhibited lower values compared to those irradi-
ated at room temperature, confirming the protective effect of
low temperatures during processing. The results indicated
that after 30 days, some degree of transparency recovery
was observed, particularly in samples irradiated with dry
ice, which appeared lighter compared to their immediately
irradiated state. However, transparency remained affected,
and an amber hue was still present. Based on the AE values
obtained, irradiation at disinfection doses starting from 6
kGy resulted in AE values exceeding 6 after 30 days, indicat-
ing unacceptable color changes in the glass. This suggests
the need for complementary strategies to mitigate darken-
ing and restore the optical transparency of the irradiated
material.

The observed impacts on transparency and the persistence
of the brownish tone after the analyzed period are consist-
ent with the studies of Ruller and Friebele [51] and Kadono
et al. [16], which suggest that ionizing-induced coloration
can stabilize due to electron trapping in hydrogen atoms gen-
erated by the radiolysis during irradiation.

UVB bleaching performance

Exposure of common glass samples (CG) to controlled UVB
irradiation demonstrated partial reversibility of the radia-
tion-induced color centers. Table 4 presents colorimetric
readings were performed at 10-hour intervals throughout
the exposure period. Colorimetric values at O h correspond
to measurements performed within 24 hours after irradiation
and prior to UVB exposure.

The results indicate that optimal UVB exposure time
depends on the absorbed dose. For samples irradiated at
2 kQGy, significant recovery occurred within 10 h, whereas
higher doses required longer exposure times. Therefore,
UVB bleaching should be applied in a controlled, stepwise
manner with periodic visual and colorimetric assessment.
Notably, when UVB radiation was applied to samples pro-
cessed with dry ice (DI), time required to restore transpar-
ency was reduced when compared to samples irradiated at
room temperature (RT). This short exposure time is advanta-
geous, as it minimizes prolonged interaction of the vitreous
material with light radiation, potentially reducing the risk
of additional damage. Low-temperature irradiation acts as
a preventive strategy by reducing the formation and stabi-
lization of radiation-induced color centers. UVB exposure,
in contrast, functions as a post-irradiation remedial treat-
ment, partially reversing residual optical alterations when
they occur.

The radiation emitted by the UVB lamp provided suf-
ficient energy to break the bonds that caused the electronic
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Table4 AE values every

=" 2 kGy 6 kGy 10 kGy 15 kGy 25 kGy

10 hours up to a limit of 60

hours in response to UVB Exposure hours RT DI RT DI RT DI RT DI RT DI

lamp exposure at room

temperature (RT) and dry ice 0 10.828 9.096 22.556 18.045 27.752 19.981 33.296 24.972 36.459 26.250

(DI) for samples of common 10 4.172 3.505 10.696 8.557 13.613 9.801 17.692 13.269 19.270 13.875

g%ass gamma 1rrad1at€_d m 20 2743 2305 7415 5932 9.630 6.934 11324 8493 12990 9.353

different doses. Colorimetric

measurements present an 30 2072 1.740 5269 4215 6.890 4961 8545 6.409 10355 7.456

instrumental uncertainty of 40 1.609 1352 4225 3380 5492 3954 7.140 5355 7.495 5397

+0.2 AE units 50 1.430 1.201 3.767 3.014 4.855 3495 5356 4.017 6.650 4.788
60 1.206 1.013  3.027 2422 4.007 2.885 4.726 3.545 5346 3.849

defects in the vitreous lattice [52]. As a result, the energy
from the UVB radiation was able to release the trapped elec-
trons and recombine them with NBOHCs, promoting the
restoration of transparency to the glass [16].

The results obtained in this study demonstrated that expo-
sure to a UVB lamp is an effective procedure for restoring
the transparency of irradiated glass, being an alternative to
the heat treatment traditionally used for brightening these
materials. Furthermore, the UVB lamp has the advantage
of not causing heating that could lead to alterations in the
structure of the photographic emulsion, which is sensitive to
higher temperatures, making it a safe option for application
to photographic negatives on glass plates.

Microbiological analysis of historical glass plate
negatives

The glass plate photographic negative samples exhibited sig-
nificant microbial growth, confirming active contamination
before irradiation. After macroscopic analysis of the cultured
plates for the four glass negative samples, fungal growth was
observed in all samples. Microscopy allowed the identifica-
tion of fungi based on the observation of their reproductive
structures, revealing the presence of genera such as Asper-
gillus spp., Cladosporium spp. and Penicillium spp. Nine
isolates that did not present reproductive structures, were

subcultured in sterile Petri dishes (60 X 15 mm) and incu-
bated at 25 °C and 47% relative humidity for 7 days. Even
under these conditions, which are suitable for the growth
and sporulation of xerophilic and storage-related fungi, no
reproductive structures were observed. Therefore, these iso-
lates were considered non-sporulating fungi (NSF). Table 5
presents the total count in colony forming units (CFU) per
surface (63.6 cm? contact area), pre- and post-irradiation,
as well as the identification of the fungi isolated from the
samples.

Before irradiation, all samples exhibit microbial loads.
Although numerically low, these values represent active fun-
gal contamination when expressed over the 63.6 cm? contact
area of the Petri dishes. After exposure to 6 kGy gamma
radiation, no microbial growth was observed on any plate,
confirming complete inactivation under both room tempera-
ture and dry-ice conditions.

Table 6 presents the culture plates before and after pro-
cessing with ionizing radiation. Samples CR2 and MZ
were irradiated at room temperature (RT), whereas samples
CR1 and CR3 were processed under low temperature (DI).
After irradiation, all samples presented zero CFU counts,
confirming the efficacy of the treatment at an absorbed
dose of 6 kGy, even under low temperature conditions dur-
ing processing. Thus, all samples irradiated at 6 kGy (RT
and DI) showed a complete reduction in fungal growth,

Table 5 Counting in CFU per

. ; ; Sample Dose (kGy) Temperature dur-  Pre-irradiation Identification morphology  Post-irradi-
surface and identification of ing irradiation (°C) (CFU/cm®) ation (CFU/
fungi isolated from samples cm?)

CR1 6 =73 0.03 1 Cladosporium spp. 0.00
1 NSF*

CR2 6 25 0.05 2 Cladosporium spp. 0.00
1 NSF*

CR3 6 =73 0.18 6 Cladosporium spp. 0.00
2 Penicillium spp.
4 NSF*

MZ 6 25 0.06 1 Penicillium spp. 0.00
3 NSF*

“non-sporulating fungus
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Table 6 Images of plates
cultures pre- and post-
irradiation (6kGy) of glass

CR3/DI MZ/RT

plate negatives CR1, CR2, CR3
and MZ processed with both

temperature variation (RT and . L
DI) Pre-irradiation

5

Post-
irradiation

i

v

¢ 2 \
-
.

demonstrating the effectiveness of gamma radiation for
decontamination.

These results are fully consistent with the well-estab-
lished fungicidal window of 6-8 kGy recommended for cul-
tural heritage materials and confirm that temperature does
not influence microbial inactivation.

Visual impact of gamma irradiation on image
quality

The four samples were previously subjected to gamma
irradiation: negatives CR2 and MZ were irradiated at
room temperature (RT), while CR1 and CR3 were irradi-
ated under dry ice conditions (DI). A dose of 6 kGy was
selected as it corresponds to the lower end of the inter-
nationally recommended 8 + 2 kGy window for effective
fungal inactivation in heritage materials, thereby reducing
the likelihood of generating pronounced radiation-induced

color or transparency changes. Table 7 presents images
of the glass negative samples before and after gamma
irradiation.

The interaction with ionizing radiation predominantly
breaks Si—O-Si bonds, releasing electrons and generat-
ing intrinsic defects such as E’ centers (=Sie) and non-
bridging oxygen hole centers, NBOHCs (=Si—Oe). These
defects are responsible for strong absorption in the vis-
ible region, resulting in a characteristic brownish tone of
the samples. These defects may form independently or
jointly, and additional electrons can become trapped at
modifier-related sites (Na*, Ca’*, Fe3*, AI**), contribut-
ing to induce optical density increase [44, 53-55]. As a
result, a noticeable darkening of the glass negatives was
observed after irradiation, consistent with the expected
effects of applied dose.

Table 7 Glass plate negative samples before and after irradiation with an absorbed dose of 6 kGy

CR1/DI

CR2/RT

CR3/DI MZ/RT

Pre-irradiation

Post-irradiation
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UVB light exposure of gamma irradiated glass plate
negatives

For the historical glass plate photographic negatives, UVB
exposure was applied cautiously, with measurements and
visual inspections at 5-hour intervals to avoid exposing gela-
tin emulsions to excessive photonic flux.

The results of UVB light exposure of gamma irradiated
glass plate negatives are presented in Table 8. The nega-
tive images were digitally converted into positive images
to visually assess the impact on the photographic content
of the effects of ionizing radiation and subsequent exposure
to UVB light. This approach is essential for assessing the
preservation of visual information, which is critical not only
for conservators and restorers of photographic materials but
also for ensuring continued public access to these historical
records. In the positive images, a slight loss of contrast was
observed in the irradiated samples. After exposure to UVB
light, a gradual recovery of contrast and image sharpness
was noted in all samples. This progressive improvement

observed during UVB exposure confirmed its beneficial role
in bringing the images closer to their original pre-irradiation
appearance.

No clear visual differences were observed between sam-
ples processed at room temperature and under dry ice condi-
tions. This outcome is likely influenced by intrinsic varia-
tions in the composition and tonal range of the photographic
images themselves. In addition, the apparent difficulty in
visually distinguishing differences between samples is partly
due to the low absorbed dose applied to the historical nega-
tives (6 kGy), intentionally selected at the lower limit of the
recommended fungicidal window to minimize optical altera-
tion. Under these conditions, radiation-induced changes are
subtle and predominantly manifest as slight contrast varia-
tions rather than pronounced visible discoloration.

Although irradiation at room temperature represents is a
viable option when low-temperature processing is not feasible,
cooling with dry ice is recommended for collections in which
preservation of both aesthetic and structural integrity is cru-
cial. Low-temperature irradiation mitigates the formation and

Table 8 Positive images of samples irradiated with 6 kGy during periods of exposure to UVB radiation

Hours post-

irradiation CRI/DI

CR3/DI MZ/RT

Control

10

20

2 =
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stabilization of radiation-induced optical defects in the glass
matrix by reducing atomic and electronic mobility. However,
this preventive effect does not completely suppress optical
darkening, particularly at doses within the fungicidal range.
In this context, subsequent UVB exposure acts as a correc-
tive post-treatment, attenuating residual color alterations and
improving image legibility. Therefore, low-temperature irra-
diation and UVB bleaching should be regarded as comple-
mentary strategies rather than mutually exclusive approaches.
Cooling the samples also contributes to the preservation of
the photographic emulsion, which is highly sensitive to heat
and prone to softening, swelling, or partial denaturation dur-
ing thermal fluctuations. Maintaining the emulsion at low
temperature during irradiation helps preserve its mechanical
stability and reduces the risk of deformation or separation
from the glass substrate. The transition from room tempera-
ture to approximately —73 °C is safe for soda—lime-silica glass
when performed gradually and without direct contact between
the glass and the dry ice. Under these controlled conditions,
no thermal shock, cracking, or delamination was observed.
Therefore, low-temperature irradiation provides an effective
safeguard against optical and physical degradation for both the
glass matrix and the photographic emulsion. In this way, the
combined strategy of low temperature irradiation followed by
UVB exposure is a suitable alternative for heritage institutions
seeking to balance the biocidal effect with long-term conserva-
tion of materials.

The results indicate that there is no single optimal UVB
bleaching time that can be universally applied to glass plate
photographic negatives. The effectiveness of UVB exposure
is strongly dependent on the absorbed radiation dose and on
the extent of radiation-induced optical alteration in the glass
support. Lower doses at the lower limit of the recommended
fungicidal range ensure biocidal effectiveness while induc-
ing less pronounced color alterations in the glass plates,
thereby requiring shorter UVB exposure times to improve
visual appearance. For historical glass plate negatives, UVB
exposure was applied conservatively, with periodic visual
inspections at short time intervals to avoid unnecessary light
stress on the photographic emulsion. Under these conditions,
exposure times up to 20 hours proved sufficient to improve
image legibility without inducing additional damage. There-
fore, UVB bleaching should be regarded as a controlled,
dose-dependent post-treatment, in which exposure time must
be adjusted according to the irradiation history and the vis-
ual response of each object, rather than as a fixed protocol.

Conclusions

The study found that ionizing radiation processing with a
dose of 6 kGy was effective in completely eliminating fun-
gal contamination from photographic negatives on glass

plates, both at room temperature and with the use of dry
ice. Microbiological analysis demonstrated that lowering the
temperature to —73 °C during processing did not compro-
mise disinfection efficacy, indicating that the radiosensitiv-
ity of microorganisms was preserved under low temperature
conditions. In addition, dry ice cooling during irradiation
helped reduce the extent of radiation-induced color center
formation, thereby limiting initial optical alterations in the
glass support.

Nevertheless, low-temperature processing alone does
not completely prevent optical darkening. Post-irradiation
exposure to UVB light proved to be an effective non-thermal
strategy for attenuating residual color changes and improv-
ing image legibility. The bleaching efficiency was dependent
on the absorbed dose, indicating that no single UVB expo-
sure time is universally applicable.

Therefore, the combination of low-temperature irradiation
as a preventive measure and UVB exposure as a corrective
post-treatment constitutes a balanced and adaptable meth-
odology for the conservation of glass-based photographic
heritage materials.
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