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e efficacy of agarose and agarose
augmented with zinc oxide, carbon dots, and
graphitic carbon nitride nanostructures in the
restoration of historic tintype

Hadeer M. ElDeeb, *a Mona F. Ali, a Maha A. Ali, a Nasser N. Morganb

and Ahmed N. Emam *cd

Tintype photographs, a popular medium in the 19th century, provide valuable cultural and historical records.

However, they are frequently at risk due to surface contaminants, such as soot and dust, which compromise

both the visual appearance and the chemical stability of tintypes. The sheet-like nature of tintypes makes

them highly susceptible to damage from conventional cleaning methods, which can cause scratching

and result in partial loss of the image layer. The present work evaluated efficiency of various cleaning

techniques, including swab cleaning, agarose gel, and nanomaterial‑modified agarose gels incorporating

zinc oxide (ZnO), carbon dots (CDots), and graphitic carbon nitride (g‑C3N4). The nanomaterials and

composite gels were characterized in detail using transmission electron microscopy (TEM), dynamic light

scattering (DLS), zeta potential, UV-vis spectroscopy, and attenuated total reflectance-Fourier transform

infrared (ATR-FTIR) spectroscopy. Cleaning efficiency was also assessed through portable digital

microscopy, colorimetric analysis, and ATR-FTIR spectroscopy, prior to and post cleaning as well as after

artificial light ageing. The results demonstrated that nanomaterial-functionalized agarose gels offered

superior cleaning efficiency and a protective effect in comparison to conventional methods.

Interestingly, agarose with ZnO (DE = 3.35), carbon dots (DE = 2.7), and graphitic carbon nitride (DE =

3.09) efficiently removed dust without inducing noticeable color changes while simultaneously providing

an additional barrier against UV radiation. Here, DE represents the total color difference calculated

according to the CIELAB color space and is a dimensionless parameter. In soot removal, agarose + ZnO

(DE = 5.84) and agarose + carbon dots (DE = 7.73) exhibited maximum performance. Significantly, ATR-

FTIR analysis confirmed that no chemical alteration in the tintype layers following treatment or

accelerated invasive cleaning of tintypes, confirming the suitability of the methods for use in restoration

and conservation.
1. Introduction

Photographs such as those found in museums, warehouses,
and archives are very important and carry artistic, aesthetic,
civilizational, historical, and cultural values.1,2 Through photo-
graphic images, different lifestyles are recorded, and the
circumstances and style of the artist are reected.3 Therefore, it
is crucial to safeguard photographs against potential damage.
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Although interest in maintaining photographs was minimal,
attention to this eld has increased in the last thirty years.4

Tintype photography, also known as ferrotype or melainotype
photography, emerged in the mid-1850s. It was invented by
Adolphe Alexander Martin in France and later patented by
Hamilton Smith in the United States.5,6 Tintypes were created by
applying a collodion emulsion to a thin iron sheet coated with
a dark lacquer or enamel. Tintypes are multilayer composite
structures. The rst layer is the metal support plate, which is
japanned on one side; this coloured japanning layer provides
the dark background for the nal image. The second layer is the
emulsion, consisting of a collodion binder (i.e., nitrocellulose in
ether) and the nal image material (i.e., metallic silver). Finally,
the third layer is the protective top varnish (Fig. 1).7,8 Tintype
photographs are prone to damage and degradation by several
factors, most notably environmental factors. In particular,
increased relative humidity promotes corrosion of the metal
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of tintype photographs. Adapted with a copyright
permission from “Rogge, C. E., & Lough, Fluorescence fails: analysis of
UVA-induced visible fluorescence and false-color reflected UVA
images of tintype varnishes do not discriminate between varnish
materials. Journal of the American Institute for Conservation, 55(2),
138–147.
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support, primarily through reaction with oxygen, leading to rust
formation and delamination.9,10 Elevated temperatures accel-
erate the oxidation and chemical degradation of organic
components such as collodion and protective varnish, ulti-
mately causing loss of image density and details.11,12 Addition-
ally, inadequate protection during storage is a major factor that
accelerates deterioration. Storing photographs in chemically
active enclosures or exposing them to direct light can cause
layer discoloration and the appearance of dark or white spots
through photochemical reactions.13 Poor handling practices,
such as direct hand contact or dry cleaning, can scratch the
photographic surface or damage its delicate layers. Biologically,
microbial and fungal activity are secondary processes that can
cause image degradation, especially under conditions of low
ventilation and high humidity, where fungi, which are organic
matter feeders, might grow.14–16 Tintype photographs use
a sensitive photographic medium that is highly susceptible to
signicant deterioration caused by particulate contaminants
such as soot and dust. This vulnerability is due to their physical
nature: a thin photographic layer of collodion covered with an
organic varnish, bonded to a coated iron support.17 Fine dust
causes heterogeneous particles to deposit on the surface,
obscuring visual details and reducing image contrast. Unsuit-
able removal efforts can result in mechanical abrasion, damage
to the varnish layer, or collodion shedding.18 Soot originates
from various combustion sources, such as candles, ordinary
heating, or storage environments.19 It is composed of a sticky
carbonaceous material that strongly adheres to the image
surface, particularly in the presence of moisture, making its
removal extremely difficult without causing permanent damage
to the photographic layer.20 Chemically, some components of
dust, i.e., sulphates or nitrates, may catalyse electrochemical
corrosion reactions on the iron substrate and lead to rust spots,
especially when moisture is present. Soot also contains semi-
volatile organic compounds that may react with the varnish or
collodion components and lead to yellowing or deterioration of
the organic layers.21

These are some of the main causes that diminish the docu-
mentary and aesthetic value of tintype photographs. These
issues also make it difficult to study and restore such photo-
graphs, so careful preservation methods are needed that are
compatible with both the type of contaminant and the image
materials. Standard cleaning methods, such as rubbing with
© 2026 The Author(s). Published by the Royal Society of Chemistry
a dry hand or application of general solvents, are not suitable
for treating tintype photographs due to their extreme sensitivity
and multi-layered nature.22 Direct handling with inappropriate
cloths or brushes may harm the surface of the varnish or
collodion, leading to partial or total loss of the image.23 The
application of household chemicals, such as alcohol or
domestic cleaning liquids, also leads to the dissolution or
soening of organic layers, resulting in colour changes, visual
degradation and progressive deterioration.24 In addition to this,
wet cleaning or steam cleaning methods are among the most
harmful procedures, as they result in distortion (e.g., bending or
undulations) of the metal substrate and increase the likelihood
of corrosion or rusting through entrapped moisture.25 These
conditions also favour the development of microscopic fungi,
especially if drying is not sufficient. These methods also lack
precise control over the extent of contact with the image surface,
making them restoratively unsafe and posing a risk to the
original optical and physical properties of the image. This
directly jeopardizes the integrity of historically valuable photo-
graphic artefacts such as tintype photographs.

Agarose gel, a naturally occurring polysaccharide derived
from red marine algae, forms a three-dimensional porous
network that melts and solidies reversibly when an aqueous
solution is heated and then cooled. The structure, composed of
repeating units of disaccharides galactose and anhydro-
galactose, is responsible for the novel properties of the gel. The
pore size in the gel can be accurately controlled by varying the
agarose concentration.26 Agarose gel is of considerable use in
photographic conservation due to its controlled release
system.27 It permits controlled and localized use of aqueous
solvents and solutions that minimize, to a large extent, over-
wetting that leads to degradation of the metal substrate,
distortion or fungal growth. Its chemical inertness also prevents
secondary reactions with photographic materials.28 Agarose gel
further reduces abrasive mechanical cleaning by soening
stains and dirt for easy removal. This controlled technique
guarantees that the natural optical and physical characteristics
of vintage photographic objects, such as tintypes, remain as
originally conceived, and it is thus a valuable resource for
preserving their long-term integrity.12

Carbon dots (CDots), zero-dimensional carbon nano-
materials, are emerging as a highly versatile tool for a wide
variety of applications, including UV protection. Since their
accidental discovery in 2004,29 CDots have rapidly grown to
become an area of interest due to their inherent UV absorption
characteristics, excellent photostability, low cost, simple prep-
aration protocols, and non-toxicity, and because of the abun-
dance of their raw materials. In addition to UV protection,
CDots have found broader uses in diverse applications.30 Owing
to their unique properties, signicant advances in photo-
catalysis, LEDs, anti-counterfeit technology, and imaging have
been achieved. As awareness of these advantages grows, CDots
are expected to play an increasingly important role in the
development of next‑generation UV‑protective materials and
devices.

Zinc oxide (ZnO) is an invaluable asset in conservation
science because of its multidimensional nature.31 Its most
RSC Adv., 2026, 16, 15020–15035 | 15021
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prominent use is in protection against UV radiation, where its
superior ability to absorb UV rays,32 particularly in nanoparticle
form, protects light-sensitive cultural artefacts such as textiles,
paper, and photographs from photodegradation.33 In addition,
ZnO has strong antimicrobial and antifungal properties, which
help ght against biodeterioration.34 Although its photo-
catalytic activity has promise in self-cleaning systems, its
application to organic artwork demands careful control to avoid
deterioration.35 ZnO, historically under the guise of zinc white,
is a ubiquitous pigment in works of art, which means conser-
vators must be aware of how it degrades.36 This research aimed
to achieve long-term stability, non-toxicity, and optimum
application methods for ZnO to enable its safe use in beneting
cultural heritage conservation.

Graphitic carbon nitride (g-C3N4), a metal-free organic
semiconductor, offers excellent advantages for the conservation
of organic cultural heritage materials. It is an extremely prom-
ising material for protective coatings owing to its strong UV
absorption and excellent photostability, which can shelter
sensitive artifacts from destructive light-induced degradation.37

Furthermore, g-C3N4 has antimicrobial and antifungal proper-
ties that offer signicant protection against biodeterioration.38

While its photocatalytic activity may be exploited for controlled
contaminant removal, careful research needs to be undertaken
to determine its non-degrading application to sensitive organic
substrates. g-C3N4 is also notable for its chemical and thermal
stability, low cost, and environmentally benign nature.

The current study aimed to evaluate the efficiency of tradi-
tional and newly developed methods, namely, traditional swab
cleaning, agarose gel, and agarose gel enhanced with nano-
materials (i.e., zinc oxide, carbon dots, and graphitic carbon
nitride), in removing soot deposits and particulate dust from
the surfaces of tintype photographs. In addition, the study
investigates the role of these materials in protecting the image
surface against UV-induced damage. The evaluation was carried
out using a portable digital microscope, colorimetric measure-
ments, and attenuated total reectance-Fourier transform
infrared ATR-FTIR) spectroscopy.
2. Experimental
2.1. Materials

Citric acid monohydrate (CA, C6H8O7$H2O, 99.0%) was
purchased from LOBA Chemie. Ethylenediamine (EDA, NH2-
CH2CH2NH2, 99.0%) was purchased from Alpha Chemika. Zinc
acetate dihydrate (Zn (CH3COO)2$2H2O, 99.99%) was
purchased from Shar Lab S.L. Chemicals, Spain. Sodium
carbonate (Na2CO3, 98%), and urea (CH4N2O, 85%) were
purchased from El-Gomhouria Chemicals, Egypt.
2.2. Preparation of carbon dots

Carbon dots (CDots) were prepared via the microwave irradia-
tion method previously reported by He et al. and Emam and co-
workers.39,40 In brief, about 1.2 g of citric acid (CA, 0.19 M) and
1.58 mL of ethylenediamine (EDA, 0.87 M) were ultrasonically
dissolved in 30 mL of distilled water for 10 min, yielding a clear,
15022 | RSC Adv., 2026, 16, 15020–15035
light-yellow solution. The mixture was then transferred into
a 1000 W microwave oven (Fresh) operating at 2450 MHz. The
reaction was carried out at a power of 600 W for 13 minutes,
producing a dark brown crude product at the bottom of the
vessels. The resulting material was dissolved in 100 mL of
distilled water and used for further characterization.

2.3. Preparation of zinc oxide nanoparticles

ZnO nanoparticles were synthesized via the co-precipitation
method with slight changes, adhering to previously estab-
lished protocols.41,42 An aqueous solution of zinc acetate di-
hydrate (0.1 M, 200 mL) was placed in the reaction vessel and
heated at 80 °C under vigorous stirring. Subsequently, 200 mL
of 0.1 M sodium carbonate solution was added dropwise to the
reaction vessel while maintaining the temperature at 80 °C and
continuous stirring to ensure optimal particle formation
kinetics. A milky suspension was formed at the end of the
reaction, indicating the formation of Zn(OH)2 nanoparticles.
The resulting white precipitate was puried by centrifugation.
Aer overnight drying at 100 °C, the puried solid was heated at
300 °C for four hours under ambient air, yielding the nal ZnO
nanoparticles.43,44

2.4. Preparation of exfoliated graphitic carbon nitride

Graphitic carbon nitride (g-C3N4) was synthesized by thermal
decomposition, following previously reported procedures.44–47

Pristine g-C3N4 was prepared by heating urea in a muffle
furnace in air. A measured amount of urea was placed in
a porcelain crucible, heated to 550 °C at 10 °C min−1, and held
at 550 °C for 2 h. Under these conditions, urea undergoes
thermal condensation to polymeric g-C3N4 rather than
complete oxidation to gaseous products, as reported in previous
studies. Aer cooling naturally to room temperature, the ob-
tained g-C3N4 was collected and ground into a ne powder. To
obtain g-C3N4 nanosheets, the as-prepared bulk g-C3N4 was
again thermally treated using the above heating protocol, but
heated for 1 h to induce further thermal exfoliation of stacked
bulk g-C3N4 into nanosheets.

2.5. Preparation of aged-stained samples

The specimen is a tintype photograph dating back to the
nineteenth century and represents one of the images from
a private collection owned by Dr Francis Amin. The image was
segmented into tiny squares with a stencil, roughly 13 squares
for the image. For the articial soiling, dust was prepared by
blending clay powder with a small amount of distilled water and
mixing the suspension thoroughly with a brush. Soot was
collected from a gas lamp onto a glass plate; the resulting
powder was transferred to a glass beaker, moistened with
a small amount of distilled water, and supplemented with
a drop of gum Arabic before being thoroughly mixed with
a brush. Both dust and soot were applied with a brush to the
designated sections of the photographic image. Subsequently,
the samples were aged by placing them in an oven at 60 °C for 3
hours until the applied dirt layers were completely dry. Fig. 2
illustrates the sample preparation procedure. The method for
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Steps used to prepare the test photograph: (a) dust and soot, (b)
application of dust, (c) application of soot, (d) division of the photo, and
(e) after application of the dust and soot contamination.
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applying dust and soot to the tintype photographs followed the
reported protocol by Hassan and co-workers.21
2.6. Preparation of agarose gel and agarose gel with the
nanomaterials

Agarose-based gel systems were selected for this research due to
their proven effectiveness in cleaning manuscripts and various
artistic and historical materials. In this study, the agarose gel
was prepared at a concentration of 2% in distilled water. A
weighed quantity of agarose powder from Viviants Technologies
Sdn Bhd (molecular biology grade U.S.A.) was added to a glass
beaker containing 100 mL of distilled water, and the mixture
was heated on an electric heater until fully dissolved. Once
prepared, the agarose-based gel was poured into a Petri dish to
form a layer approximately 0.3 mm thick.27 Regarding the
incorporated nanomaterials, three varieties were utilized due to
their effectiveness in self-cleaning and ultraviolet protection:
zinc oxide, carbon dots, and graphite carbon nitride. Each
nanomaterial (0.5 g) was weighed and placed into separate glass
beakers for preparation. In parallel, 2 g of agarose was
measured and combined with 100 mL of distilled water, fol-
lowed by sonication to ensure complete dissolution. The
mixtures were then heated on an electric heater at 85 °C until
they reached a thick, homogeneous consistency. Each mixture
was subsequently poured into Petri dishes to form layers
approximately 0.5 cm thick.
2.7. Characterization

Optical properties such as UV-vis absorption spectra for the as-
prepared C-dots, ZnO and g-C3N4 nanostructures before and
aer embedding in agarose lms were recorded using TG-80 PG
instruments, England, within the range 200–900 nm, with a step
size of 5 nm. The morphological properties were investigated
using transmission electron microscopy (TEM) (JEM-2100F,
JEOL, Japan), working at 160 kV.
© 2026 The Author(s). Published by the Royal Society of Chemistry
In addition, the colloidal properties, including particle size
distribution and zeta potential, were measured using a Malvern
Zeta-sizer Nano ZS instrument. The measurements employed
backscatter optics with a He/Ne laser (633 nm) at a 173° scat-
tering angle.

FT-IR spectroscopy was employed to identify the functional
groups present in the as-prepared pristine nanostructures as
well as in the nanostructures embedded within agarose lms, to
investigate potential interactions between the agarose and
CDots, ZnO, and g-C3N4. ATR-FTIR absorbance spectra were
recorded over the range of 400–4000 cm−1 using a JASCO 6700
Fourier-transform infrared spectrometer (FT-IR).
2.8. Assessment methods

2.8.1. Portable digital microscope. A portable digital
microscope was used to examine the surface changes of
samples before and aer cleaning with agarose gel and gel
incorporating nanomaterials, as well as to assess the efficiency
of the cleaning process in preserving the surface against UV
ageing. A Super Eyes PZ01 500X USB digital microscope (Faculty
of Archaeology, Cairo University) was used.

2.8.2. Colorimetric measurements. Colorimetric measure-
ments were performed to evaluate the changes in color of the
tintype photographs. Measurements were performed before and
aer cleaning, as well as aer UV ageing, using an Optimatch
3100® spectrophotometer from the SDL Company. All samples
were measured in the visible region, i.e., a wavelength range
from 400 to 700 nm, with an interval of 10 nm using a D65 light
source and an observed angle of 10°. The CIELAB colour
parameters (L* a* b*) were used to express colour change. These
data were used to calculate the total color difference parameter
DE*. When a colour is expressed in CIELAB (L*a*b*), L* denes
lightness and varies from 0 (black) to 100 (white), a* denotes
red/green value, where +a means red and −a means green. The
b* scale measures yellow/blue, where +b* indicates yellow and
−b* indicates blue. The total colour difference DE* can be
calculated from the following equation.16

DE* = (DL*2 + Da*2 + Db*2)1/2

2.8.3. Attenuated total reectance-Fourier transform
infrared (ATR-FTIR) spectroscopy. ATR-FTIR spectroscopy was
employed to analyse changes in the chemical structure of the
samples aer cleaning with both conventional methods (with
cotton swabs) and innovative approaches (with agarose gel and
gel incorporating nanomaterials). The technique was also used
to evaluate the effectiveness of these cleaning methods in pro-
tecting tintype images from UV-induced deterioration. IR
spectra of the images were recorded using a Bruker Vertex 70
instrument in attenuated total reection (ATR) mode with a zinc
selenide crystal, at wavelengths ranging from 400 to 4000 cm−1.
The IR transmittance frequencies of the samples were recorded
with an average of 128 scans and a spectral resolution of
approximately 4 cm−1 at the Projects Sector of the Ministry of
Antiquities in Cairo, Egypt.
RSC Adv., 2026, 16, 15020–15035 | 15023
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Fig. 4 (a) The UV-vis absorption spectra and (b) diffuse reflectance
spectra (DRS) for CDots, ZnO NPs and g-C3N4 nanostructures
embedded in the agarose gel.
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3. Results and discussion
3.1. Optical properties of carbon dots, zinc oxide and
graphitic carbon nitride nanostructures embedded into
agarose gel

Fig. 3 presents the UV-vis absorption spectral analysis, revealing
distinct optical characteristics for pristine carbon dots (CDots),
zinc oxide (ZnO NPs), and graphitic carbon nitride (g-C3N4)
nanostructures. Each has distinctive spectral characteristics
reective of its corresponding electronic structure. The pristine
carbon dots (CDots) system is represented by the black curve
and is characterized by a narrow, well-resolved peak at 350 nm,
characteristic of n / p* electronic transitions of the sp3

hybridized aromatic carbon core (i.e. C]O) framework.48 An
additional peak is observed at 240 nm, corresponding to p–p*

transitions of aromatic –C]C– and –C–C– bonds in the sp2

hybridized domain of the graphitic core.40,48 This sharp peak
prole reects good size homogeneity and distribution within
the agarose matrix, and the minimal absorption at wavelengths
above 400 nm suggests the presence of small, well-passivated
carbon nanoparticles, with quantum connement, contrib-
uting to their optical properties.40,48

The pristine g-C3N4 nanostructures, represented by the red
curve in Fig. 3, exhibit a more complex spectral behavior, with
two absorption peaks at 325 nm and 392 nm, along with
extended absorption into the visible region. The peak at the
shorter wavelength of 325 nm is assigned to p / p* transitions
of the aromatic C–N heterocycles that make up the graphitic
carbon nitride backbone, whereas the feature at 392 nm is
assigned to n / p* transitions from nitrogen lone pair elec-
trons.37 The broad absorption tail extending to approximately
500 nm indicates a relatively small bandgap of ca. 2.7–2.8 eV,
making this system extremely attractive for visible-light harvest-
ing applications. The spectral breadth also shows some degree of
structural disorder or defect states in the g-C3N4 framework.49

The ZnO NPs sample, represented by the blue curve in Fig. 3,
has an evident absorption prole with a principal feature at
approximately 367 nm, which is blue-shied from bulk ZnO.50,51

This absorption edge corresponds to the band-edge transition
between oxygen 2p valence and zinc 3d conduction bands. The
Fig. 3 The UV-vis absorption spectra for the pristine CDots, ZnO NPs
and g-C3N4 nanostructures.

15024 | RSC Adv., 2026, 16, 15020–15035
redshi suggests either quantum size effects or the presence of
surface defects that affect the electronic band structure.52,53 The
cutoff in absorption near 380 nm conrms the wide bandgap
nature of ZnO (approximately 3.3 eV), while the minimal shi
shows that the nanoparticles may have special size or
morphological properties that inuence their optical
properties.54

Upon the embedding of CDots, ZnO NPs and g-C3N4 nano-
structures in the agarose lms, the absorption spectra exhibited
a redshi due to changes in the dielectric constant of the
surrounding medium from water to agarose, as shown in
Fig. 4a. The gel/ZnO NP composite, represented by the blue line,
shows a broad absorption band centered at 387 nm. This
feature is associated with well‑dispersed ZnO nanoparticles
within the gel matrix and with the interaction of ZnO surface
states with the polymeric network. The absorption around
387 nm mainly arises from the fundamental band‑to‑band
transition in ZnO, involving electron excitation from the
O 2p‑dominated valence band to the Zn 4s‑dominated
conduction band, together with additional contributions from
defect‑related intra‑gap states.55,56

The gel/CDots composite, represented by the black line in
Fig. 4a, has two main absorption bands at 322 nm and 388 nm,
which are related mainly to p–p* transitions in the C]C sp2

carbon core and n–p* or surface-state transitions associated
© 2026 The Author(s). Published by the Royal Society of Chemistry
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with –OH, –COOH, –NH2, and C]O groups. These results show
that the electronic properties of the carbon dots are modied
aer incorporation into the gel matrix, which is related to
interactions with polysaccharide functional groups and results
in a balanced UV-vis absorption spectrum.57,58
Table 1 Colloidal properties of the as-prepared CDots, ZnO NPs and g-

Sample

Dynamic light scattering (DLS)

Hydrodynamic diameter
(HD, nm)

Gel/CDots 33.37 � 5.145
Gel/ZnO NPs 101.8 � 21.6
Gel/g-C3N4 250.6 � 40.36

Fig. 5 TEM images for the pristine (a) CDots, (b) ZnO NPs and (c) g-
C3N4 nanostructures.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Finally, the gel/g‑C3N4 composite, represented by the red line
in Fig. 4a, exhibits two main absorption bands at 333 nm and
480 nm. The band at 480 nm corresponds to the small band gap
of g‑C3N4, which extends absorption into the visible region. This
feature arises from the intrinsic p–p* transitions within the
conjugated heptazine units and defect-related n–p* transitions
associated with the lone‑pair electrons on nitrogen atoms. In
addition, hydrogen bonding and coordination interactions
between the agarose matrix and g‑C3N4 sheets may slightly alter
the local electronic environment, contributing to minor shis
or broadening in the absorption features.59,60

These interfacial interactions can (i) modify the local elec-
tronic environment and surface states, shiing the band-edge
and defect-related transitions, (ii) alter nanoparticle
dispersion/aggregation within the gel, and (iii) change the
effective refractive index and light-scattering behavior around
each nanoparticle domain. These together lead to the observed
redshis, band broadening, and intensity changes in both the
UV-vis and DRS spectra upon embedding compared to the
pristine colloidal systems.

The diffuse reectance spectra in Fig. 4b complement these
ndings and clarify how the embedded nanostructures interact
with incident light in the solid-state gel. For gel/CDots, the DRS
spectrum exhibits a well-dened minimum (maximum
“pseudo-absorption”) in the UV region around 296 nm and
a second feature around 388 nm, similar to the solution-like
absorption features, conrming that the CDots retain their
original electronic transitions. For DRS, which involves scat-
tering samples and is normally converted into Kubelka–Munk
units to estimate bandgap energy, small shis in the position of
the peaks between absorption and reectance spectra (e.g.,
322 nm vs. 296 nm) are expected. These are due to differences in
the optical geometry and scattering in the agarose network,
rather than changes in the electronic structure.61–63

In the case of the gel/g-C3N4, there is a well-dened reec-
tance edge at around 323 nm; aer this, there is a gradual decay
in reectance (increase in effective absorption) over the entire
range of the visible spectrum. This behavior of the reectance
curve of the compound is like the general behavior of the
reectance curves of g-C3N4 materials, in which the absorption
edge occurs at around 450 nm but can be affected by the
morphology and dispersion of the material in a matrix.64,65 For
gel/ZnO, the DRS spectrum shows a characteristic steep reec-
tance decrease around 372 nm, corresponding to the funda-
mental band-gap transition of ZnO, while the reectance rises
steadily at longer wavelengths, conrming that ZnO remains
C3N4 nanostructures embedded into the agarose gel

Zeta potential
(x, mV)

Polydispersity
index (PDI)

0.768 −6.62
0.985 −3.35
0.905 −5.95

RSC Adv., 2026, 16, 15020–15035 | 15025
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primarily a UV-absorbing component with limited intrinsic
visible-light absorption in this conguration.66,67
Fig. 6 FT-IR spectra of the pristine CDots, ZnO NPs and g-C3N4

nanostructures before and after embedding into the agarose gel.
3.2. Morphological and colloidal properties of carbon dots,
zinc oxide and graphitic carbon nitride nanostructures

Transmission electron microscopy (TEM) images were used to
provide high-resolution morphological analysis of CDots, ZnO
NPs and g-C3N4 nanostructures, as shown in Fig. 5. Fig. 5a
shows the carbon dots (CDots) as small, well-separated spher-
ical nanoparticles with a relatively uniform particle size distri-
bution. The average size distribution was 7.5 ± 2.5 nm, with
quasi-spherical morphologies, consistent with previously re-
ported studies.40 The well-dened spherical morphology and
monodisperse distribution signify successful synthesis with
excellent control over particle size and shape. The CDots have
superior dispersion with minimal or no aggregation and are
presented as dark dots on the lighter background.

Fig. 5b shows a TEM image of the ZnO nanoparticles, which
displays a distinctly different morphology, consisting of larger,
more irregular spherical particles with pronounced agglomer-
ation. The ZnO NPs are seen to form interconnected networks
or clusters, with individual particles exhibiting faceted surfaces
characteristic of crystalline ZnO. The particles vary in size and
shape from nearly spherical to more angular geometries,
indicative of a polycrystalline nature.43,44 The average size
distribution is 30 ± 5.5 nm, with quasi-spherical shapes.54

Fig. 5c presents a TEM image of the graphitic carbon nitride
(g‑C3N4) material, which exhibits a distinctly different
morphology compared with the other two samples. The g‑C3N4

appears as bulk, sheet‑like, or layered structures with rough
edges and irregular thickness. These layered morphologies are
typical of graphitic materials and reect the planar arrange-
ment of tri‑s‑triazine units that form the g‑C3N4 framework,
with average lateral dimensions exceeding 100 nm.68–70

The colloidal properties of the CDots, ZnO NPs and g-C3N4

nanostructures embedded into agarose gel are summarized in
Table 1. The gel/CDots composite has the most ideal dispersion
properties with the smallest hydrodynamic diameter (33.37
nm), minimum polydispersity index (PDI ∼ 0.768), and most
negative zeta potential (−6.62 mV), showing relatively uniform
particle distribution and moderate electrostatic stability. The
gel/ZnO NPs composite exhibits moderate colloidal properties
with an intermediate hydrodynamic diameter (101.8 nm), the
highest polydispersity (PDI ∼ 0.985), and the lowest negative
zeta potential (−3.35 mV), which indicates moderate particle
aggregation and ineffective electrostatic stabilization, reecting
the aggregated morphology shown in the TEM images. The gel/
g‑C3N4 composite shows relatively poor properties, character-
ized by the largest hydrodynamic diameter (250.6 nm), a high
polydispersity index (PDI z 0.905), and a moderately low zeta
potential (−5.95 mV). The observed order of colloidal stability
(CDots > ZnO > g‑C3N4) aligns with the morphological obser-
vations: the uniform spherical morphology of CDots promotes
better dispersion, whereas the crystalline, aggregated ZnO
particles exhibit moderate colloidal stability based on their
optical and functional performance within the gel matrix.
15026 | RSC Adv., 2026, 16, 15020–15035 © 2026 The Author(s). Published by the Royal Society of Chemistry
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3.3. Chemical functionalization of the surface of carbon
dots, zinc oxide and graphitic carbon nitride nanostructures

Changes in the surface functionalization were investigated via
ATR/FT-IR spectroscopy, as shown in Fig. 6. The pristine g-C3N4

spectrum exhibits characteristic peaks within the 1200–
1650 cm−1 range, corresponding to the C–N and C]N aromatic
stretching vibrations of the heptazine units that form the
backbone of the graphitic carbon nitride. The band between
1350 and 1550 cm−1 is characteristic of g-C3N4, and the band at
approximately 810–890 cm−1 is assigned to the out-of-plane
bending vibration (breathing vibration) of the heptazine ring,
a very specic band for the structural motif of the tri-s-triazine
structure of g-C3N4. The broad absorption between 3000–
3500 cm−1 is indicative of N–H stretching vibrations from
terminal amino groups such as –NH2 and –NH, and O–H
stretching of adsorbed water molecules, indicating the incom-
pleteness of the condensation reaction and the presence of
surface amino groups.71–73 The FTIR spectrum of the synthe-
sized ZnO nanoparticles exhibits a distinct sharp peak between
400 and 500 cm−1, characteristic of Zn–O lattice stretching
vibrations and conrming the formation of ZnO. An additional
band at 593 cm−1 corresponds to the bending vibrations of Zn–
O bonds, reecting the crystalline nature of ZnO. The observed
low-intensity absorption peaks indicate the presence of
hydroxyl groups, atmospheric CO2, and minor organic residues
originating from the precursor or synthesis process. A distinct
absorption band within the higher frequency around 1400 cm−1

corresponds to the stretching vibrations of acetate species
(COO−), conrming residual acetate groups derived from the
zinc acetate precursor. In addition, a sharp peak near
1500 cm−1 is assigned to the H–O–H bending vibrations, which
likely result from trace amounts of adsorbed moisture on the
ZnO nanoparticle surface, and conrms the high purity of the
synthesized ZnO NPs.74 Apart from this intense band, a very
weak and broad band at 3400 cm−1 can be attributed to the O–H
stretching vibration of physically adsorbed water molecules on
the ZnO surface. Similarly, a small band centered at 1600 cm−1

can be related to the H–O–H bending mode of adsorbed mois-
ture. The lack of intense organic bands in the mid-IR region is
indicative of the ZnO sample being largely inorganic and devoid
of organic residues and stabilizers, which are essential to retain
its inherent photocatalytic and antimicrobial activity.75 The
FTIR spectrum of the CDots shows a broad, intense band
around 3400–3300 cm−1 assigned to overlapping O–H and N–H
stretching vibrations, conrming the presence of abundant
surface hydroxyl and amino groups that render the dots
hydrophilic and reactive. At 2920–2850 cm−1, weak bands
correspond to C–H stretching of aliphatic moieties, indicating
partial carbonization of the organic precursor into sp3-hybrid-
ized fragments. In the ngerprint region, a prominent band
near 1700–1650 cm−1 is attributed to C]O stretching of
carboxylic/amide groups, while bands around 1570–1500 cm−1

and 1450–1400 cm−1 arise from C]C/C]N stretching and N–H
bending, evidencing a conjugated aromatic or graphitic core
decorated with nitrogen-containing functionalities. Below
1300 cm−1, multiple bands between 1250–1000 cm−1 are
© 2026 The Author(s). Published by the Royal Society of Chemistry
ascribed to C–O–C and C–O stretching of alcohols and ethers,
and the features below 900 cm−1 correspond to out-of-plane
C–H bending of aromatic domains. The results together
conrm heteroatom-rich, functionalized carbonaceous nano-
structures suitable for interaction with polymeric matrices.40,76

These are rich functional groups (amino, hydroxyl, carboxyl),
characteristic features of carbon dots, that are accountable for
their stability and ultra-high biocompatibility.

Upon embedding into agarose gel, pronounced spectral
variations are observed for all samples, as shown in Fig. 6. The
embedding process is relatively straightforward, relying
primarily on electrostatic interactions between the functional
groups of the nanomaterials and the available OH groups in
agarose.77 The agarose gel exhibits characteristic peaks at 1000–
1200 cm−1 (polysaccharide C–O chain stretching), 2900–
3000 cm−1 (C–H stretch), and a broad O–H stretching band at
3200–3600 cm−1. The embedding process is relatively straight-
forward, relying primarily on electrostatic interactions between
the functional groups of the nanomaterials and the available
OH groups in agarose.77

In the gel/g-C3N4 composite, the triazine bands are preserved
but exhibit slight shis and broadening, indicative of successful
integration without structural degradation. In this spectrum,
the main g-C3N4 bands in the 1650–1200 cm−1 range and the
heptazine ring signal near 810–890 cm−1, conrm the funda-
mental conjugated framework of g-C3N4. Similarly, the ZnO/gel
composite retains the characteristic Zn–O vibrational bands,
with additional bands arising from interactions with the poly-
mer matrix. Slight shis in the amide I and II positions and
changes in the band intensities indicate coordination or
hydrogen-bond interactions between the carbonyl/amine
groups of the gelatin and the Zn2+ ions on the ZnO surface,
which can enhance interfacial adhesion and dispersion of
nanoparticles within the biopolymer. The Zn–O vibration
manifests as an intensied absorption in the low-wavenumber
region (<600 cm−1), conrming the presence of ZnO within
the composite lm. The modest modication of the poly-
saccharidic C–O–C region may arise from altered hydrogen-
bonding networks and possible interactions between the ZnO
and hydroxyl groups. FTIR analysis conrms strong chemical
bonding between ZnO and the agarose matrix, a parameter
critical for enhanced performance.78 The CDots/gel composite
has a complex FTIR spectrum, which arises from interactions
involving various functional groups. The results show that
carbon dots are well incorporated in the agarose gel, as
conrmed by the presence of characteristic bands that corre-
spond to carbon dots along with new bands that arise from
hydrogen-bonding interactions involving the –OH groups of the
gel and the functional groups of the carbon dots.79 The
decreased intensity in the 1800–2300 cm−1 region aer loading
CDots, ZnO and g-C3N4 into the gel is consistent with additional
hydrogen-bonding and electrostatic interactions between the
agarose –OH groups and the surface functional groups of the
carbon dots (C]O, C–O, carboxylate, etc.), which partially
consume or reorganize the free hydroxyl environment and thus
attenuate these bands. This spectral change, together with the
broader O–H stretching envelope, supports the formation of
RSC Adv., 2026, 16, 15020–15035 | 15027
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Fig. 7 Samples before and after cleaning of the tintype photo from dust: (a) control sample, (b) solid control, (c) swab, (d) gel agarose, (e) gel
agarose + ZnO, (f) gel agarose + carbon dots, and (g) gel agarose + graphitic carbon nitrate and from soot: (h) solid control, (i) swab, (j) gel
agarose, (k) gel agarose + ZnO, (l) gel agarose + carbon dots, and (m) gel agarose + graphitic carbon nitride.
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a more interconnected nanostructure–agarose network and
conrms that the dots are not just physically trapped but are
chemically integrated within the gel matrix.80–83
3.4. Assessment methods for the efficiency of cleaning

3.4.1. Portable digital microscope. A portable digital
microscope was employed to examine surface changes of the
samples before and aer cleaning with the traditional method
(i.e., swab), and with agarose gel and agarose gel with ZnO,
carbon dots, graphitic carbon nitride, and the efficiency of these
treatments in preserving the surface from UV-induced ageing
was also assessed. Fig. 7 shows the surface of tintype photo-
graph samples before and aer cleaning treatments aimed at
removing dust and soot respectively (a) untreated control; (b)
solid control (dust); (c) cleaned with swab; (d) agarose gel only;
(e) agarose gel with ZnO nanoparticles; (f) agarose gel with
carbon dots; (g) agarose gel with graphitic carbon nitrate; (h)
solid control (soot); (i) swab-cleaned soot sample; (j) agarose gel
on soot; (k) agarose gel + ZnO on soot; (l) agarose gel + carbon
dots on soot; and (m) agarose gel + graphitic carbon nitrate on
soot. These ndings indicate that nanomaterial-supported
agarose gels exhibit superior cleaning performance compared
with traditional swabbing, providing effective impurity removal
15028 | RSC Adv., 2026, 16, 15020–15035
while minimizing mechanical damage.84 The use of agarose-
based gels for controlled cleaning is widely adopted in conser-
vation science,85 and the incorporation of nanoparticles such as
ZnO and carbon-based nanostructures has been reported to
enhance both cleaning efficiency and antimicrobial activity.86–88

To evaluate the performance of various cleaning agents in
preserving tintype photographs exposed to environmental dust,
multiple gel formulations were tested. Fig. 8 shows microscopic
images of the photo surfaces aer ageing. Unexpectedly,
untreated control samples Fig. 8a and b showed notable
particulate accumulation and surface degradation aer ageing.
Traditional swab cleaning for dust (Fig. 8c) and soot (Fig. 8i) was
of limited effectiveness and riskedmechanical abrasion. Among
gel-based treatments, agarose gel for cleaning dust (Fig. 8d) and
soot (Fig. 8j) improved surface clarity; however, the addition of
nanomaterials yielded far more acceptable results. Agarose gel
containing ZnO nanoparticles for cleaning dust (Fig. 8e) and
soot (Fig. 8k) contaminated samples effectively minimized
surface residues, consistent with the reported photocatalytic
and antimicrobial properties of ZnO. Carbon dots Fig. 8f for
dust,89 Fig. 8l for soot and graphitic carbon nitride Fig. 8g for
dust, Fig. 8m for soot also enhanced the cleaning process, likely
due to their high surface area and photochemical stability.90,91
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Samples before and after ageing of tintype photo from dust: (a) control sample, (b) solid control (dust), (c) swab, (d) gel agarose, (e) gel
agarose + ZnO, (f) gel agarose + carbon dots, and (g) gel agarose + graphitic carbon nitrate and from soot: (h) solid control (soot), (i) swab, (j) gel
agarose, (k) gel agarose + ZnO, (l) gel agarose + carbon dots, and (m) gel agarose + graphitic carbon nitride.
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These ndings suggest that nanocomposite gels provide
a promising, non-invasive alternative for cultural heritage
conservation, reducing physical damage while efficiently
cleaning delicate surfaces.

3.4.2. Colorimetric measurements. Measuring the degree
of color change is of great importance in the eld of archaeo-
logical materials conservation,92 especially for tintype photo-
graphs, as they are complex materials and highly sensitive to
external agents.93,94 Therefore, when using cleaning and
protection materials for this type of photographic image, this
factor must be taken into consideration. Based on the data
presented in Table 2, two main categories were examined: soot-
contaminated samples and dust-contaminated samples. Each
category was evaluated before and aer cleaning, as well as
before and aer ageing. The parameters measured are L*, a*,
b*, and DE*. For soot samples aer cleaning, the control (C)
showed L* 48.30, a* 0.85, and b* 7.62, and the solid control
sample (S.C) showed L* 29.20, a* 1.06, and b* 4.40. Several
cleaning methods were tested, including swabbing, agarose gel,
and agarose gel combined with different additives (ZnO, carbon
dots, and graphitic carbon nitride). The DE values varied
considerably. For example, S.C presented a high DE of 16.71,
swabbing resulted in DE = 14.46, agarose gel yielded DE =
© 2026 The Author(s). Published by the Royal Society of Chemistry
11.34, and agarose gel + g-C3N4 recorded a relatively high DE of
13.70. In contrast, agarose gel + ZnO produced the lowest value
(DE = 5.84), followed by agarose gel + carbon dots (DE = 7.73).

For dust samples aer cleaning, S.C showed a DE of 7.70.
Swabbing resulted in DE = 6.50, agarose gel gave DE = 6.80,
agarose gel + ZnO resulted in DE = 3.35, agarose gel + carbon
dots had DE = 2.70, and agarose gel + g-C3N4 yielded DE = 3.09.
To further assess the effectiveness of the cleaning materials in
protecting the photographic surface, ultraviolet ageing was
performed. For soot samples aer ageing, the control (C)
showed L* 44.47, a* −1.36, and b* 11.66. The solid control
exhibited a high DE of 12.83, whereas swabbing showed DE =

8.64 and agarose gel resulted in DE = 8.55. The lowest values
were observed for agarose gel + ZnO (DE = 2.93) and agarose gel
+ carbon dots (DE = 2.21). Conversely, agarose gel + g-C3N4 had
a much higher DE of 10.43. These results indicate that some
cleaning materials contribute to better long-term color stability.
For dust samples aer ageing, the solid control displayed a DE
of 9.30, while the swab-cleaned sample showed DE = 3.03.
Agarose gel resulted in DE = 4.45, agarose gel + ZnO gave DE =

2.70, agarose gel + carbon dots recorded DE = 3.06, and agarose
gel + g-C3N4 produced DE = 2.66. These ndings similarly
suggest that the cleaning materials used—particularly agarose
RSC Adv., 2026, 16, 15020–15035 | 15029
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Table 2 Color changes of the tintype photograph

Sample L* a* b* DE*

Soot before and aer cleaning
C 48.30 0.85 7.62
S.C 29.20 1.06 4.40 16.71
Swab 32.06 1.11 5.08 14.46
Agarose gel 35.86 1.36 6.34 11.34
Agarose gel + ZnO 42.41 1.76 9.26 5.84
Agarose gel + carbon dots 40.23 1.90 8.99 7.73
Agarose gel + graphitic carbon nitrate 33.00 1.18 5.10 13.7

Dust before and aer cleaning
S.C 41.55 4.12 7.12 7.7
Swab 41.60 1.90 7.75 6.5
Agarose gel 41.18 1.62 8.36 6.8
Agarose gel + ZnO 46.01 2.69 8.59 3.35
Agarose gel + carbon dots 46.62 1.94 10.17 2.7
Agarose gel + graphitic carbon nitrate 46.16 1.86 10.37 3.09

Soot before and aer ageing
C 44.47 −1.36 11.66
S.C 30.49 −2.57 5.65 12.83
Swab 35.47 −2.50 7.47 8.64
Agarose gel 35.63 −2.53 7.41 8.55
Agarose gel + ZnO 41.43 −1.95 10.26 2.93
Agarose gel + carbon dots 42.12 −1.44 11.02 2.21
Agarose gel + graphitic carbon nitrate 33.67 −2.51 5.98 10.43

Dust before and aer ageing
S.C 53.52 −0.55 8.59 9.30
Swab 41.61 −1.96 9.54 3.03
Agarose gel 40.02 −2.06 9.43 4.45
Agarose gel + ZnO 47.34 −1.22 11.80 2.7
Agarose gel + carbon dots 47.23 −2.25 11.60 3.06
Agarose gel + graphitic carbon nitrate 47.01 −2.22 11.85 2.66
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gel with nanomaterial additives—help maintain color stability
over time. The authors conclude that agarose gel + ZnO (DE =

5.84) and agarose gel + carbon dots (DE = 7.73) are highly effi-
cient in cleaning soot stains from the photograph surface
without causing noticeable alteration to the color of the original
image. For dust stains, agarose gel + ZnO (DE = 3.35), agarose
gel + carbon dots (DE= 2.70), and agarose gel + graphitic carbon
nitride (DE = 3.09) also proved to be highly effective, achieving
cleaning without inducing signicant color change.

Following UV ageing, the soot-cleaned samples treated with
agarose gel + ZnO (DE = 2.93) and agarose gel + carbon dots (DE
= 2.21) demonstrated superior performance in protecting the
photographic surface from ageing effects. Similarly, for dust-
cleaned samples, agarose gel + ZnO (DE = 2.70), agarose gel +
carbon dots (DE = 3.06), and agarose gel + graphitic carbon
nitride (DE = 2.66) showed clear advantages in maintaining
color stability and enhancing resistance to ageing.

3.4.3. Attenuated total reectance-Fourier transform
infrared (ATR-FTIR) spectroscopy. The results of the infrared
analysis are divided into two main sections. The rst section
examines the effectiveness of several cleaning methods,
including traditional swab cleaning and alternative cleaning
methods using agarose gel and agarose gels incorporated with
nanomaterials such as zinc oxide, carbon dots, and graphitic
15030 | RSC Adv., 2026, 16, 15020–15035
carbon nitride, in removing dust and soot stains from the
surface of the tintype image. The second section focuses on
evaluating the effectiveness of these cleaning methods in
shielding the surface of the tintype image from UV ageing. In
the rst section, FTIR spectroscopy was employed to assess the
chemical efficiency of the various cleaning methods by
comparing the spectral responses of treated samples with those
of the untreated dusted control sample. The ATR-FTIR spectra
of the blank (control) sample revealed characteristic functional
groups of the collodion layer, including C–H2 stretching vibra-
tions (2800–3000 cm−1), C]O stretching (1650–1800 cm−1),
C–O–C ether linkage (1000–1200 cm−1), and C–N vibrations
(600–1000 cm−1).11,95–98 In contrast, the ATR-FTIR spectra of
untreated dusted samples exhibited the presence of O–H
stretching vibrations at 3675 cm−1, along with strong Si–O
peaks in the 1100–1000 cm−1 region attributed to silicates
(1027 cm−1).99 Characteristic carbonate bands appeared at
1150–1100 cm−1 and 600–650 cm−1 (1116 cm−1 and 692 cm−1).
Lower-frequency regions below 800 cm−1 indicated the pres-
ence of metal oxides and aluminosilicate minerals (788 cm−1

and 692 cm−1), reecting the mixed organic–inorganic compo-
sition of dust.100 Notably, the distinctive collodion peaks di-
sappeared in the solid control (i.e., the untreated dusted
sample), indicating that the surface was entirely covered by dust
deposits. A comparative analysis between the dusted sample
and the sample cleaned using a swab revealed the reappearance
of characteristic collodion peaks, including C–H2 bands at 2854
and 2929 cm−1, a C]O peak at 1693 cm−1, C–O–C at 1031 cm−1,
and C–N at 700 cm−1. Additionally, a noticeable reduction was
observed in the O–H peak at 3625 cm−1, the Si–O peak at
916 cm−1, and the carbonate peak at 794 cm−1. These ndings
suggest that the sample has undergone a cleaning process;
however, it is evident that residual contaminants remain on the
surface. The sample cleaned with agarose gel exhibited
a reduction in the absorbance of contaminant-related peaks,
with some peaks disappearing entirely. The O–H group
appeared at 3621 cm−1, and the Si–O peak was observed at
1026 cm−1. Meanwhile, the characteristic collodion peaks,
including C–H stretching at 2856 and 2927 cm−1, C]O at
1693 cm−1, and C–O–C at 1031 cm−1, remained clearly visible,
indicating signicantly fewer residual contaminants compared
to the swab-cleaned samples. Enhanced cleaning performance
was observed in the sample cleaned with agarose gel containing
ZnO nanoparticles. In this sample, the O–H peak decreased
further to 3620 cm−1, and the Si–O peak shied to 912 cm−1. At
the same time, the characteristic collodion peaks were clearly
restored, including C–H2 bands at 2860 and 2933 cm−1, C]O at
1691 cm−1, C–O–C at 1031 cm−1, and C–N at 796 cm−1. Along
with the full appearance and intensication of the distinctive
collodion peaks, one also observes that the characteristic dust
peaks vanish in the samples that were cleaned using both
agarose with carbon dots and agarose with graphitic carbon
nitride, as shown in Fig. 9.

For soot-contaminated samples, the ATR-FTIR spectra of the
untreated soot samples (solid control sample) revealed the
presence of several distinctive soot function groups, such as
C–O–C at 1029 cm−1, and O–H at 798 cm−1.101 The swab-cleaned
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 FTIR data for the samples before and after cleaning dust stains.
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sample revealed the presence of functional groups that are
typical of soot, namely C–O–C at 1031 cm−1 and O–H at
788 cm−1, with slight shis in the wavenumbers of both bands
indicating partial reduction but not complete removal. In the
sample cleaned with agarose gel, the C–O–C soot peak at
1029 cm−1 disappeared, while the O–H peak shied to
792 cm−1, conrming a reduction compared to the solid control
sample (798 cm−1). Additionally, the emergence of collodion
peaks is noted: C–H2 at 2929 cm−1 and 2856 cm−1, C]O at
1693 cm−1, C–O–C at 1029 cm−1, and C–N at 887 cm−1. This
Fig. 10 FTIR data for the samples before and after cleaning soot stains.

© 2026 The Author(s). Published by the Royal Society of Chemistry
indicates partial but incomplete cleaning. The samples cleaned
with agarose gel containing ZnO, carbon dots, or graphitic
carbon nitride exhibited elimination of soot-related peaks and
the emergence of collodion peaks, thereby validating the effi-
cacy of the cleaning process. The following functional groups
were detected during the cleaning process for zinc oxide, carbon
dots, and graphite carbon nitrite, respectively: C–H2 at (2931,
2856 cm−1), (2925, 2858 cm−1), and (2927, 2852 cm−1); C]O at
1691 cm−1, 1693 cm−1, and 1693 cm−1; C–O–C at 1031 cm−1,
RSC Adv., 2026, 16, 15020–15035 | 15031
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Fig. 12 FTIR data for the soot cleaning samples after UV ageing.

Fig. 11 FTIR data for the dust cleaning samples after UV ageing.
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1031 cm−1, and 1031 cm−1; and C–N at 888 cm−1, 889 cm−1, and
889 cm−1 (Fig. 10).

The protective efficacy of cleaning materials against UV
ageing was then assessed. Samples treated with swabs exhibited
a marginal elevation in the peak of the C]O group at
1706 cm−1; thereby corroborating surface oxidation attributed
to dust residues present on the surface. The samples cleaned
15032 | RSC Adv., 2026, 16, 15020–15035
with agarose and those supplemented with nanometric mate-
rials demonstrated no chemical alterations due to photoageing,
thereby affirming the efficacy of these materials in cleaning and
safeguarding the surface from chemical damage induced by
photochemical reactions (Fig. 11). The ageing analysis of the
puried samples (soot) indicated that the sample treated with
a swab exhibited an increase in the intensity of the C]O bond,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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conrming the occurrence of oxidation. Similarly, the ageing
analysis of soot-cleaned samples showed an increase in the
C]O bond intensity in swab-treated samples, conrming the
occurrence of oxidation. In contrast, no chemical alterations
were observed in samples cleaned with agarose gel or nano-
composite agarose systems, further conrming their superior
protective performance (Fig. 12).

4. Conclusions

This research conrms that for the conservation of tintype
photographs, it is imperative to employ cleaning methods that
are adapted to the complex multi-layering of such images as
well as their high susceptibility to environmental/mechanical
factors. It is shown that the classical method of mechanical
swabbing is ineffective for removing particulate contaminations
and accelerates the degradation of the image surface aer
ageing. Meanwhile, nanomaterial-based agar gels with
complexes of ZnO nanoparticles and carbon dots were found to
effectively remove dust and soot from tintype surfaces without
adversely affecting their chemical, physical, or optical proper-
ties. The small change in color tone and integrity of the image
surface aer simulated ageing with UV radiation testied to the
effectiveness of nanomaterial-based cleaning gels for the
conservation of tintype images. Based on these positive
outcomes, it should be noted that the present approach is
intended for the removal of surface contaminants and for
preventive conservation purposes. Chemically bound corrosion
products, such as silver sulde formed by long-term exposure to
sulfur-containing pollutants, were not specically targeted in
this study. It is important that future studies continue to explore
the application of nanocomposite agarose gels through long-
term ageing tests under various environmental conditions,
such as variations of temperature, humidity, and lighting.
Moreover, research is needed to establish optimized gel
formulations, study other nanomaterials, and assess controlled
concentration factors to improve cleaning efficiency and ach-
ieve full compatibility with historical photographic materials.
This work should be expanded to other nineteenth-century
photographic processes so that it may contribute to the devel-
opment of standardized, safe, and sustainable nanotechnology-
based cleaning methods for the preservation of our photo-
graphic heritage.
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Évora, Portugal, 2016.
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